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FOREWORD 

The Kernforschungsanlage Jülich is among the leading nuclear research 
centres in the world. It provided a suitable and hospitable meeting-place for 
the Fourth International Symposium on the Physics and Chemistry of Fission, 
held from 14 to 18 May 1979. 

Previous symposia in this series (Salzburg 1965, Vienna 1969, and 
Rochester 1973) had set the pace for these IAEA-organized meetings, which 
summarize the important advances in the field during the last twenty years. 
From one symposium to the next the scientific emphasis is shifted, new ideas 
and new experimental approaches being assimilated from year to year, such that 
it has become difficult to accommodate all the different lines of research under 
the roof of one meeting. To make the working hours at the Fourth Symposium 
acceptable, approximately two-thirds of the submitted papers could not be 
accepted for oral presentation; they were made available at the Symposium 
in the form of extended summaries. These are included in the Book of 
Extended Synopses made available to all the participants. Further copies can be 
obtained from the Physics Section, Department of Research and Laboratories, 
IAEA. 

Many pages in the present Proceedings are taken up with review papers, 
on the assumption that in this way a more complete and unbiased coverage of 
many different orientations in fission research could be obtained. The contri­
buted papers have been selected to illustrate or complement the extensive 
reviews. 

The interest in the 1979 Symposium, the number of excellent contribu­
tions and the lively discussions during the meeting demonstrate the vitality of 
fission research. Both theoretical and experimental studies reported at the 
symposium indicate that fission studies have provided many valuable solutions 
to problems, but clearly other problems are still open and much work remains 
to be done. 
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EXPERIMENTAL SURVEY OF 
THE POTENTIAL ENERGY SURFACES 
ASSOCIATED WITH FISSION* 
H.C. BRUT 
Los Alamos Scientific Laboratory, 
University of California, 
Los Alamos, New Mexico, 
United States of America 

Abstract 

EXPERIMENTAL SURVEY OF THE POTENTIAL ENERGY SURFACES ASSOCIATED 
WITH FISSION. 

Progress in the experimental determination of the properties of the potential energy 
surface associated with fission is reviewed. The importance of nuclear symmetry effects on 
the calculation of fission widths is demonstrated. Evidence is presented for the fragmentation 
of the mass-asymmetric second barrier in the thorium region and the axial asymmetric first 
barrier in the californium region. Detailed analyses of experimental data suggest the presence 
of two parallel second barriers; the normal mass-asymmetric, axial-symmetric barrier and a 
slightly higher mass-symmetric, axial-asymmetric barrier. Experimental barrier parameters 
are determined systematically and compared with calculations from various theoretical 
models. Techniques for expanding fission probability measurements to higher energies 
are discussed. 

1. INTRODUCTION 

The IAEA symposia on the physics and chemistry of fission have served 
both as periodic reviews of fission research and as a source for creating 
new perspectives and insights to influence further research. In these 
symposia a major topic has always been the experimental and theoretical 
attempts to define the characteristics of the potential energy surfaces 
that control fission decay rates. Progress in this field has generally 
been marked by occasional giant leaps in the qualitative nature of the 
theories followed by increasingly detailed experimental investigations. 
As in many fields the experiments tended to support the current theo­
retical concepts but at the same time they gradually contributed evidence 
that the theories were incomplete. In particular, the evolution in our 
understanding of fission has been steadily in the direction of demon­
strating increasing complexity in the potential energy surfaces. 

Shortly after the discovery of fission Bohr and Wheeler [ 1] showed 
that the fission barrier obtained from a liquid drop nuclear model when 
coupled with the concept of a fission width controlled by transition 
states at the barrier could explain the general properties of the 
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4 BRITT 

fission process as then known. This simple liquid drop model was used as 
the foundation for the interpretation of fission thresholds and decay 
rates for almost twenty-five years. However, at the first IAEA fission 
symposium there were just beginning to be signs of experimental phenomena 
that could not be understood in terms of the current theories. The most 
dramatic of the new observations were the discovery of fission isomers in 
americium isotopes [ 2 ]. The existence of fissioning isomers with exci­
tation energies of 2-3 MeV and millisec half lives was qualitatively 
inconsistent with the then current theories of fission. In addition, 
later experiments showed subbarrier resonances in fission probability 
distributions [ 3 ] and the existence of intermediate structure in low 
energy (n,f) resonance studies for some actinide nuclei [4,5] . These 
results all pointed to inadequacies in the simple liquid drop theory of 
fission. 

The key to the understanding of these puzzling phenomena came when 
Strutinski and collaborators in Copenhagen [6] and Nilsson and his 
group [ 7 ] in Lund followed up on an idea originally proposed by 
Swiatecki [ 8 ] that nuclear shells may have important effects in deformed 
as well as spherical nuclei. Using the method developed by Strutinski 
for applying shell corrections to a liquid drop potential energy surface 
it was shown that in the actinide region fission barriers should be 
double peaked with a well developed second minimum. This result gave a 
natural explanation for the experimentally observed isomeric phenomena 
and the 1969 IAEA conference was dominated by reports of theoretical cal­
culations exploiting this new technique and experiments which showed that 
isomers and resonant structures were a common feature throughout the 
actinide region [ 9] . At this point the theory had jumped considerably 
ahead of the current experiments and it appeared that a quantitative 
understanding of the fission decay process in terms of basic physical 
concepts was at hand. 

The period between the 1969 and 1973 IAEA fission conferences was one 
of intense activity by experimental and theoretical groups throughout the 
world. The theorists discovered the importance of triaxial and mass 
asymmetric degrees of freedom in their calculations [10-13] and the 
experimental groups developed methods for estimating fission barrier par­
ameters from the growing volume of experimental results [1*1-16] . The 
1973 conference included the first broad comparisons between theory and 
experiments[ 17-19]. It was found that good agreement was obtained in 
the middle of the actinide region (i.e. uranium and plutonium) but there 
were quantitative discrepancies between theory and experiment in the 
light actinides (thorium) and hints of problems in the heavy actinides 
(curium). Furthermore, there seemed to be a puzzling problem in the nor­
malizations of the supposedly realistic microscopic statistical models 
that were used to analyse the experimental fission probability results 
[17]. 

In this review we will attempt to cover the major experimental 
results in this area since the last symposium in 1973. The major con­
ceptual breakthrough came as a result of the observation by Bjornholm, 
Bohr, and Mottleson [ 20] that nuclear shape symmetries have fundamental 
effects on the magnitudes of the nuclear level densities. Incorporation 
of these symmetry effects into the current microscopic statistical models 
led to a model that could quantitatively reproduce the absolute magnitude 
of measured fission probabilities [2ll. Armed with more realistic models 
and a continually expanding base of experimental data we are rapidly 



IAEA-SM-241/A1 5 

discovering that the potential energy surfaces associated with fission 
must be much more complex than previously believed[ 22-25]. In partic­
ular, we may be discovering a new set of smaller shell corrections which 
produce 1-2 MeV fluctuations in the potential energy surface. 

In the remainder of this paper we will present a discussion of the 
importance of nuclear symmetry effects for understanding fission prob­
ability distributions (Section 2); evidence for increased complexity of 
the potential energy surfaces associated with fission (Section 3); a 
re-analysis of existing experimental data in terms of our current con­
cepts with a comparison to various theoretical predictions (Section t) 
and a sample of some new experimental techniques that may be useful in 
expanding the measurements of rf/ Гп to higher excitation energy reg­
ions (Section 5). We will present and draw conclusions from current 
experimental data but the reader is referred to the original papers for 
discussions of the experimental techniques. 

2. EXPERIMENTAL DETERMINATION OF FISSION BARRIER PARAMETERS 
2.1. General Considerations 

One of the major reasons for pursuing experimental programs to mea­
sure fission probability distributions and fission isomer excitation 
functions is to try to deduce the gross properties of the potential 
energy surface associated with fission. These "experimental'' fission 
barrier parameters can then be compared with various theoretical 
calculations. 

Figure 1 illustrates schematically the two types of experiment that 
have been used to obtain most of the current information on fission bar­
rier heights [ 5 1 . In a direct reaction fission experiment a direct 
reaction (or neutron absorption reaction) is used to excite a residual 
nucleus to a particular excitation energy and the branching ratio for 
decay by fission relative to neutron or gamma ray deexoitation (or the 
fission cross section) is measured. This type of experiment 
[17,18,26,27] givee information on the height and curvature of the 
highest peak in the fission barrier. In addition, for cases where Ед ̂  
Eg or where fission transmission resonances are observed estimates can 
be obtained for the parameters of both barriers. In the case of fission 
isomer experiments the results depend most sensitively on Ев and Е ц 
[14J. Since most isomers occur for heavy actinides (Pu, Am, Cu) where 
Ед > Eg, the direct reaction and isomer experiments tend to be com­
plementary. During the last several years data have been obtained on 
fission probability distributions for most of the actinide nuclei which 
can be reached using available target isotopes and a wide variety of 
direct and neutron capture reactions. In addition, excitation functions 
for most of the accessible fission isomers have been measured. Thus, we 
now have an almost complete set of experimental data for use in system­
atizing the gross properties of fission barriers throughout the actinide 
region. 

During the last several years considerable progress has also been 
made in the development of microscopic statistical models which could be 
used to extract barrier parameter estimates from fits to experimental 
data. The major inputs to these modele for the analysis of nonresonant. 
data are the level densities as a function of excitation energy at the 
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NOTATION 

DIRECT-REACTION FISSION 

N , + N + N f n i 

M = EFF. NO..OPEN CHAN. = 2 тгГ/D 

N ( = f (Ед ,1 |ы д , E B , Ixjjg) 

FISSION ISOMER E* FUNCTIONS 

PROMPT FISSION 

ISOMER f ( N R F . N ' N n ) 
"PROMPT " * 

•g<N A ,N ' X N1•) 

PROMPT FISSION 

ISOMERIC FISSION 

FIG.l. Systematic illustration of the major features of the direct-reaction fission and fission 
isomer population processes. 

saddle points and minima of the potential energy surface. These level 
densities are used for the estimate of the relevent decay widths, Vf, 
Гп, and Ty. A major advance in the development of more realistic 
models was the incorporation of microscopic level densities which could 
be obtained directly from the relevant single particle spectra that were 
used to calculate the potential energy surfaces [ 14,27] • This approach 
gives more realistic estimates for the slope of the level density 
function in the critical energy region of 0-5 MeV and eliminates the need 
for arbitrary parameters that were necessary in previous statistical 
models. 
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When resonance structures are observed in the experimental data more 
detailed information on the potential energy surface can be extracted. 
In these cases experimental data have been most commonly analysed using 
models which incorporate resonances generated by the penetrability 
through a one-dimensional double-peaked fission barrier that has been 
parameterized by a smooth joining of three parabolic sections [28] . 
Model3 of this type are qualitatively successful in reproducing the 
experimental results. However, there is increasing evidence for the 
importance of deviations in barrier shapes from simple parabolas, and the 
variation of the barrier shapes with spin, parity and К value. Also, as 
we begin to accumulate evidence for increased complexity in the potential 
energy surfaces the adequacy of a simple one-dimensional approach for the 
quantitative analysis of resonance phenomena becomes more doubtful. Some 
of these points will be discussed in more detail in subsequent sections. 

2.2 Nuclear Symmetry Effects on Level Densities 
In the calculations of fission probabilities, Pf, the important 

quantities are branching ratios between fission, neutron emission and 
gamma de-excitation and these ratios generally involve ratios of level 
densities and not their absolute magnitudes. In the first attempt to use 
microscopic level densities for Pf calculations, a single normalization 
factor (determined from comparison to measured level spacing at the neut­
ron binding energy) and an empirical spin distribution were used to gene­
rate level densities from the calculated microscopic state densities 
[27]. It was felt that any errors in this simplified approach would tend 
to cancel out in the ratios that come into the Pf calculations. When 
this model was applied to the analysis of fission probability data it was 
found that the shapes of the distributions near threshold could be repro­
duced but an arbitrary normalization of Г f/Г n was necessary to repro­
duce the absolute magnitudes of the measured Pf values. Furthermore, 
this normalization factor varied from a value of % 1 for thorium isotopes 
to a value of %0.1 for heavy actinides. A more serious difficulty with 
this model became apparent when comparisons were made to new data taken 
to higher excitation energies using (3fie,df) and (3He,tf) reactions. 
It was found that the microscopic statistical model could not in many 
cases reproduce the shapes of the measured Pf distributions in the 
excitation energy region from threshold to % 5 MeV above threshold. In 
particular the model when normalized in the threshold region would tend 
to seriously underestimate Pf at higher excitation energies. 

The clue toward understanding the major deficiency of this model came 
from a paper at the 1973 conference where Bjornholm, Bohr and Mottelson 
[20] pointed out that at low energies nuclear symmetry effects have a 
very important influence on the level densities for deformed systems. In 
particular they showed the necessity of combining low lying rotational 
excitations with the single particle state densities obtained from micro­
scopic calculations. Since the density of these rotational excitations 
depends on the degree of symmetry in the nuclear system, this approach 
leads to a dependence, of the nuclear level density on the symmetry of the 
nucleus at the relevant minimum and saddle points in the potential energy 
surface. This effect is not important when considering the ratio of 
neutron to gamma ray decay where both decays occur from the nucleus in 
the same configuration (i.e. in the first potential minimum). However, 
there is a large effect when comparing the decay of neutrons or gamma 
rays from the axially and mass symmetric first minimum to fission which 
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EXCITATION ENERGY ( MeV) 

FIG.2. Calculated nuclear state densities at the first minimum, first axially asymmetric saddle 
and second mass-asymmetric saddle (lower portion). Calculated nuclear level densities at the 
first saddle assuming various nuclear symmetries [37]. 

Involves the passage over two saddle points the first with a triaxial 
shape and the second with a mass asymmetric, axial, symmetric shape [21]. 

Figure 2 shows examples of microscopic state densities at the three 
points in the potential energy surface that are important in determining 
Pf. In addition, the level density at the first saddle point is shown 
for various assumptions about the symmetry of the nuclear shape. The 
results show that the state density, ш(Е*), is very similar at the first 
minimum, the axially asymmetric first saddle and the mass asymmetric 
second saddle. The similarity in<o(Ee) is partly due to the similar 
shell corrections at all three points but i3 also due to the fact that at 
low energies the shell and pairing corrections tend to have opposite 
effects on щ(Е») and lead to a function which is relatively insensitive 
to the single particle spectrum used to generate the state density. In 
contrast, there is a large dependence of the nuclear level density, 
p(E*), on the nuclear symmetry. The large change comes about from a 
breaking of the m-state degeneracy when a spherical nucleus is deformed 
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and the coupling to low lying rotational excitations. The level density 
for a system with no symmetries (i.e. triaxial with no point group sym­
metries) is enhanced over an axially symmetric prolate deformation due to 
the increased number of independent rotational excitations that become 
possible. 

The effect of these level density enhancements on the calculated fis­
sion probabilities is shown in Fig. 3 for a model fit to Pf data for 
237Np. If it is assumed that the first saddle has an axially asym­
metric shape a good fit can be obtained. Using the same barrier param­
eters but assuming an axially symmetric shape at the first saddle leads 
to a significant reduction in the calculated Pf and change in shape so 
that even if the calculations are renormalized the data can not be fit in 
both the barrier and 8-10 MeV excitation energy regions. The reason for 
the change in shape of the calculated Pf distributions is illustrated 
in Fig. Ц. In the case where Ед is greater than Eg by a small amount 
(0.4 MeV in this case) if symmetry effects are neglected the fission 
probability is always determined by the level density at the first saddle 
(i.e. Ыд is always less than Ng). However, for an axially asymmetric 
first barrier 11д increases more rapidly than Ng so that near thresh­
old Pp depends most sensitively on Ед while at higher energies Eg 
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FIG. 6. Fission probability data for compound systems 231 Th and 234 Th [26]. 

is the most important parameter. Assuming an axially asymmetric first 
barrier made it possible to obtain qualitatively good fits to fission 
probability data throughout the actinide region for excitation energies 
up to %12 MeV without introducing any arbitrary normalization param­
eters. Typical fits for a series of Np isotopes are shown in Fig. 5. 
These results provide indirect but compelling evidence that the first 
barrier is in fact axially asymmetric for most of the actinide region as 
was predicted by theoretical calculations of the potential energy 
surface 112,13]. 

3. EVIDENCE FOR INCREASED COMPLEXITY IN THE POTENTIAL ENERGY SURFACE 

3.1. The Ra-Th Anomaly 

At the 1973 Fission Conference detailed comparisons of fission bar­
rier parameters from fits to experimental data were compared to results 
from various theoretical calculations of the potential energy surfaces 
[17-19] . These comparisons showed qualitative agreement in the U-Pu 
region but there seemed to be a serious disagreement for some thorium 
isotopes. In particular most theoretical calculations [19,29-31] indi­
cated that the first saddle should be 2-3 MeV lower than the second 
saddle and, thus, the observed fission probability distributions should 
be smooth and structureless reflecting the smooth dependence for the 
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FIG. 7. Fission probability for 22SRa with model fits as described in the text [23]. 

penetrability through a single peaked fission barrier. In contrast Fig. 
6 shows Pf distributions for 231Th and 2З^Тп where very dramatic 
resonance phenomena are observed. These results indicate the peaks of 
the two barriers are of approximately equal height and the very sharp 
resonance in 23lTh indicates much less damping than is present in 
heavier actinide nuclei where only the even-even nuclei show resonance 
structures. A detailed analysis of the 23lTh data [32] indicated the 
potential minimum between the two barriers had a depth of less than 2 MeV 
as compared to ̂  3-4 MeV for Pu and Am isotopes. 

A possible explanation for the apparent qualitative difference be­
tween experimental results and theoretical calculations was suggested by 
Moller and Nix at the 1973 Conference П 9 ] and shown to be qualitatively 
reasonable in a later publication [31J . They suggested that the two 
peaks responsible for the observed resonance phenomena might be due to 
the development of a third potential minimum in the region of the second 
mass-asymmetric saddle point. If this explanation were correct it would 
represent the first case in which secondary shell fluctuations (1-2 MeV) 
have been observed in the potential energy surface. The region of the 
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second saddle for thorium isotopes is the most likely place to observe 
those smaller shell structures because a very broad second barrier is 
produced by the overlap of the peak of the liquid drop saddle with the 
major antishell that creates the second barrier in actinide nuclei. 

Since 1973 two different experimental investigations have led further 
credence to the postulate of a third potential minimum for light acti-
nides. Figure 7 shows the fission probability obtained for 228да 
{23]. In this ease it was shown that the sharp structure at % 8 MeV 
could only be reproduced by assuming a resonant penetration of two 
barriers at % 8 MeV separated by a shallow minimum. Theoretical 
calculations [29] predicted E A % 4.2 MeV and E B

 % 8.7 MeV so that 
the most reasonable interpretation of the resonance phenomena was in 
terms of the postulated third minimum. Finally, very recent high 
resolution experiments on the 231 Th resonance |33 ] have indicated 
complex fine structure which can be most simply interpreted in terms of a 
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level structure in the third minimum that consists of two overlapping 
К = 1/2 rotational bands with the opposite parity and essentially no 
mixing or damping into underlying compound states. The moment of inertia 
and decoupling parameter jof these two bands are found to be the same and are 
consistent with the deformations expected for the second saddle point 
rather than the normal second minimum. Since two identical almost 
degenerate bands of opposite parity are a signature for a mass asymmetric 
shape these results would seem to give the final experimental 
confirmation of the third minimum postulate. 
3s2. Barriers for nuclei with N = 150-156 

Another region where fission thresholds show an unexpected behavior 
is near the N = 152 shell [ 22,25] . It has long been known that ground 
state masses indicate an apparent shell closure for N = 152 [31*] and that 
there is a sharp discontinuity in the trend of spontaneous fission half 
lives at this neutron number [35] . The presence of shell effects in this 
region are also indicated by fission probability measurements (Fig. 8) 
where it has been shown that for both curium and californium isotopes 
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there is a drop in the fission threshold when the neutron number is in­
creased from N = 152 to N = 154. Additional measurements [36] on ein­
steinium nuclei (Fig. 9) with N = 156 and N - 157 indicate values for 
Ед of 5.4 MeV and 4.8 MeV, respectively, which are rather similar to 
""Cm and These results taken together suggest a significant 
decrease in Ед for N > 152. Furthermore, in the case of 250cm a weak 
resonance at 4 MeV established the height of the second barrier at 4.4 
MeV f 37] in qualitative agreement with fission isomer results for lighter 
curium isotopes and with theoretical predictions. 

The most surprising aspect of these data is the appearance of reso­
nance like structures in 252cf at excitation energies in the region 
5-5.5 MeV and the hint of similar structure in 255ES. These resonances 
are broader and occur with much larger fission probabilities than any of 
the transmission resonances observed for lighter actinites. Such a 
structure could occur from a double peaked fission barrier if the two 
peaks were very sharp. The appearance of resonant structure for both 
even-even and odd mass nuclei suggest a shallow minimum as in the case of 
thorium isotopes. Furthermore, the two apparent resonances in 252cf 
have quite different anisotropics suggesting that there may be closely 
spaced resonances with different К values. Closely spaced resonances in 
an even-even system with different К values have not been previously ob­
served and are consistent with the presence of an axially asymmetric 
system which would be expected to show approximately degenerate rota­
tional bands with К = 0 and К = 2. 

In analogy to the thorium results these data appear consistent with 
the postulate that in this region secondary shell effects have caused the 
first axially asymmetric saddle point to break into two sharp barriers or 
at least to become lumpy enough that it deviates significantly from a 
parabolic shape. A fragmentation of the first barrier would most likely 
occur in this region since the liquid drop saddle has approximately the 
same deformation as the first strong antishell. Thus, this is a region 
where conditions for the first barrier are very similar to those encoun­
tered in thorium for the second barrier; The conclusions can not be made 
as strongly as for thorium but in one respect the situation is somewhat 
clearer. In this case it seems clear that we are not seeing transmission 
resonances through the same two barriers as for lighter actinides because 
for 250cm a resonance that can be associated with the "normal" second 
barrier is observed at a much lower energy. Thus, these results again 
point to the presence of secondary shell structure on the potential 
energy surface which can be observed under the appropriate experimental 
conditions. 

3.3- The Symmetric Second Saddle Point 
For many years there has been considerable interest in the fission of 

radium and actinium isotopes. In this region fission mass distributions 
show distinctly separable symmetric and asymmetric components [38] , the 
excitation functions for these components are quite different, and they 
seem to indicate different thresholds for the two mass components [39J . 
Attempts have been made to try to correlate this behavior with character­
istics of the second saddle point in the potential energy surface [40, 
41]. These attempts were, in general, not very convincing because the 
theoretical calculations of the potential energy surface as a function of 
mass asymmetry did not show evidence for a separate saddle point at 
symmetry. 
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Figure 10 shows excitation functions for symmetric and asymmetric 
mass components [39] for a series of actinium nuclei. The results indi­
cate a threshold for the symmetric component that is 1-2 MeV higher than 
for the asymmetric component [39] . Similar results have been obtained 
for 22°Ra [23] and Fig. 11 shows the excitation functions for the sym­
metric component along with the results obtained from attempts to fit the 
data with the microscopic statistical model described in Section 2. The 
solid line represents the best fit that can be obtained if it is assumed 
that the fission barrier is axially symmetric and mass asymmetric. It is 
seen that the model is unable to reproduce the rather slowly rising fis­
sion probability that is observed both for this case and for the previous 
actinium data [39] . However, if we arbitrarily assume that symmetric 
fission involves a separate barrier that is axially asymmetric then the 
dashed curve is obtained which gives a much better characterization of 
the experimental data. 

At about the same time as the attempt to analyse the 22^Ha data, 
results became available on the fission probability for 2 3 8U in the 
excitation energy region 6 - 1 2 MeV from studies with monoenergetic pho­
tons [ 42] . 238u is a particularly interesting case because previous 
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data from (t,pf) [26] and (Y,f) 143] studies near threshold could be used 
to establish the parameters of the fission barrier for both positive and 
negative parity transition state bands. The results of these fits [ 21) ] 
are shown in Fig. 12 and the dashed curve in the top portion shows the 
extrapolation of the fit to higher energies. It is seen that the model 
calculations underestimate Pf by about a factor of 4 at excitation en­
ergies above 10 MeV. In analogy to our conclusions for 228pa w e (je_ 
cided to investigate the result of adding another parallel second barrier 
which was axially asymmetric so that at higher excitation energies it 
would provide an enhanced fission probability. The solid curve in Fig. 
12 shows that adding a parallel second barrier which is 0.3 MeV above the 
"normal" mass asymmetric barrier yields a good fit for the higher energy 
Pf measurement. 

In order to test the credibility of this postulate of two parallel 
second barriers detailed potential energy calculations were done in the 
mass asymmetry-axial asymmetry plane in the region of the second saddle. 
The results are shown in Fig. 13. These results show two distinct saddle 
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freedom in the vicinity of the second saddle point [24]. 

points separated by % 1 MeV for 228Ra in agreement with the conclu­
sions from the model fits. For 238ц there is also evidence for two 
saddles with a separation of ф 0.5 MeV. In the 238u case the ridge 
between the two saddles 1з not as distinct as for 228Ra. 

Recent attempts to systematically refit the Pf data [ 37] for acti-
nide nuclei have also shown that the inclusion of an axially asymmetric 
parallel second barrier which is %0.5 MeV above the normal mass asym­
metric barrier either improves the quality of the fit or gives a more 
consistent set of values for the height of the тазз asymmetric barriers. 
Taken together these results indicate both experimentally and theoreti­
cally the existence of two parallel second barriers one of which is mass 
asymmetric, axially symmetric and the other at an excitation energy about 
0.5 MeV higher is mass symmetric and axially asymmetric. 
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It is interesting to note that while the two mass components for 
228ца can be approximately identified with fission over the two par­
allel saddle points the same is not true for 238u. For 238u such a 
correlation would predict predominately symmetric fission at excitation 
energies above 10 MeV and this is not observed experimentally. For 
238u the lack of a sharp ridge between the two saddles probably means 
that the nucleus can travel over the mass symmetric saddle and later on 
the descent toward scission it can go over to a mass asymmetric 
configuration. 
1. SYSTEMATICS OF FISSION BARRIER PARAMETERS 

As has been shown in the preceding sections our perceptions of the 
general characteristics of the potential energy surfaces and the level 
density functions associated with the fission process have sharpened con­
siderably over the past five years. In addition, the data base on fis­
sion probabilities for actinide nuclei has broadened and we are now at 
the point where data near threshold for most of the fissioning systems 
that can be conceivably investigated are available. Thus, this seems an 
appropriate time to attempt a reanalysis of all the available data in a 
consistent manner using our current version of a microscopic statistical 
model as described qualitatively in Section 2 and in previous papers 
[21,26,27]. 

The details of the model, fitting criteria, input data and the fits 
to various data sets will be described in a forthcoming comprehensive 
review [37 ] • In this section we will only describe some very general 
features and then compare the barrier parameters extracted from the ex­
perimental data with results obtained in other ways with the theoretical 
predictions of several groups. 

In fitting the experimental data we have assumed that the first bar­
rier has no symmetry except for the lightest actinides (Th, Pa) where 
reasonable fits could be obtained with the assumption of axial summetry. 
For cases where the data extended to energies well above threshold we 
have assumed two parallel second barriers with a separation of 0.5 MeV. 
In general, we have tried to find a systematic set of parameters where 
Ед, Eg and the curvatures ишд and nog vary smoothly. From a 
study of the fits and a comparison to previous analyses we believe that 
the systematic uncertainties in the determination of barrier parameters 
from experimental fission probabilities are of the order ^0.3 MeV for 
the higher of the two barriers or for both barriers when Ед % Eg. 
For a difference of 0.5 - 1.0 MeV between the two barriers the un­
certainty on the lower one may be as large as %0.5 MeV and for a dif­
ference greater than 1 MeV the lower barrier can not be reliably deter­
mined except in cases where transmission resonances are observed. 

The results from this systematic analysis of experimental data are 
shown in Fig. 14. In general, the dependence of Ед and Eg on neutron 
number for a particular element is relatively smooth. The occassional 
fluctuations with odd or even masses are relatively small and could be 
due to systematic uncertainties in the relative Ту and Г n calculations 
since the fission thresholds systematically fluctuate from above to below 
the neutron binding energy as the neutron numbers change from odd to 
even. Also shown in Fig. 11 are values for Eg that have been previ­
ously obtained from the analysis of fission isomer excitation functions 
[44] and barrier parameters for Pu and Am isotopes deduced by the Bordeaux 
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- Stony Brook collaboration [44—47J from systematic fits to fission prob­
abilities, fission isomer excitation functions and excitation functions 
for xn reactions. The various results are all internally consistent to 
within an average of % 0.2-0.3 MeV which is consistent with our estimates 
of the reliability of current measurement and analysis techniques. In 
Fig. 11 we also show estimates for Ед and Ев that are obtained from 
an analysis [ 48j of the widths of sub-barrier fission resonances for a 
series of U, Np and Pu isotopes excited in (n,f) resonances. On the 
average these results are in good agreement with the results from excita­
tion function analyses. Individual deviations are observed up to % 0.5 
MeV but some of this could be due to the different spin states excited in 
the direct reaction and low energy (n,f) experiments. In general the 
agreement for values of the barrier parameters extracted from fission 
probability data, xn isomer and ground state excitation functions and 
sub-barrier resonance widths indicate that most of the systematic errors 
have been eliminated in the current analyses. For the thorium and proto-
actinium nuclei both barriers should probably be associated with the 
second saddle and they are plotted that way in the lower portion of the 
figure. 
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in the text. 

In Fig. 15 the experimental barrier parameters are compared to pre­
dictions from three theoretical calculations. The calculations by 
Möller [29] use a modified harmonic oscillator potential and the Lysekil 
liquid drop constants. The first barrier has been lowered to account for 
the effects of axial asymmetric deformations using the energy differences 
calculated by Larsson and Leander [49] . The calculations of Möller and 
Nix J31] use a droplet model for the underlying liquid drop surface and a 
folded Yukawa potential. In both of these calculations the potentials 
are fitted to obtain the best representation of known single particle 
levels for a variety of deformed actinide nuclei. The third set of cal­
culations from Pauli and Ledergerber [30 ] are most similar to the folded 
Yukawa model except that in this case the authors: 1) adjusted the para­
meters of the liquid drop to obtain an approximate fit to fission barrier 
parameters rather than fixing them with a fit to ground state masses and 
2) a Woods-Saxon potential was fitted to the known single particle spec­
trum of 2°8Pb. For the last two calculations the effects of axial de­
formation at the first saddle were not systematically studied. In the 
results shown in Fig. 15 the corrections of Larsson and 
Leander [ 49 ] have been applied to the Ед values from both Möller and 
Nix, and Pauli and Ledergerber. The Möller and Nix uncorrected values of 
Ед are also shown to illustrate the magnitude of this correction. 

From Fig. 15 it is seen that the calculations agree with each other 
and with the experimental barriers to an accuracy of ifc1-2 MeV. The 
overall agreement appears best with the calculations of Möller but there 
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FIG. 16. Evaporation residue probability for 236 U(7Li, осп) reaction [52]. 

are noticeable local and systematic deviations that could be a basis for 
further study. The results shown in Figs. 14 and 15 indicate that we 
have now evolved to a point where the experiments give a broad survey of 
barrier parameters with a systematic accuracy (% 0.3 MeV) that is consid­
erably better than the theoretical predictions (%1-2 MeV). There has 
been very little work done recently on refining the theoretical calcula­
tions and these results suggest that the experimental situation may now 
have evolved to a point where a new systematic theoretical study would be 
profitable. Because of the many differences in the theoretical models 
used in the calculations shown in Fig. 15 it is not possible to pinpoint 
Whether current difficiencies lie primarily in the single particle shell 
corrections or in the underlying macroscopic liquid drop model. A com­
prehensive study of the macroscopic liquid drop part of this theory is 
planned in the near future to see if this might be a major cause of the 
systematic deviations between theory and experiment [ 50]. 

5. Гг/Гп MEASUREMENTS TO HIGHER ENERGIES 
In the preceding sections we have seen that the experimental studies 

of fission probabilities for aetinide nuclei in the excitation energy 
range from threshold to the onset pf second chance fission (11-12 MeV) 
has been rather systematically and completely investigated. In this 
region we also understand in reasonable detail the interpretation of the 
data in terms of the properties of the underlying potential energy 
surface and microscopic level density functions. 
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FIG. 17. Fission probability for 232Th(i2C,sBef) reaction [52]. 

In this section we will briefly describe some new feasibility studies 
aimed at investigating whether other types of direct reactions can be 
used to obtain fission probability data for excitation energies in the 
region of 10-20 MeV. From a detailed analysis of systematic data in this 
region it might be possible to obtain a more comprehensive view of sever­
al interesting aspects of the fission process. In the higher excitation 
energy regions it appears that a simple extrapolation of the model des­
cribed in Section 2 gives too large a value of Ff. There are two gen­
eral effects which should become important at higher excitation ener­
gies. First, the relative insensitivity of the microscopic state densi­
ties to the input single particle levels (see Fig. 2) tends to diminish 
and it may be possible from a systematic analysis to test various theo­
retical models in a new way. A second and more complex effect is that at 
higher energies the shell effects should start to wash out and cause a 
shift in the minimum of the level density functions away from the static 
saddle points 152] so that at a sufficiently high energy the deformation 
which gives the state density appropriate for an estimate of Tf would 
correspond to the liquid drop saddle. A related and possibly more 
complex effect is that as the level density minimum shifts toward the 
liquid drop saddle the symmetry enhancement effects will change. 
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Systematic data to higher excitation energies have been previously 

obtained for a series of neptunium isotopes from studies of (p,f) reac­
tions on uranium isotopes [52] . One difficulty with this or with 
direct-reaction fission techniques is that at higher energies in many 
eases Pf tends to approach 1 so that the requirements for experimental 
accuracy in order to obtain useful information become very severe. In an 
attempt to try to get around this difficulty we have been studying a new 
technique that involves the detection of evaporation residuals following 
a direct reaction [ 53,54] . These are the actinide nuclei which survive 
fission and decay by xn evaporation. The measurement gives a probability 
Рдд = 1-Pf which has greater sensitivity for cases where Pf ap­
proaches 1. A recent experiment of this type [54] is illustrated in Fig. 
16. Evaporation residuals are deflected out of plane to eliminate elas­
tic 7LI particles and a coincidence required with backward reaction 
alpha particles. The (7Li,a ) reaction leads primarily to residual ex­
citations in the region 14-20 MeV. Thus, this technique seems to be a 
reasonable candidate for extending our detailed knowledge of Гf/ ?n up 
to the next higher region of excitation energies. 

Another reaction that has been recently studied 154] is the 
(12с,8ве) reaction where the two alpha particles from the 8Be 
breakup are detected in a semiconductor detector telescope. This re­
action yields residual excitations in the 6-16 MeV region and, thus, is 
very good for studying the region of the onset of second chance fission. 
Results for the excitation of 236u are shown in Fig. 17 and it is seen 
that the data are in good agreement with previous (t,pf) and (n,f) 
results 

6. SUMMARY 
This seems like a particularly good time to attempt a summary of our 

understanding of the potential energy surfaces that govern the fission 
process and in this review we have tried to accomplish this task. The 
data set on fission properties is qualitatively complete in the sense 
that we have information on fission probabilities and fission isomer pro­
perties for almost all nuclei that can be realistically investigated. 
Theee data have been analysed in a variety of models and yield a set of 
barrier parameters, E A and E B to an approximate accuracy of about 0.3 
MeV. Thus, a reasonable data set exists for use in testing future theo­
ries. Comparisons to presently available theoretical calculations 
indicate a reliability of the order of 1-2 MeV. 

Among the more interesting developments of the last few years has 
been the development of a very strong experimental case for the frag­
mentation of the second barrier in the Ra-Th region, evidence for more 
structures in the first barrier in the Cm-Cf region, and evidence that 
there are probably two parallel paths to fission in the region of the 
second barrier for most actinide nuclei. The parallel paths simply in­
dicate that there is more than one way for the nucleus to avoid the large 
antishell region that occurs for axial and mass symmetric shapes. The 
increased structure in the potential energy surface is most probably just 
due to the influence of small second order shells which will tend to pro­
duce 1-2 MeV "wiggles" that are then superimposed on the "normal" two 
peaked fission barrier. We should expect that further more detailed ex­
periments will shed more light on both of these effects. 
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Finally, the extension of fission probability measurements to higher 
energies is discussed. This represents another promising area for 
continuing experimental and theoretical research. 
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DISCUSSION 

H.J. SPECHT: You have shown great caution in drawing conclusions from 
the observed structures in fission probabilities for radium-228 and 
californium-252 in terms of the double-humped barrier, further split by 
secondary shell effects. I fully agree with your approach. I would point out, 
in fact, that there are at least two other origins for structure. One is simply a 
matter of the wave-like nature of the quantum-mechanical penetration process — 
it was pointed out years ago by Hoffmann and Dietrich that penetration of a 
barrier more 'squared' than an inverted parabola leads to structure — and the 
other possibility is fluctuation in the vibrational strength in the first well, which 
we have tended to ignore in our enthusiasm for transmission resonances in the 
second well. Could you comment on that? 

H.C. BRITT: I feel that, at the present time, we can only conclude with 
reasonable confidence that the outer barrier in the case of thorium and the inner 
barrier for californium have a non-parabolic shape. I think that californium may 
be the best candidate for reflection-type effects, suggested earlier by Dietrich 
as a possible effect to look for. The sharp resonance in 231Th suggests a third 
shallow minimum, but I agree that so far the evidence is still somewhat ambiguous. 

Yu.M. TSIPENYUK: You have endeavoured to describe fission of a nucleus 
by changing the symmetry of its barriers. In such a case, however, the spectrum 
of the lower states is altered, and I do not think you can describe the angular 
distributions under those conditions. 

H.C. BRITT: The angular distributions are much more difficult to calculate, 
since in principle we have to use a different set of barrier parameters for each 
К state, and the number of parameters involved becomes unreasonable. We have 
not attempted any such calculations in recent times. 

Yu.M. TSIPENYUK: A further point is that the existence of resonances 
in the case of the light actinides greatly alters analysis of the height of the 
first barrier, a possible explanation for which is that the resonances relate to the 
third barrier. Do you not think that in such a case your experimental values 
would be inaccurate? 

H.C. BRITT: We think that in the thorium region both barriers obtained 
from the analysis are probably associated with the outer barrier. 

K.W. GOEKE: At the present time theoretical calculations for evaluating 
potential energy surfaces suffer from two basic shortcomings. First, there is 
considerable ambiguity in parametrizing the single-particle potential, for example 
in the case of the Saxon-Woods potential, or the harmonic oscillator, and so we 
should look for theories which determine, self-consistently and without 
parameter fit, the potential energy surface, which will then be based only on the 
inner dynamics of the process. The present theories of this type are the time-
dependent Hartree-Fock theory (TDHF) and, especially for sub-barrier processes, 
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the adiabatic time-dependent Hartree-Fock theory (ATDHF), which also provides 
correct values for collective masses. Both these theories have recently been 
developed to such an extent that we can expect explicit calculations for realistic 
cases in the near future. 

The second disadvantage is that the potential surfaces are basically classical 
quantities and therefore have to be corrected for quantum effects before being 
compared with experimental data. The corrections are actually very simple and 
require only the evaluation of some easily accessible zero-point energies. They 
can be shown to have a considerable effect, for example, on barrier heights. 
I think that unless we take both these effects into account we should not wonder 
at discrepancies between theory and experiment. 

H.C. BRITT: I certainly agree that the pursuit of different versions of the 
Hartree-Fock theory may show the most promise for future progress. I am not 
certain of the relative importance of quantum corrections, but I agree that they 
should be carefully looked at. 

In any case, your comments support my basic conclusion that now is the 
right time for new theoretical initiatives in the study of potential energy surfaces. 

R.H. IYER: Do the 'wiggles' that one sees in the potential energy barrier 
have any effect on the mass distribution in fission? The reason I ask is that we 
have obtained experimental evidence for the existence of some new 'wiggles' or 
'bumps' in the highly asymmetric region of fission mass distribution. 

H.C. BRITT: As I mentioned in my presentation, there is reasonable 
correlation between mass asymmetry at the second saddle point and the final 
mass distribution at infinity for the case of radium, where we really do see 
separable symmetric and asymmetric mass components. However, for the heavier 
actinide nuclei I do not believe there is any convincing evidence of a relationship 
between the saddle-point properties and the details of the final mass distributions. 

A. FAESSLER: The main point brought out by what you have told us 
seems to be that the fission deformation energy surface cannot be described 
by smoothly joined parabolas. On the other hand, you have obtained discrepancies 
between theory and experiment for the barrier heights, although in fact the 
experimental barrier heights were determined on the assumption of parabolas. 
Do you think that a more realistic assumption with regard to the form of the 
barrier would change the experimental barrier heights obtained? 

H.C. BRITT: No, I do not think that the barrier heights would change very 
significantly with a more sophisticated model, but other properties, such as the 
curvature (hco), are certainly model-dependent. The major problem involved in 
adding further sophistication is that the models become intractable and we then 
need some more theoretical guidance on the most profitable direction to take. 
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Abstract- Аннотация 

LOW-ENERGY PHOTOFISSION OF HEAVY NUCLEI. 
The paper summarizes the results of studies on low-energy photofission of heavy nuclei, 

mainly in the sub-barrier region of excitation energies. The following aspects of angular 
anisotropy of fission fragment separation and channel structure are discussed in detail: the 
spectrum of transition states of a fissionable nucleus, the role of nuclear symmetry in the 
shaping of angular distribution, mass distributions of fragments and fissionabilities of nuclei. 
The results of experimental studies on the properties of spontaneously fissionable isomers 
in reactions with ^-quanta are presented. An analysis is made of data from a study on deep 
sub-barrier photofission and on the new phenomena discovered in this connection (the isomeric 
shelf, anomalies in the isotropic component of angular distribution and the resonance structure 
of the cross-section). 

НИЗКОЭНЕРГЕТИЧЕСКОЕ ФОТОДЕЛЕНИЕ ТЯЖЕЛЫХ ЯДЕР. 
В работе подытожены результаты исследований низкоэнергетического фотоделения тяже­

лых ядер - преимущественно в подбарьерной области энергий возбуждения. Подробно обсуж­
даются вопросы угловой анизотропии разлета осколков и каналовой структуры: спектр пере­
ходных состояний делящегося ядра, роль симметрии ядра в формировании углового распреде­
ления, массовых распределений осколков, делимостей ядер. Приводятся результаты экспе­
риментов по изучению свойств спонтанно делящихся изомеров в реакциях с у-квантами. Ана­
лизируются данные по изучению глубоко подбарьерного фотоделения и обнаруженных в этой 
области новых явлений — изомерного шельфа, аномалий изотропной составляющей углового 
распределения, резонансной структуры сечения. 

1. ВВЕДЕНИЕ 

Интерес к явлению деления атомных ядер обусловлен не только его практи­
ческой значимостью, но и уникальными возможностями для изучения свойств силь-

31 
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но деформированной ядерной материи. Если колебания ядер, изучаемые спектро­
скопией, представляют собой небольшие отклонения от равновесной деформации, 
то физика деления имеет дело с процессом, в котором энергия также концентри­
руется на колебательной степени свободы, но деформация возрастает настолько, что 
завершается развалом ядра. Область вершины возникающего при этом барьера, с 
которой связано так называемое переходное состояние делящегося ядра, — самое 
узкое место в процессе деления, определяющее многие его свойства: делимость, 
угловые распределения осколков и др. Изучение последних, в свою очередь, по­
зволяет делать заключения о свойствах этого состояния, отличающегося от равно­
весных аномально большой деформацией. 

Деление ядер — один из типов ядерного превращения, и экспериментальные ме­
тоды его изучения, по существу, не отличаются от соответствующих методов ядерной 
физики. Самым простым способом внесения энергии в ядро является облучение его 
•у-квантами — безмассовыми частицами, для взаимодействия с которыми характерен 
очень ограниченный спектр орбитальных угловых моментов. В этом одновременно 
преимущества и недостаток такого способа возбуждения. Мы не можем таким спо­
собом исследовать сложные типы движения нуклонов в ядре, однако в применении 
к изучению процесса деления атомных ядер, который сам по себе необычайно сложен 
и многогранен, этот недостаток (простота) является в данном случае преимуществом. 
Именно с этой точки зрения привлекательно изучение фотоделения тяжелых ядер 
при энергиях, близких к пороговым. 

Гамма-кванты с энергией 5-7 МэВ испытывают на тяжелых ядрах в основном 
электрические дипольное и квадрупольное поглощения. Для четно-четных ядер-ми­
шеней это приводит преимущественно к образованию составных ядер лишь в двух 
возможных состояниях: 2* и 1", причем, из-за того, что длина волны т-квантов в 
рассматриваемой области энергий значительно превышает размеры ядра, сечение ди-
польного поглощения должно быть значительно больше сечения квадрупольного по­
глощения. Моменты четно-четных составных ядер после поглощения •у-квантов с 
разной мультипольностью оказываются по-разному выстроенными вдоль направления 
пучка фотонов, и это обеспечивает высокую чувствительность угловых распределе­
ний осколков к квантовым характеристикам состояний, через которые происхо­
дит деление. Более того, только с помощью -у-квантов осуществляется возможность 
изучения вероятности деления через состояния с определенными комбинациями 
спина и четности в широкой области энергий. Этими обстоятельствами обусловле­
на преимущественная направленность исследования фотоделения именно четно-чет­
ных ядер. 

Данный обзор не претендует на всеобъемлющий охват всех работ по изуче­
нию деления ядер -у-квантами низких энергий (<J 10 МэВ) . Мы ставили перед со­
бой задачу анализа экспериментальных результатов, затрагивающих принципиаль­
ные свойства процесса деления. Естественно, что этот обзор во многом отражает 
направление исследований фотоделения на электронном ускорителе — микротроне, 
проводимых в Институте физических проблем АН СССР в течение последних 15 лет 
совместно с Физико-энергетическим институтом ГКАЭ СССР. 
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2. УГЛОВАЯ АНИЗОТРОПИЯ ФОТОДЕЛЕНИЯ И ГИПОТЕЗА О. БОРА 
Явление угловой анизотропии деления было впервые обнаружено Уинхолдом, 

Демосом и Халпероном в 1952 г. именно в реакции (у, f) . Эксперимент [1] пока­
зал, что при фотоделении 232Тп осколки разлетаются преимущественно под прямым 
углом к пучку 7-квантов тормозного излучения, их угловое распределение следует 
закону W(0) = а + b sin20, а отношение коэффициентов b/a = W(90°)/W(0°) - 1, 
характеризующее угловую анизотропию, возрастает по мере приближения граничной 
энергии 7-квантов Е т а х к порогу деления. Через пять лет наличие этих свойств 
было установлено еще у нескольких четно-четных ядер [2]. 

Для объяснения угловой анизотропии разлета осколков О.Бор [3] выдвинул 
в 1955 г. идею о каналах деления — квантовых (переходных) состояниях ядра в сед-
ловой точке. Гипотеза О.Бора предполагает, что каждому каналу деления отвеча­
ет своя поверхность потенциальной энергии деформации, определяемая набором 
квантовых характеристик: J— углового момента ядра, К — его проекции на напра­
вление деления, совпадающее с осью симметрии (как и в равновесном состоянии, 
ядро предполагается аксиально симметричным), п — четности состояния. Предпо­
лагается, что величина К может оказаться достаточно "хорошим" приближенным 
квантовым числом в процессе спуска делящегося ядра с седловой точки к точке 
разрыва. Возникающая таким образом зависимость высоты барьера Ef от кванто­
вых характеристик X=(J, я, К) обеспечивает неоднородность распределения J, что при 
наличии определенной выстроенности угловых моментов составного ядра К в прост­
ранстве приводит к угловой анизотропии разлета осколков относительно направле­
ния падающего пучка. 

Фотоделение четно-четных ядер представляет собой исключительно благопри­
ятную возможность для изучения следствий гипотезы О.Бора. Если энергия у-кван-
тов близка к порогу, то доминирующая роль в делении будет принадлежать кана­
лам J" = 2+ и 1", К =0, которые, как отмечалось, возбуждаются при электрических 
квадрупольном (Е2) и дипольном (El) поглощениях. Это первые возбужденные со­
стояния именно тех нижайших вращательных полос каналов деления, которые пред­
сказал О. Бор. Парциальный вклад каждого из них может быть надежно установлен 

экспериментально по виду углового распределения WJK(0) ~ |DMK (0)|2 + |D-MfÄ^)l2 

для заданных J и К, а именно: W20 ~ sin2 20 и W,0 ~ sin29, где Е>мк(0) _ функция 
Вигнера, М — проекция J на направление пучка, равная для у-квантов ± 1 . В общем 
случае угловое распределение осколков описывается выражением 

W(0) = а + b sin20 + с sin220 ( l ) 

где изотропная компонента а связана с каналами К # 0 , в основном К"= 1". 
Следуя неравенствам 

Е ? < Е } 0 , Е ? , < Е | к 
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которыми выражено содержание гипотезы О.Бора и 

о***< в*2 < а7
Е1 

которые описывают соотношение между сечениями фотопоглощения разной муль-
типольности, отношения коэффициентов (1) можно выразить через проницаемости 
барьера Т (Е, Е^) для отдельных каналов: 

г ^ + ^ Т С Е . Е П / Т Х Е . Е / 1 ) 

_ 5aE2pf 5 of2 'T(E,E?C) 
~ 4ffElPf'o ~ 4 "^Г Т(Е,Е/°) 

(2) 

(3) 

Г 

T(E,Eh 
T(E,Ef) 

^ ехр 

ехр 

2тг 
1, 
(Ef-E) 

Е >ЕК 
Е^<Е<ЕК 

^ - (Ef-Efx) , E < E f 
ftw 

(4) 

где, ради простоты, мы предположили hco^ = hco^- = hw < 2ir (E} - E}) И игнори­
ровали в (3) разницу в отношениях делимостей Р^ и проницаемостей Т(Е, Е^) для 
двух каналов с разными комбинациями J". Из соотношений (2)-(4) вытекают 
следующие свойства угловых распределений осколков фотоделения четно-четных 
ядер, которые можно рассматривать как характерные признаки "каналовой" струк­
туры барьера Е*к ПО О. Бору: 

1) экспоненциальное увеличение отношений (2) и (3) в области Е^ < Е < Ef ; 
2) существование излома этой зависимости в окрестности энергий Е ^ Ef < Ef , 

ниже которой она резко ослабевает или исчезает совсем, если ho>^ = па>^'. 
Впервые совокупность указанных свойств W(6) наблюдалась в работе [4] при 

изучении фото деления 238U на пучке тормозного излучения микротрона ИФП АН СССР. 
На рис. 1 приведены экспериментальные данные и результаты разложения W (б) по 
компонентам согласно (1), которые были получены в [4] и при аналогичных изме­
рениях для 232Th и 240Pu [5-7]. Несмотря на разницу в соотношении компонент, 
обсуждаемую нами позже, общим для всех ядер является качественное соответствие 
энергетической зависимости их вклада в W(0) предсказанию, выражаемому соот­
ношениями (2)-(4). 

Для установления адекватности представлений модели каналов деления О. Бора 
решающее значение имеет полученная в [4] информация о квадрупольном фотоде-
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Рис.1. Угловое распределение осколков при фотоделении 23iTh, 2XU, гъ9Ри, г°с'Ри тормозными у-кван-
томи при различных энергиях электронов, указанных на рисунке (в МэВ). Данные взяты из работ {4-7, 
14]. Пунктиром показаны компоненты W(6). 
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Рис. 2. Относительный вклад квадрупольной компоненты углового распределения для гз*11в зависимо­
сти от граничной энергии тормозного спектра: • - [4-7],О- [9]. 
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Рис.3. Энергетическая зависимость угловой анизотропии - отношения blа для ядер 2riTh, 2XU, 2*°Ри: 
• - [4- 7], о - [р]. На вставке: зависимость делимости и угловой анизотропии в модели одногорбого 
барьера. Пунктиром показано положение наблюдаемого порога. 

лении, поскольку до этого спорным был даже сам факт наблюдения компоненты 
~ sin2 20, не говоря уже о свойствах отношения с/Ь, по которым можно было бы 
судить о предполагаемой структуре спектра состояний делящегося ядра и связи их 
с седловой точкой. 

В подбарьерной области энергий экспоненциальное падение проницаемости 
Т(Е,Е}°) компенсирует малость отношения ст^/а^1 настолько, что квадрупольная 
компонента с, с трудом выделяемая в W(0) в надбарьерной области, глубоко под 
порогом становится преобладающей. Этот механизм подбарьерного "усиления" 
относительного вклада квадрупольной компоненты W(0), который впервые обсуж­
дался Гриффином [8], "работает" согласно (4) лишь при достаточном расстоянии 
между каналами Е{-°- Е |°> h«/2w. Из рис.2, на котором для 238U приведены дан­
ные [4-7] вместе с результатами недавних измерений в Швеции [9], видно, что по­
ведение отношения с/Ь находится в согласии с выражениями (3) и (4), согласно 
которым по наклону экспоненциального участка легко оценить hco ^ 0,9 МэВ, а 
по величине "усиления" — Е}° - Е|° ^0,6-0,7 МэВ. Аналогично, т.е. в соответствии 
с (2) и (4), ведет себя угловая анизотропия фотоделения Ь/а, энергетическая зави­
симость которой показана на рис.3. 

Зависимость от энергии анизотропных составляющих углового распределения 
W(0) в районе порога не только подтверждает конкретную структуру спектра кана­
лов фотоделения четно-четных ядер (J", К) = (2+, 0), (1",0), (1", 1), но и является 
важным свидетельством того, что характеристика К в процессе разделения сохра-
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няется, т.е. является достаточно хорошим квантовым числом: наблюдаются прак­
тически "чистые" DjviK-функции |D£i,o(0)|2 и |D±i>o(0)|2. Смешивание К, если 
бы оно было существенным при спуске с вершины барьера, привело бы к значитель­
ному вкладу изотропной компоненты (при однородном распределении К деление 
изотропно). 

Угловые распределения осколков фотоделения, согласующиеся с изложенными 
представлениями, изучены для восьми четно-четных ядер от 226Ra до М2Ри [2, 4-7,9-11]. 
Фотоделение ядер с нечетным числом нуклонов практически изотропно [2, 12]. Этот 
результат также предсказал О. Бор [3], связав его с большим набором доступных 
состояний по J, меньшей выстроенностью угловых моментов вследствие наличия 
хаотически распределенного спина ядра-мишени, более высокой плотностью каналов 
деления (Ef - Е^ ^ hco/27r). Исключение составляет ядро 239Ри, имеющее минималь­
ный спин 1/2, угловые распределения для которого показаны в нижней части рис.1 
[13,14]. 

3. АНОМАЛИЯ ОТНОШЕНИЯ Ь/а И ДВУГОРБАЯ СТРУКТУРА БАРЬЕРА 

В предыдущем разделе для иллюстрации следствий гипотезы О.Бора и обсуж­
дения экспериментальных данных мы фактически использовали представления об 
одногорбом барьере, которые мотивировались в прошлом моделью жидкой капли и 
просуществовали без малого 30 лет. Рассчитанные для такого берьера зависимости 

делимости Рю = ' = - и отношения Ь/а = (Т10 - Т и ) / 2 Т П от энер-
ст-F Т 1 0 + 2 Т п + т ; 

гии возбуждения показаны на вставке к рис.3, откуда следуют описанные выше 
свойства угловой анизотропии фотодепения. Одно из них удобно использовать при 
качественном анализе экспериментальных данных как характерный признак клас­
сической каналовой структуры: каналовые эффекты в угловой анизотропии (подъем 
и перегиб Ь/а) в случае одногорбого барьера должны быть в надпороговой по сече­
нию деления области энергий. 

На рис.3 для трех ядер 232Th, 238U и 2"°Pu, некоторые угловые распределения 
для которых показаны на рис.1, приведены данные об угловой анизотропии деле­
ния Ь/а. Пунктиром на вставке рис.3 показано положение наблюдаемого порога, 
который с точностью до 0,1-0,2 МэВ одинаков у этих ядер. Хорошо видно, что если 
в случае 232Тп реализуется "классическая картина", т.е. ожидаемая в соответствии 
с результатами расчета на вставке, то для более тяжелых ядер положение излома 
(максимума) Ь/а находится в противоречии с ней, оно находится не справа от наблю­
даемого порога, а слева, причем расхождение тем сильнее, чем выше Z ядра. Интер­
претация этого неожиданного свойства в рамках существовавших представлений вы­
звала значительные трудности [5, 15], которые удалось преодолеть лишь на основе 
теоретического предсказания о существовании двугорбой структуры барьера деле­
ния тяжелых ядер в работах Струтинского [16]. 



-rp'y 1 y/ 1 y/ i Г7/ i ry/-

Рис. 4. Сравнение выходов реакции (% f) (на рисунке обозначены -*) с результатами расчетов с 
OffEj = а^(Е) • p^'Pf)' (на рисунке обозначены -о). В нижней части рисунка приведены эесперимен-
тальные данные об относительном вкладе квадрупольной компоненты в полный выход реакции фото­
деления. 
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Рис. 5. Схематическое расположение полос положительной и отрицательной четностей у зеркально сим­
метричного (верхняя часть рисунка} и асимметричного (нижняя часть рисунка) ядер. 

Объяснение аномалии угловой анизотропии фотоделения четно-четных ядер в 
рамках модели двугорбого барьера состоит в следующем [6, 15]. С точки зрения 
факторов, формирующих угловые распределения осколков, новое в модели дву­
горбого барьера заключается в существовании не одной, как прежде, а двух систем 
каналов деления EfA и Е^ , соответствующих двум горбам (седповым точкам) , 
между которыми в минимуме ядро может жить достаточно долго. Если это время 
достаточно велико в сравнении с периодом миграции величины К, то ядро будет 
фактически "забывать", по какому из дипольных каналов, (1~,0) или (1~, 1), оно 
прошло через внутренний барьер А, и угловая анизотропия разлета осколков будет 
определяться спектром каналов на внешнем барьере В. Поскольку порог, наблю­
даемый в сечении, определяется высотой наибольшего из горбов, ожидаемая карти­
на будет зависеть от соотношения между их величинами. Если порогом является 
горб В (EfB > EfA), то ситуация будет близкой к той, которая ожидается в модели 
одногорбого барьера, и она реализуется в случае 232Th(7, f). У изотопов плутония, 
в частности 240Ри, выше горб А, вследствие чего каналовые эффекты в угловой 
анизотропии из-за механизма "забывания" (смешивания) К смещаются в подба-
рьерную по сечению деления область энергии, в соответствии с высотой горба В. 
На этом этапе работ по фотоделению, по-видимому, впервые удалось получить пря­
мое экспериментальное подтверждение одного из наиболее важных предсказаний 
модели двугорбого барьера — зависимости высот горбов А и В от Z делящегося 
ядра [16, 17]. 
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4. КВАДРУПОЛЬНОЕ ФОТОДЕЛЕНИЕ И СИММЕТРИЯ ДЕЛЯЩЕГОСЯ ЯДРА 

Возвратимся к квадрупольному фотоделению с тем, чтобы обсудить долгое 
время остававшуюся загадочной сильную Z-зависимость вклада квадрупольной 
компоненты W(9), которая хорошо видна на рис.1. Почему она разыгрывается в 
узком интервале ядер Th-Pu, однотипных по нуклонному составу и мало отличаю­
щихся свойствами равновесных состояний? Так, у четно-четных изотопов плутония 
(рис. 1 и 4) квадрупольная компонента уже отчетливо видна вблизи наблюдаемого 
порога и ее поведение соответствует расстоянию между каналами 1" и 2+, К = 0, со­
ставляющему, как у обычных ядер, несколько сотен кэв, тогда как у 232Th вклад 
ее еле заметен в широкой области подбарьерных энергий возбуждения. Почему меха­
низм подбарьерного "усиления" квадрупольной компоненты, предсказанный Гриф­
фитом [8] на основе гипотезы О.Бора, получил подтверждение в реакциях (у, f) 
на всех изотопах урана и плутония, но не "работает" в случае 232Th? 

Разумного ответа эти вопросы не находили, пока не были развиты представ­
ления о двугорбой структуре барьера и получено теоретическое предсказание, что 
его второй седловой точке (барьеру В) соответствует энергетически более выгод­
ная грушевидная конфигурация ядра [18]. Последнее обстоятельство влечет за 
собой изменение спектра именно тех каналов деления, которые ответственны за от­
ношение с/Ь. У ядра, не обладающего симметрией отражения, расстояние между 
уровнями К" = 0+ и 0" быстро уменьшается с высотой барьера для инверсионных 
переходов между зеркально противоположными конфигурациями, как схематиче­
ски показано в нижней части рис.5. Роль двугорбой структуры в формировании 
обсуждаемого свойства состоит в том, что в области горба А ядро сохраняет зер­
кальную симметрию, т.е. имеет нормальное расщепление полос К"=0+ и 0"(рис.5, 
верхняя часть), вследствие чего наблюдаемая картина околопороговых каналовых 
эффектов будет сильно зависеть от того, какой из горбов выше. У изотопов плуто­
ния первый горб А выше, он определяет порог, наблюдаемый в сечении, и благода­
ря значительной разнице Е}% - Е}% > псо/2тг "нормальную" энергетическую зависи­
мость отношения с/Ь. В случае 232Th ответственным за порог, наблюдаемый в се­
чении деления, является второй горб В, при прохождении которого утрачивается 
зеркальная симметрия ядра, а с нею — расщепление Е $ - Efjj и связанный с ним 
механизм подбарьерного "усиления" квадрупольной компоненты. 

Рассмотренная интерпретация, основные идеи которой принадлежат Ванденбо-
шу [19], непринужденно объясняет долго ставившую в тупик зависимость вклада 
квадрупольной компоненты от Z делящегося ядра, объединяя в одной непротиво­
речивой картине все основные аспекты структуры барьера: двугорбую форму, дис­
кретную структуру спектра каналов, асимметрию ядра на разных стадиях деления 
ядра. Однако в рамках данной интерпретации оставался вопрос, почему в случае 
232 Th не виден эффект, обусловленный вступлением дискретных каналов К" = 0" 
и, затем, К" = 0* барьера А при уменьшении энергии ^-квантов? Тривиальный от­
вет: "не достигнута в измерениях высота барьера EJA", — находился в противоречии 
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Рис. 6. В левой части рисунка: результаты расчета сечения образования спонтанно делящихся изомеров 
в реакциях (у, у) и (у, п); стрелками указаны характерные точки на кривых. В правой части рисунка: 
экспериментально измеренные сечения образования спонтанно делящихся изомеров Ри и Am в реакциях 
(ъ У) и (У> п) \?9]. Ошибки в сечениях всюду составляют ~ 30%. 

Й - < ^ 4 ~ . " / . й - £ / СМ- *><, 

с результатами анализа других реакций для 232Th и соседних с ним изотопов, ко­
торые приводили к величинам Efд ~ EfB = 6-6,5 МэВ [20]. Между тем, именно он, 
по-видимому, и является правильным. 

Трудности определения высоты меньшего из горбов у тяжелых (EfA > EfB ) и 
легких (EfA < EfB) актинидов неравнозначны. В последнем случае эта задача не­
много труднее. Во-первых, горб А значительно тоньше, примерно в два раза. Это 
практически исключает возможность наблюдения эффекта вступления барьера А по 
изменению наклона проницаемости. Во-вторых, нет таких надежно идентифициру­
емых способов распада в первую яму, какими явились спонтанно делящиеся изо­
меры при определении Efß. Наконец, в-третьих, в связи с предсказанием дополни­
тельной структуры барьера В, приводящей к трехгорбой потенциальной кривой, 
становится неопределенным анализ резонансов сечения, поскольку при наличии тре­
тьего минимума нелегко решить, к какому из них они относятся. Тем не менее, 
именно это обстоятельство явилось одним из аргументов, которые позволили по­
нять, что прежний анализ подбарьерных резонансов, и связанные с ним значения EfA, 
недостоверны [20, 21]. Таким образом, экспериментальной информации о барье­
ре А ториевых ядер фактически нет, существуют лишь результаты теоретических 
расчетов, которые систематически показывают, что EfA < EfB и составляет менее 
5 МэВ [20]. Значительная разница в спектре нижайших каналов К = 0 для барье­
ров А и В может явиться как раз тем свойством, используя которое, наконец, 
удастся с помощью реакции (у, f) определить высоту барьера А й в этом случае. 
Недавно [22] у 232Th было наблюдено, хотя и меньшее в сравнении с более тяже­
лыми четно-четными ядрами, но вполне заметное, возрастание квадрупольной ком­
поненты (см рис.6), которое можно трактовать, как "включение в игру" барьера А. 
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Однако оценке ЩА и Efg из хода с/Ь препятствует сильная резонансная структура 
проницаемости обоих каналов. Для этой цели требуются экспериментальные данные 
об угловых распределениях осколков при еще более низких энергиях у-квантов 
Emax < 5 МэВ. 

Итак, установление закономерности Z-зависимости квадрупольной компо­
ненты W(0), поиск которой производился в соответствии с конкретным предска­
занием О. Бора о подобии спектров нижайших возбужденных состояний ядер рав­
новесной формы и в седловой точке, привело в конечном счете к обнаружению ис­
ключения из этого правила. Оно связано с нарушением одного из исходных пред­
положений модели — симметрии инверсии делящегося ядра, свойством неожидан­
ным, но не только не опровергающим, а подтверждающим общую концепцию о ка­
налах деления четно-четных ядер. Более того, поскольку это уточнение касается 
только каналов деления одного из горбов барьера — внешнего В, для внутреннего А, 
обладающего зеркальной симметрией, как и для всего барьера в целом, конкрет­
ное предсказание О. Бора (в оригинале) остается в силе. Остается в силе и общее ука­
зание о том, что увеличение отношения должно происходить в подбарьерной, по отноше­
нию к наблюдаемому в полном сечении деления порогу, области. Уточняется лишь то, 
что этот эффект связан с энергетическим расщеплением Ef° - Ef° в спектре каналов 
только одного из барьеров — барьера А. 

5. ДЕЛИМОСТЬ ЯДЕР В РЕАКЦИЯХ (?, f) и (t, pf) 

Для изучения свойств каналов деления значительный интерес представляет 
сравнение характеристик фотоделения и прямых реакций — двух способов возбуж­
дения, наиболее широко используемых при изучении низкоэнергетического деле­
ния тяжелых ядер. Существенное их отличие состоит в том, что, если при делении 
вблизи порога после прямой реакции вследствие достаточно широкого распределе­
ния передаваемых орбитальных угловых моментов 2 доступны целые полосы кана­
лов (для четно-четных ядер это К" = 0+ и 0"), то при фотоделении — только по одно­
му из них J" = 2+ и Г. Для такого сравнения более всего подходит реакция 
(t, pf), в которой, как и при фотоделении в случае четно-четного ядра, j = ß и 
IT - (-1) . Делимость такого ядра т-квантами можно представить как 

„Е1р- ,„Е2р* JE2 
, ... в , Й T ( L JTf OL Pf \*+У ^ + 7 l f f (5) 

где Pf — делимости ядер при делении через состояния J" = 7* и J"= Г, вблизи поро­
га, осуществляющимся, главным образом, через каналы нижайших полос 
К"= 0+ и О". В той же области энергий деление в (t, рф-реакции происходит пре-
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имущественно через каналы, принадлежащие тем же полосам 0+ и 0", причем, если 
разницей в делимости для состояний в пределах одной полосы можно пренебречь, то 

P ^ P ^ i L ^ + i L p ^ l l Ä (6) 
а а ' 2 

гдеа+ = ZJ ctj„,a~= 2J ат„, а последнее приближение в (6) соответствует 
J,7T=+1 J,1T=-1 

предположению об одинаковых вероятностях заселения состояний составного ядра 
положительной и отрицательной четностей а'к а*. 

При энергиях выше барьера с характеристикой К" = 0" Pf ^ Pf « Pf*,pf*-а в 

фотоделении, вследствие ОуЩОу, P J ^ ' ^ Ä Pf = p / t , p ^ . Это объясняет отсутствие 
существенных расхождений экспериментальных данных о делимости при разных 
способах возбуждения реакции деления ядер вблизи порога, что отмечалось еще в [23]. 
Однако, ситуация должна измениться достаточно глубоко под барьером, когда бла­
годаря разнице высот барьеров с характеристиками К"= 0+ и К"= 0" заметно возра­
стет отношение Pf/Pf. Тенденцию легко увидеть, рассмотрев предельный случай, 
соответствующий такому сильному неравенству Pf •€ Pf, чтобы можно было прене­
бречь Pf в сравнении с Pf -а у /а у . Из (5) и (6) следует, что тогда 

^t,V0fjffy.0:xaEllaB2>1 { 7 ) 

т.е. делимость в (t, рф-реакции может превосходить фотоделимость примерно на 
порядок. В общем случае должна быть корреляция с вкладом квадрупольного фо­
тоделения. 

Для ряда ядер на рис.4, взятом из [24], приведены (нижняя часть рисунка) 
данные об относительном вкладе квадрупольной компоненты в полный выход 

Yc Т 5 С 

a+fb + TJc 

в верхней части рисунка приведены данные о самом выходе, который сравнивается 
с аналогичной величиной, полученной из наблюдаемой делимости [25] интегрирова­
нием по тормозному спектру сечения, равного a ^ ( E ) • Pft,p^. Данные о выходах 
как четно-четных ядер над порогом, так и нечетных во всей перекрывающейся облас­
ти энергий совпадают, в связи с чем отметим, что никакой нормировки "сконструиро­
ванного" выхода к измеренному выходу (•/, 1}-реакции не производилось. В случае 
нечетных ядер набор каналов, участвующих в делении, в обоих реакциях, по-видимому, 
достаточно велик, чтобы существенно не сказывалась разница в ширине распределения К. 
Однако, для четно-четных ядер в подбарьерной области энергий везде, где значителен 
вклад Yc в Y, Yt)P отклоняется от Y, как того требует соотношение (7). Особенно 
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эффектно сопоставление крайних случаев: 240Ри, у которого и вклад Yc в Y, и отсту­
пления Yt)P от Y заметны уже вблизи порога (~ 6 МэВ) и быстро возрастают с умень­
шением энергии, и 232Тп, где небольшой эффект намечается лишь глубоко под поро­
гом — вблизи границ чувствительности методик измерения Р}1>Р^ и W(Ö) в реак­
ции (7, f). 

Результаты этого анализа важны в двух отношениях. Во-первых, они свидетель­
ствуют о хорошей взаимосогласованности разнородных экспериментальных данных и 
соответствии всей использованной информации единым представлениям о спектре ка­
налов деления четно-четных тяжелых ядер, рассмотренным раньше. Во-вторых, удо­
влетворительное количественное согласие делимостей ¥у'' и РрР'-1 в околопоро­
говой области в случае четно-четных ядер, позволяет, основываясь на (5) и (6), за­
ключить, что каналам одной полосы К" свойственна примерно одинаковая делимость 
(по-видимому, с точностью до зависимости Ef от J ) . Это следствие можно рассматри­
вать как экспериментальное подтверждение идей модели каналов не только в приме­
нении к состояниям из разных полос с большой разницей в барьерах Ef, но и к "не­
разрешенным" каналам одной полосы. 

Завершая обсуждение вопросов, связанных с квантовой структурой барьера, 
в исследовании которых реакции (у, f) принадлежит значительная роль, обратимся 
еще раз к самой концепции каналов деления. Хотя последовательного теоретическо­
го обоснования модель каналов деления не имеет, в основе ее лежат самые общие со­
ображения о квантовой природе спектра энергии системы, находящейся в холодном 
состоянии. Специфика каналов деления состоит в том, что это уровни не в потенциаль­
ной яме, а в седловой точке, где потенциальная энергия как функция основного параме­
тра деформации, ведущего к делению, имеет не минимум, а максимум. Представления 
о каналах деления, правда, без такой конкретизации их спектра, как у О. Бора, были 
введены еще в 1939 г. Н.Бором и Уилером [26] при рассмотрении вероятности деле­
ния по аналогии с описанием явлений, связанных с диссоциацией молекул (квазимо­
лекулярная модель деления) . При решении этой задачи используется так называемый 
статистический метод переходного состояния, для которого, как подчеркивают Мотт 
и Месси [27], предположения о квазистационарности переходных состояний не тре­
буется. Из трех квантовых характеристик J, я и К, характеризующих по О. Бору кана­
лы деления, первые две подчинены законам сохранения, а последняя в период эволю­
ции составного ядра может много раз изменить значение, но в то же время быть боль­
ше, чем время прохождения через седловую точку. Вероятность преодоления барье­
ра при фиксированном значении К определяется спектром Е^"к. Никаких иных пред­
положений о каналах основанное на гипотезе О. Бора описание вероятности деления 
не использует. 

6. ИССЛЕДОВАНИЕ СПОНТАННО ДЕЛЯЩИХСЯ ИЗОМЕРОВ ИЗОТОПОВ Ри и Am 
С ПОМОЩЬЮ ФОТОЯДЕРНЫХ РЕАКЦИЙ 

Обнаружение в Дубне в 1962 году спонтанно делящихся изомеров [28] явилось 
одним из основополагающих экспериментальных фактов при создании Струтинским мо-
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дели двугорбого барьера деления, и именно в ней они нашли свое естественное объяс­
нение как квазистационарные состояния во второй яме. Сейчас накоплен большой 
экспериментальный материал об энергиях возбуждения, периодах полураспада и дру­
гих свойствах примерно 40 обнаруженных в области U-Cm изомерных состояниях. Ка­
кое место занимают в этих исследованиях 7-лучи? 

Развитие исследований спонтанно делящихся изомеров шло от изучения реакций 
с тяжелыми ионами к реакциям с более легкими частицами. Эксперименты показали, 
что с уменьшением массы и заряда бомбардирующих частиц возрастает сечение обра­
зования ядра в изомерном состоянии. Это объясняется сокращением числа каналов 
конкурирующих реакций. В этом отношении в фотоядерных реакциях сводится к 
минимуму число промежуточных ступеней процесса, ведущего к заселению изомер­
ного уровня, так как отсутствие кулоновского барьера и энергии связи для т-кван-
тов дает возможность получать составные ядра с низкой энергией возбуждения сразу 
после поглощения излучения. Еще одно неоспоримое преимущество использования 
7-квантов — малый вносимый угловой момент по сравнению с реакциями на заряжен­
ных частицах. 

В экспериментах [29, 30] исследовались спонтанно делящиеся изомеры Ри и Am, 
образующиеся в результате фотоядерных реакций (у, у'), (у, п) и (у, 2п). Реакции 
образования изомеров получают физически наглядное, но несколько упрощенное опи­
сание в модели, рассматривающей возбуждение ядра в первой и второй ямах, заселение 
изомера (задержанное деление) и конкурирующее с ним мгновенное деление как двух-
стадийный процесс, в которой сечение фотоделения имеет вид 

ТА / ТВ ( кТ72 
°{ °УТА + Ту1 \ТА+Тъ+Ту2 Т А + Т В + Т 7 2 

где Оу — сечение образования составного ядра, Тд, Тв — проницаемости внутреннего и 
внешнего барьеров; T7i, Т72 — вероятности ^-распада в первой и второй потенциаль­
ных ямах, к—коэффициент ветвления распада из изомерного состояния. Первый 
член в скобках описывает мгновенное, а второй — задержанное деление. Сечение об­
разования изомера должно вначале расти, пока энергия возбуждения не превысит ба­
рьер деления, а затем падать, повторяя, по крайней мере, качественно, сечение соот­
ветствующей парциальной реакции, приводящей к образованию изомера. 

Исходя из формулы (8) можно рассчитать зависимости от энергии возбуждения 
сечений реакции образования изомеров в реакциях (у, у) и (у, п). Эти зависимости пред­
ставлены на рис. 6. Для нас интересны характерные точки в сечениях образования изоме­
ров. 

Реакция (у, у'). Если барьер А выше барьера В (именно эта ситуация характер­
на для ядер Ри и Am), то по мере снижения под барьер А мы будем наблюдать резкое 
уменьшение сечения образования изомера, так как радиационная ширина, как и со­
ответствующая ей проницаемость Т72г слабо зависит от энергии. Таким образом, мы 
получаем величину EfA для 239Ри и 243Ат. Оценка высоты барьера В получается из изо­
мерного отношения и известной плотности уровней во второй яме. 

(8) 
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Рис. 7. Относительные вероятности заселения двух изомеров 1Ъ1Рив зависимости от вносимого момента 
J [30]. Сплошные линии - результаты расчетов, штрихпунктирные линии - ход зависимости при обра­
тном сочетании спинов 5/2, 11/2. 

Реакция (у, п). Максимум функции возбуждения — это энергия, при которой 
равны делительная и радиационная ширины во второй яме. Реальная высота барьера 
больше этой эффективной на 0,7-0,8 МэВ. Энергия второго минимума (точнее энер­
гия изомерного состояния) определяется не столь однозначно, так как пороги реакций 
определяются путем экстраполяции функций возбуждения к нулевому значению се­
чений. Естественно, что, как и в реакциях с заряженными частицами, значение поро­
га зависит от выбора модели, определяющей зависимость сечения от энергии, и воз­
никающая при этом неопределенность в величине Ед составляет 0,3-0,5 МэВ. 

Экспериментальные результаты по изучению спонтанно делящихся изомеров 
Ри и Am представлены на рис. 6. Согласно указанным характерным точкам можно по­
лучить параметры барьеров исследуемых ядер. Нам хотелось бы отметить здесь два 
факта: во-первых, экспериментальное подтверждение максимума в сечении возбужде­
ния изомеров в реакции (у, п), обусловленное конкуренцией мгновенного и задер­
жанного делений, и, во-вторых, возбуждение изомеров в реакции неупругого рассея­
ния 7-квантов, т.е. в максимально простой ядерной реакции. Изомерные отношения 
q/of составляют по порядку величины при низких энергиях 10"3. При высоких энер­
гиях это отношение намного меньше, так как парциальное сечение реакции, приводя­
щее к образованию изомера, в этой области мало. При измерениях на тормозном пуч­
ке эти отношения в выходах оказываются еще меньшими за счет малой доли 7-кван­
тов, участвующих в реакции. Изомерные отношения, полученные в этих эксперимен­
тах с 7-лучами, практически такие же, как и в реакциях с заряженными частицами [31]. 
Эти результаты свидетельствуют в пользу объяснения спонтанно делящихся изомеров 
как изомеров формы, так как вероятность заселения высокоспиновых состояний в 
реакциях с 7-квантами сильно подавлена по сравнению с реакциями с заряженными 
частицами. 

Недавно группой немецких физиков исследовалось образование изомеров 237Ри 
в реакции (7, 2п) при энергии электронов 45 МэВ [30]. Как известно, у этого изотопа 
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Pu наблюдалось два изомерных уровня с временами жизни 100 не и 1,1 мке, причем 
более короткоживущим оказался изомерный уровень с энергией, меньшей примерно 
на 0,3 МэВ. Второй уровень рассматривается как одночастичное возбуждение неспа-
ренного нейтрона. Естественно желание найти соответствующую ему нильсоновскую 
орбиту, но для этого надо знать J и К этого уровня. В силу малости вносимого угло­
вого момента, эксперименты с т-лучами должны приводить к более определенным вы­
водам, чем в реакциях с заряженными частицами типа (а, хп) или (d, xn). Это об­
стоятельство хорошо видно на рис.7. 

Согласно результатам этой работы изомерное отношение Yj/Yf̂  (6,4 ± 1,7) • 10""* 
и (0,83 ± 0,22) • 10"6, соответственно для короткоживущего и длинноживущего изо­
мера; отсюда извлечены данные о спинах: 5/2 и 11/2 и даже сделана попытка опреде­
лить соответствующие им 1нильсоновские орбиты — по мнению авторов, это [615]и/2

+ 

и [862]5/2+ • Изомерный уровень с большим спином имеет более высокий барьер В, 
и этим объясняется значительно (~ 100 раз) большее его время жизни, чем низколе-
жащего. 

7. ГЛУБОКО ПОДБАРЬЕРНОЕ ФОТОДЕЛЕНИЕ - КАЧЕСТВЕННО НОВАЯ 
ОБЛАСТЬ ИССЛЕДОВАНИЙ 

Большинство работ по низкоэнергетичному делению ядер проводится в области 
энергий возбуждений, отстоящих примерно на 1 МэВ от барьера, в которой мы имеем 
дело со средними величинами, т.е. усредненными в пределах энергетического разре­
шения эксперимента, а также в пределах ширины уровней (в зависимости от их соот­
ношения со средним расстоянием между уровнями). На процесс деления тяжелых 
ядер большое влияние оказывает взаимодействие двух систем уровней в первой и вто­
рой ямах. Закономерности этого взаимодействия, определяемые природой уровней 
(компаунд-состояния и вибрационные уровни) и структурой самого барьера, сущест­
венно изменяются при продвижении вглубь в подбарьерную область энергий. 

Качественно проследить изменение соотношений для средних ширин и расстоя­
ний между уровнями можно на рис.8, где схематически показано несколько харак­
терных ситуаций. Если в надбарьерной области I уровни составного ядра в обеих 
ямах перекрыты, то с уменьшением энергии мы сначала попадаем в промежуточную 
область II, где Dj < Гц < Г>ц, и, наконец, приходим к случаю III неперекрывающихся 
уровней Гц < Dj. Картина изменяется достаточно быстро вследствие экспоненциаль­
ной зависимости плотности уровней. Принципиальную роль в процессе деления иг­
рают вибрационные состояния во второй яме, сила которых вначале равномерно рас­
пределена по всем компаунд-состояниям (полное затухание). В этой ситуации при­
менимо то статистическое описание, в рамках которого мы рассматривали обсуждав­
шиеся выше вопросы. Под барьером, вследствие уменьшения ширины, вибрацион­
ные уровни отчетливо проявляются как резонансы делимости, а при достаточном энер­
гетическом разрешении распадаются на компаунд-состояния во второй яме, играя для 
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Рис.9. В верхней части рисунка: выход реакции (у, f J для ядер 2d6"23>U. В нижней части рисунка: сече­
ние реакции (% fj для изотопов урана. • - [36-38], °, X — [35]. 
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Рис. 10. В верхней части рисунка: изменение характера углового распределения осколков по мере 
уменьшения энергии возбуждения [41]. В нижней части рисунка: энергетическая зависимость изотроп­
ной составляющей W($j у 1MU[37]. 

них роль огибающей, например, как в хорошо известном случае 240Pu [32]. В обла­
сти неперекрывающихся уровней вибрационные уровни могут наблюдаться как силь­
ные изолированные резонансы. Начало развитию теоретического описания деления в 
глубоко подбарьерной области энергий, где обычный статистический подход непри­
емлем, было положено в рамках теории возмущения Линном [33], а затем Линном и 
Баком [34]. 

Экспериментальные исследования процесса фотоделения при энергиях, меньших 
5 МэВ, позволили обнаружить три принципиально новых эффекта: 

1) замедление экспоненциального спада выхода (у, f) -реакции при E m a x ~ 4,5 МэВ 
[35,36], 

2) аномальное поведение анизотропии разлета осколков в этой же области [37], 
3) появление сильных резонансов при Еу ̂  3,6 МэВ, т. е. при энергии, на 1 -1,5 МэВ 

выше дна второй ямы [37,38]. 
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Рис. 11. Изотропная компонента сечения фотоделения 23iU, полученная на основе измерения выходов 
и угловых распределений осколков. Сплошная кривая - расчет сечения через канал (1~, 1} в модели с 
полным затуханием [34] с параметрами, описывающими компоненты (У, 0) и (1~, 0). Пунктирная кри­
вая - расчет вклада задержанного деления (изомерного шельфа) для различных каналов деления [42]. 

На первый из перечисленных эффектов, являющийся следствием конкуренции 
прямого и задержанного делений, впервые обратил внимание Бауман [39]. Экспери­
ментально, действительно, в 1975 г. в работах [35, 36]наблюдалось в выходах фото­
деления ряда ядер при энергии электронов 4,5 МэВ довольно резкое уменьшение ско­
рости спада, получившее название изомерного шельфа (см. рис.9). Результаты рабо­
ты [36] были подтверждены в экспериментах итальянских физиков [40]. 

Качественно появление изомерного шельфа вполне понятно. Для ядер тяжелее 
тория вероятность разделиться из состояния во второй яме (т.е. уже обладающих де­
формацией, соответствующей второму минимуму) определяется конкуренцией ра­
диационной и делительной ширин. По мере уменьшения энергии возбуждения может 
наступить ситуация, когда радиационная ширина станет сравнима или даже больше 
делительной, и в этом случае ядро будет переходить в основное состояние во второй 
яме преимущественно путем радиационных переходов, а не мгновенно делиться 
(с этим же эффектом и было связано появление максимума в сечении образования 
спонтанно делящихся изомеров в реакции (?, п) ) . Если запрет для переходов обрат­
но в первую яму достаточно велик, то в дальнейшем ядро будет испытывать деление 
из этого изомерного состояния с периодом, соответствующим проницаемости через 
барьер В. Если отбор актов деления по времени в эксперименте не происходит, то 
мы будем наблюдать в сечении проницаемость лишь первого барьера, что и приводит 
к появлению изомерного шельфа. 
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Рис 12. Сечения реакции (% f) для ядер i36U и U [38]. Сплошные кривые - расчет по методу вход­
ных состояний; пунктирные кривые - сечение мгновенного деления, штрихпунктирные кривые - се­
чение задержанного деления. Гистограммами показаны результаты усреднения кривых по интервалом, 
соответствующим шагу в измерениях выходов. 

Обнаружение нерегулярности в ходе интегральных выходов фотоделения еще 
не доказывает, что в области изомерного шельфа деление ядер является задержанным. 

В случае четно-четных ядер квантовые характеристики нижайшего состояния 
во второй яме — (0+ , 0) , и поэтому угловое распределение осколков при делении из 
изомерного состояния должно быть полностью изотропным. Экспериментальная 
проверка этого факта, проведенная для ядра 238U [41], действительно показала, что 
в области изомерного шельфа фотоделение изотропно, тем самым подтверждая ука­
занную выше интерпретацию (см. рис.10). 

Изотропия деления через изомерное состояние является той особенностью, по 
которой можно проследить вклад задержанного деления во всей области подбарьер-
ных энергий. Изотропная компонента углового распределения осколков при фотоде­
лении четно-четных ядер возникает при низких энергиях только за счет деления через 
канал (1", 1) и ей соответствует коэффициент а в угловом распределении осколков 
W (в). На рис. 10 показана зависимость этого коэффициента а = (Ь/а — 1) _1 (в норми­
ровке а + b = 1) от энергии электронов для ядра 23eU [37]. 

Как видно из представленных данных, изотропная составляющая углового рас­
пределения осколков фотоделения в подпороговой области вначале уменьшается по 
мере уменьшения энергии, и такое поведение а (Е т а х ) непосредственно определяется 
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Рис. 13. Угловые компоненты сечения реакции (у, f) для 236U. Сплошные кривые - расчет по методу 
входных состояний сечений мгновенного деления в каналах (2, 0), (1~, 0) и (1~, 1); пунктирная кривая -
расчет вклада задержанных делений из этих каналов. Гистограммой показана усредненная кривая задер­
жанного деления. 

различием высоты барьеров для каналов дипольного деления с К" = 0" и 1". При оди­
наковой кривизне барьеров величина а должна была бы стремиться к постоянному 
значению. Однако, вопреки ожидаемой тенденции, обсуждавшейся выше (рис.3), 
начиная с 5,5 МэВ вклад изотропной компоненты быстро растет, и эта компонента стано­
вится доминирующей при Е7 <4,5 МэВ. 

Зависимость сечения изотропной компоненты фотоделения для ядра 238U приве­
дена на рис. 11 [42]. Теоретическая кривая, рассчитанная в предположении полного 
затухания во второй яме (без учета резонансной структуры) согласно [34] с парамет­
рами, хорошо описывающими компоненты сечения (2+, 0) и (1", 0) , показана сплошной 
линией. Как видно, энергетическая зависимость компоненты оц при энергиях 
Е г <5,3 МэВ резко отклоняется от экспериментальных данных вниз. С этим отступ­
лением, как и с аномальным поведением анизотропии разлета осколков, связано яв­
ление, называемое нами [37] "нормальный изомерный шельф" за сходство со свой­
ством, которое обсуждалось Бауманом с соавторами [35]. На этом же рисунке по­
казаны и парциальные компоненты сечения задержанного деления, рассчитанные теоре­
тически. Они правильно передают абсолютную величину и наклон нормального шельфа. 

Подробное исследование сечения фотоделения 236U и 238U в области энергий 
возбуждения 3,5-4,5 МэВ (рис.9) привело к еще одному упомянутому вначале эффек­
ту — появлению сильных резонансов при Еу с^3,6 МэВ, названному аномальным изо-
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мерным шельфом [37]. Аналогичную резонансную структуру имеет и непосредственно 
измеренное деление в («, pf)-реакции на ядре 240Ри [43] в том же диапазоне энергий. 
Наблюдающийся резонанс расположен вблизи, если даже не внутри, энергетической 
щели в спектре возбуждений четно-четных ядер, т.е. мы имеем дело, скорей всего, с 
одиночным уровнем во второй яме. 

Таким образом, в глубоко подбарьерной области возбуждений мы сталкиваем­
ся с целым рядом новых явлений. Принципиальным пунктом в понимании деления 
ядер в этой области является правильный учет роли вибрационных состояний во вто­
рой яме, их ширины и связи со сложными уровнями другой природы. В этом отно­
шении очень интересны появившиеся недавно работы [43-45 ] , в которых развиваются 
идеи и методы входных состояний (door-way state) применительно к делению. 

На рис. 12 и 13 приведены результаты анализа сечения фотоделения 236U и 238U, 
который был выполнен в рамках данного подхода Ю.Б.Остапенко. Рис. 12 показыва­
ет вклад в наблюдаемое сечение составляющих, связанных с мгновенным и задержан­
ным делениями. Характерно усиление резонансной структуры (уменьшение затухания 
вибрационных резонансов) по мере приближения к дну второй ямы. Участок в окрест­
ности сильного и узкого нижайшего резонанса, который проявляется в области, где 
доминирует задержанное деление, и соответствует чистому вибрационному состоянию, 
показан гистограммой, шаг в которой есть интервал между экспериментальными точ­
ками в полном выходе. Теоретические кривые на рис. 12 представляют сумму пар­
циальных угловых компонент — анизотропных, соответствующих каналам (2+, 0) и 
(1", 0) и изотропной, которая, кроме сечения мгновенного деления через канал (1", 1), 
включает в себя вклад задержанного деления из всех каналов. Для ядра 236U они от­
дельно показаны на рис. 13. В отличие от реакций (a, pf)', анализировавшихся мето­
дом входных состояний в [43,45], где данные об угловой анизотропии деления при­
влекались только для оценки вклада отдельных каналов, простота взаимодействия 
у-квантов позволяет с помощью непосредственной экспериментальной информации о 
вкладе всех доминирующих каналов получить практически полное описание интег­
ральных и дифференциальных характеристик вероятности низкоэнергетического де­
ления ядер. 

8. МАССОВОЕ РАСПРЕДЕЛЕНИЕ ОСКОЛКОВ В ОКОЛОБАРЬЕРНОЙ ОБЛАСТИ 

Механизм формирования осколков деления по массам до сих пор остается од­
ним из основных невыясненных вопросов, хотя в этом направлении нет недостатка 
ни в теоретических, ни в экспериментальных работах. Дело в том, что здесь воедино 
связывается целый круг нерешенных вопросов, таких, как роль изменения поверхно­
сти потенциальной энергии при включении асимметричных деформаций, динамика 
процесса деления, сам акт развала ядра, роль структурных особенностей осколков 
деления и каналов деления. 
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Рис.14. Энергетическая зависимость отношения выхода симметричных (1K,,"Cd) к асимметричным 
(1Ъ9у i40Ba) осколкам при фотоделении "* U. о, • - [48]; v, л - [49]. 

Первые работы по массовому распределению осколков при фотоделении 232Th 
и

 2 3 8 и при Е т а х >5 ,5 МэВ были выполнены Даффилдоми ШМИТТОМ в 1957 г. [46], за­
тем аналогичные измерения 1былипроведены Форкманом и Кивикасом [47] в 1965 г. 
Несмотря на разногласие этих результатов, в них отчетливо был выявлен ряд нерегу-
лярностей в околопороговом массовом распределении осколков. Нами в 1967 г. со­
вместно с радиохимиками Института атомной энергии им. И.В.Курчатова были про­
ведены измерения выхода осколков 23*U в симметричной и асимметричной частях, 
вплоть до энергии возбуждения 5 МэВ [48]. Эти измерения были повторены в 1973 г. 
в Швеции Альмом и Кивикасом [49], которые полностью подтвердили наши измерения. 
Экспериментально можно сейчас считать установленным три удивительных факта 
(рис.14): 

1) в областиЕщах = 6 МэВ наблюдается максимум выхода симметричных осколков, 
которому в сечении соответствует отчетливый резонанс; 

2) с уменьшением энергии у-квантов относительный выход симметричного деле­
ния резко снижается, уменьшаясь в 30 раз в интервале 5,3-5,8 МэВ так, что отношение вы­
ходов осколков в пике и впадине достигает нескольких тысяч; 

3) при дальнейшем уменьшении энергии ^-квантов отношение выходов сим­
метричных и асимметричных осколков прекращает уменьшаться и выходит на плато. 

Прежде чем обсуждать обнаруженные особенности массового распределения, 
рассмотрим результаты еще одного эксперимента — определения фазы формирования 
симметричного деления. Как уже подчеркивалось выше, анизотропия разлета оскол­
ков деления легких актинидов формируется зависимостью высоты внешнего барье­
ра В от квантовых характеристик. Если внешний барьер для симметричных конфи-
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Рис. 15. В верхней части рисунка: зависимость выхода симметричных и асимметричных осколков в 
реакции luRa (у, f) от граничной энергии тормозного спектра. В нижней части рисунка: анизотропия 
симметричных (X) и асимметричных (•) осколков. Пунктирная кривая - кривая анизотропии, смещен­
ная на 1,5 МэВ. 

гураций делящегося ядра выше, чем для асимметричных (Е^в >Е?в), как показыва­
ют теоретические расчеты [20], они определяют соответствующие способы разделения 
и в этих случаях должны быть разными и угловые анизотропии разлета осколков. И 
наоборот, если обоим типам деления отвечает единая внешняя седловая конфигура­
ция, а реализующееся респределение масс осколков формируется на спуске с горба В, 
то угловые анизотропии должны совпадать. Такой эксперимент был проведен на 
ядре 226Ra [50]. 
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Результаты этих измерений показаны на рис.15. Приведенный на этом рисунке 
ход интегральных выходов симметричного Yc и асимметричного Ya делений в принци­
пе не противоречит предположению о различии высот барьеров симметричного и асим­
метричного делений Е|в — Ещ — 1,5 МэВ. В этом случае при идентичности других 
характеристик кривая анизотропии симметричного деления должна быть смещена от­
носительно анизотропии разлета асимметричных осколков на те же 1,5 МэВ. Эта сме­
щенная кривая показана на рис. 15 пунктиром. Экспериментальные точки тем не ме­
нее как для симметричного, так и асимметричного делений практически совпадают, 
т.е. обеим компонентам соответствует одна и та же седловая точка. 

Таким образом, данные об угловой анизотропии свидетельствуют, что реали­
зуется вторая из рассмотренных возможностей: распределение масс формируется при 
спуске с барьера к точке разрыва, а асимметричная конфигурация ядра в седловой 
точке, соответствующей барьеру В, лишь облегчает перестройку нуклонов в ядре. С 
другой стороны, при различных способах возбуждения легких актинидов и Ra [51, 52] 
выход симметричного деления с уменьшением энергии возбуждения ведет себя так, 
как если бы ему соответствовал барьер на 1-2 МэВ выше, чем у асимметричного. Ка­
залось бы, что наличие резонанса в отношении выходов симметричного и асимметрич­
ного фотоделений 238U также свидетельствует о различии соответствующих поверхно­
стей потенциальной энергии деформации, что придает им черты независимых способов 
деления. Объединить в одной непротиворечивой картинг свойства распределения 
масс осколков и угловой анизотропии деления пока не удалось. 

9. ЗАКЛЮЧЕНИЕ 

В этом обзоре мы попытались проанализировать накопленный к настоящему 
времени экспериментальный материал по низкоэнергетическому фотоделению тяже­
лых ядер, затрагивая лишь принципиальные вопросы, возникшие и решенные, либо 
оставшиеся открытыми, на основе современных представлений о двугорбом барьере 
деления. Эта модель, основанная на результатах расчета потенциального барьера де­
ления по методу оболочечной поправки Струтинского, оказалась весьма плодотвор­
ной в физике деления атомных ядер. Объяснив подавляющую совокупность экспе­
риментальных данных, она явилась в то же время и мощным стимулом для постанов­
ки новых экспериментальных и теоретических работ. 

Эксперименты по фотоделению занимают особое место в исследовании струк­
туры барьера. Благодаря исключительной простоте спектра вносимых в ядро угло­
вых моментов, исследование процесса фотоделения явилось решающим в выяснении 
достоверности концепции каналов деления. Особую ценность представили у-кванты 
и при изучении двугорбой формы барьера. Наблюдаемая Z-зависимость отношений 
Ь/а и с/Ь относится к категории немногих экспериментов, в которых непосредственно 
и в одном опыте проявляются две разные высоты барьеров А и В. По-видимому, толь­
ко в фотоделении мы сейчас видим проявление нарушения зеркальной симметрии 
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ядра на барьере В. Наконец, в экспериментах с т-лучами впервые началось изучение 
качественно новой области энергий возбуждения — глубоко подбарьерного деления, 
в которой удалось продвинуться до энергетической щели в спектре состояний во вто­
рой яме. Установлен ряд явлений, связанных с преобладающим при этих энергиях 
задержанным делением. В ходе его сечения при самых низких достигнутых энерги­
ях обнаружены резонансы, которые соответствуют одному из первых вибрационных 
состояний во второй яме. 

Во многих вопросах простота ядерных реакций с у-квантами оказалась решаю­
щей для выяснения различных аспектов физики деления ядер. В то же время следует 
отметить, что в вопросе о массовых распределениях осколков фотоделение не дало 
возможности продвинуться вперед в понимании закономерностей явления и даже вы­
двинуло ряд новых непонятных его сторон. С точки зрения эксперимента тут прежде 
всего необходима постановка широкого круга исследований, в том числе и корреляци­
онных, таких, как одновременное измерение массового и углового распределений. 
Несомненно требуется как увеличение точности экспериментальных данных в обла­
сти глубоко подбарьерного деления, так и продвижение в область еще более низких 
энергий, несмотря на всю сложность таких работ. 

Авторы глубоко признательны своим коллегам по работе Ю.П.Гангрскому, 
В.Е.Жучко, А.В.Игнатюку, С.П.Капице, Ю.А.Селицкому, Ю.Б.Остапенко, A.C.Сол-
датову, многочисленные дискуссии с которыми и их непосредственное участие во мно­
гом способствовали успеху обсуждавшихся выше работ по фотоделению. 
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DISCUSSION 

HJ. SPECHT: Ever since A. Bohr's original suggestion that the fission 
channels available at the saddle point determined the fragment angular distri­
butions there has been speculation to what extent К is really quantitatively 
conserved during the descent from saddle to scission. Photofission appears to 
be one of the few relatively 'clean' processes suited to a study of the problem, 
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both at low and high excitation energies. On the basis of your attempts to fit 
your impressive data quantitatively, what is your view of the degree of possible 
non-conservation of K? 

Yu.M. TSIPENYUK: Experimentally we find virtually 'clean' Wigner 
functions beneath the barrier, for example D+j n for 232Th, and D+j 0 for 242Pu. 
The accuracy in the case of D functions is of the order of a few per cent, which 
in fact indicates the conservation of K. At high excitation energies, conservation 
of К is more complicated from the standpoint of experimentation, since we find 
the introduction of new channels with different K, which in turn, in the same way 
as non-conservation, leads to isotropization of the angular distribution. 

S. POLIKANOV: You mentioned briefly the problem of transition states 
in your presentation. These states were introduced by A. Bohr for cases where 
the fission barrier in the liquid drop model can be considered rather flat. 
Nowadays we have to consider the transition states found at the top of both inner 
and outer narrow fission barriers, corresponding to a highly unstable state of 
equilibrium. In what sense, therefore, are you using the term transition states 
at the present time? 

Yu.M. TSIPENYUK: The saddle point has always been unstable. As I 
stressed, a description of fission probability based on Bohr's hypothesis does 
not require quasi-stationary transition states. This applies as well to the double-
humped fission barrier, the only difference being that the shaping of the angular 
distribution is transposed to the outer barrier. 
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Abstract 

SUB-THRESHOLD PHOTOFISSION OF 238U IN THE (3.6-6.0)-MeV ENERGY RANGE. 
23SU photofission yield measurements in the 3.6—6.0-MeV range and angular distribution 

results in the 5.1 —6.0-MeV range are presented. A preliminary analysis of the data within 
the framework of the double-humped barrier model is reported. Fission barrier parameters 
of the 2+0 channel are obtained. At low energy, the shelf effect is defected in the total 
photofission yield. 

1. INTRODUCTION 

The (7,f) reaction induced by intense bremsstrahlung beams allows the 
study of the fission process at very low excitation energy and is particularly 
useful because of its high selectivity in terms of parity and angular momentum. 
In the particular case of an even-even compound nucleus at low excitation 
energy, the spin and parity quantum numbers are V = 1 ~ and Jw = 2+, corresponding 
to absorption of multipolarities El and E2, respectively. In these conditions, an 
investigation of the properties of deep sub-threshold fission barriers can be made. 

In this paper, we present photofission yield measurements of 238U in the 
3.6—6.0-MeV energy range and angular distribution results in the 5.1—6.0-MeV 
range. As -y-source the bremsstrahlung beam from a microtron has been used. 
Because of the strong decrease of the photofission cross-section with decreasing 
energy, two different experimental procedures have been used. 

A preliminary analysis of the data provides information on the transition 
states. Interesting features of the low-energy total photofission yield are discussed. 
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2. EXPERIMENTAL PROCEDURES 

The experiments were performed with the 13.5-MeV microtron of Catania 
University, which has been improved to obtain an average current of 40 /zA at 
5 MeV [1 ]. The electron energy was determined with an uncertainty of ± 25 keV 
by measuring the magnetic field with an accuracy of 0.1% by means of a Hall 
effect gaussmeter and using the microtron as a magnetic spectrometer. 

The bremsstrahlung converter consisted of a 1 -mm-thick tungsten plate 
and a 10-mm-thick Al electron absorber. The net current on the target was 
integrated automatically and used for normalization. The position of the electron 
beam on the converter was defined by a circular copper aperture, with a diameter 
of 4 mm, placed in front of the bremsstrahlung converter. 

The uranium oxide samples consisted of a circular deposit with a diameter 
of 10 mm, 99.98% 238U-enriched, on an Al-backing, 25 д т thick; the fission 
fragments were detected by using makrofol foils as track detectors. 

We measured the fission fragment angular distributions and the fission yields 
in steps of 0.1 MeV from 5.1 MeV to 6.0 MeV. The thickness of the target was 

- H i 

1) copper plate with 4-diam. aperture 
2) W + AI converter 

3) 2 3 8 U target; d = 2.35 mg-crrf2 

4) fragment track detector (makrofol) 

— b) 

FIG. 1. a) Experimental arrangement for measurement of photofission angular distributions, 
b) Planar view of the angular bins as described in the text. 
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2.35 mg U-cm"2 and the thickness of the makrofol was 10 д т , which is less 
than the range of the fission fragments. A 41 mm X 91 mm foil of makrofol 
was mounted on the circumference of a cylindrical aluminium cassette. The 
fission fragment tracks were counted by dividing the makrofol foil into parts 
(Jefined as intersections among the cyhndrically shaped detector and the beam 
co-axial conical surfaces starting from the centre of the target and having angular 
widths of 0n = 7.5° + ( n - l ) l 5° with n = 1.7. A schematic view of the 
experimental arrangement is shown in Fig. 1. After the irradiation, the makrofol 
foils were etched in 6N-NaOH at 70°C for half an hour and analysed by the 
Spark-scanning method. 

Moreover, the total fission yields were measured in the 3.6—5.6-MeV range. 
To increase the fragment yield, ten sample makrofol sandwiches were piled up 
along the electron beam axis at a distance of 17 mm from the tungsten converter. 
The thickness of the samples and of the detector foils were 2.3 mg U-cm"2 

and 60 jum, respectively. The plastic foils, etched in 6N-NaOH at 70°C for one 
hour, were scanned optically. 

Both experiments were performed inside the microtron vacuum chamber. 

3. EVALUATION OF EXPERIMENTAL DATA 

The differential photofission yield of an even-even target for combined 
dipole and quadrupole absorption is theoretically described by the expression [2] 

W ( 0 ) = a + b s i n 2 0 +cs in 2 20 (1) 

However, because of the finite angular resolution in the actual experiment, the 
measured distribution of counts Щ is given by 

Nj= / Г WWdft^dftj (2) 

where dSly and dSl} are the solid-angle elements constructed, respectively, on 
the vectors from the photon emission point to the fission point and from the 
fission point to the detection point on the makrofol. The integrals above were 
calculated by a Monte-Carlo method. In this calculation, the finite dimension 
of the electron beam and the gamma angular distribution were taken into 
account. Also, the energy loss of the fission fragment in the finite thickness of the 
target was simulated in order to account for the detection efficiency of the 
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FIG.2. Experimental yields: ^ Y& fYc; f Yb and о total yield as function of electron energy. 

makrofol foils. The results of a similar calculation are in good agreement with 
the 236U fission angular distribution from thick target measured by Aim and 
Lindgren at 100-MeV gamma energy [3]. 

The a, b and с values, together with their standard deviations, were obtained 
from Eq.(2) by means of the least-squares method. 

We define 

Ya = Am 

8тг 
Y h = — b (3) 

У с = -
32тг 

( 
15 

the isotropic, dipole and quadrupole components, respectively. 
The results of the evaluation are shown in Figs 2 to 4. 
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FIG.5. Quaärupole component as obtained by experimental angular-distribution analysis (*); 
the solid curve is the fit to the yield points. The following parameters were used: EA = 5.95 Me V, 
hu>A = LOMeV, Ец = 2.17MeV, Ыоц = 0.82 MeV, EB = 6.22 MeV, fkoB = 0.82 MeV, 
W0 = 0.0 Me V, W - 0.05 MeV. The upper curve shows the corresponding evaluated cross-section. 

4. ANALYSIS OF THE PHOTOFISSION YIELDS 

In this section, we discuss the general trend of the low-energy photofission 
of 238U as deduced from a preliminary analysis of the experimental data based 
on the double-humped fission barrier model [6]. 

We assume that Ya, Yb and Yc components represent the fission yields via 
the J"K = 1 - 1, F K = 1 "0 and F K = 2+0 transition states, respectively. In this 
hypothesis, we write the photofission cross-section through the J^K channel as 

oJ^K 

yf abs pJ"K + p J " 
(4) 

where aabs is the gamma absorption cross-section, Pf the fission barrier resonant 
penetrability including vibrational damping [8, 12] and P-y the radiative 
penetrability [9]. 

The energy dependence of the dipole cross-section a ^ is taken from 
Ref.[7], and a^ s = a^ s R2/X2 is assumed, R being the nuclear radius and J. 
the wavelength of the gamma radiation. 
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FIG.6. Total photofission yields in the 3.6—5.6-MeV range (f) together with total yield from 
angular-distribution measuremen ts (^) in the 5.1—6.0-Me V range. The curves are normalized 
to the same value at 5.1 MeV. 

An empirical formula for the energy dependence of the bremsstrahlung 
spectrum is obtained by fitting the experimental data of O'Dell et al. [10] with 
data corrections taken from Ref.[ 11]. 

The photofission yield is, then, obtained by integration of the cross-section (4) 
over the bremsstrahlung spectrum. 

With this model of calculation, we have performed a quantitative analysis 
of the quadrupole component. As a starting point we have used the 0+ fission 
barrier parameters deduced from direct relations in Ref. [12]. We find this 
set of parameters to be consistent with our photofission data. The only difference 
is in the curvature value гков of the external barrier. The calculated Yc curve 
is compared with the experimental points in Fig. 5. The same figure shows the 
calculated a?.+f° which is resonant at 5 MeV and 5.7 MeV, in reasonable agreement 
with the results of Lindgren and Sandell [4]. 

In this paper a preliminary discussion of the Ya and Yb curves only is reported. 
It has been suggested by Vandenbosch [13] that the relative trend of the 

Yb and Yc components, represented by the energy dependence of the c/b ratio 
in Fig.3', is strongly related to the excitation energy of the TO and 1 "0 transition 
states at the first-barrier deformation. Accordingly, our experimental data 
provide an additional evidence for Ед° < EA

 0|. Moreover, the smooth energy 
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dependence of the Yb yield curve does not give significant support to the existence 
of a resonance at 5.35 MeV in the dipole cross-section indicated in the results 
of Ref. [4]. 

The a and с values normalized to a + b = 1 are shown in Fig.4. These 
experimental values, uncorrected for multiple scattering, are in reasonable 
agreement with those of Ref.[5]. Nevertheless, our isotropic component lies 
systematically lower than that of Ref.[5] and, according to our experience, is 
strongly dependent on the applied correction. Therefore, we think that further 
measurements with thinner targets are needed for a very accurate multiple-
scattering correction and a correct evaluation of the isotropic component. 

The results of the integral yield measurements in the energy range 
3.6—5.6 MeV are shown in Fig.6. The energy dependence of this yield curve is 
in good agreement with total yield obtained by the angular distribution measure­
ments. At 4.5 MeV electron energy a dramatic change in the yield slope, already 
known as the shelf effect [14], is observed. The integral yield curve is in 
excellent agreement with the data of Ref.[16]. 

We have also tried to fit the low-energy yield data with 2+0 barrier 
parameters, assuming that the isomeric shelf is essentially due to the delayed 
fission of the 2+0 channel. It turns out to be impossible to obtain a reasonable 
fit of the yield with a resonant cross-section calculated with the parameters 
of Fig.5. However, at low energy, our model calculation is inadequate and a 
modified door-way state model including weak and very weak coupling among 
states in the first and second minima, as described by Lynn [15], is under way. 
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DISCUSSION 

Yu.M. TSIPENYUK: I am happy to see that your data have confirmed the 
results we obtained in the experimentally difficult energy region below 4 MeV. 
The disagreement observed in the isotropic component may be due to the finite 
dimensions of the target and detectors. There is need for high accuracy in the 
calculation of the corresponding space intervals. 

A. DEL ZOPPO: We are working on this question: an accurate evaluation 
of the finite-target effect would appear necessary in order to ensure satisfactory 
determination of the isotropic component. 
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Abstract 

COMBINED ANALYSIS OF THE PROMPT-FISSION, DELAYED-FISSION, PHOTOFISSION 
AND ANGULAR-DISTRIBUTION DATA FROM ет'236и AND M8'M0Pu. 

Prompt-fission probabilities and angular distributions of fission fragments have been 
measured for the nuclei 234>236u and 238>240Pu down to a probability of 10"4 at an excitation 
energy of approximately 4 MeV using (d,p) and (3He,d) reactions, respectively. Fission barrier 
parameters and excitation energies of Кя = 0+, 2+, 0", 1" vibrational states have been deduced 
from a simultaneous analysis of the prompt-fission probability, the isomeric population 
probability, and the photofission yields. Difficulties in a quantitative description of the 
fission fragment angulardistributions have not beeen fully understood. 

Introduction' 
The heights and widths of the double humped fission barrier and 
the excitation energies of certain collective states at different 
deformations are the relevant parameters, which govern the fission 
probability in actinide nuclei. Fission barrier parameters have 
been systematically determined from prompt fission probabilities 

(1 — 6) 
in numerous previous studies . The ambiguities associated 
with the extraction of the various parameters can be considerably 
reduced,' if - in addition to the prompt fission probabilities -
the probabilities for population of the fission isomer and photo-
fission yields are simultaneously analyzed. We.have therefore 234 236 238 2t0 carefully reinvestigated the even-even nuclei ' U and ' Pu. 

71 
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The main emphasis has been placed on the following-compared to 

previous-investigations: 

i) The measurement of the probability for prompt fission following 
-4 

direct reactions has been extended to a level of 10 not 

reached before. This value corresponds to a mean excitation 

energy of about 4 MeV (more than 2 MeV below the highest 

barrier). Model calculations can thus be compared with ex­

perimental fission probabilities over many decades down to 

a region where calculations are extremely sensitive to the 

choice of the barrier parameters. 

(7) 
ii) A doorway state model extended to low excitation energies 

has been used in the analysis of the data. This extended model 

consistently describes the weak and also the very weak coupling 

between states in the 1. and 2. minimum at low excitation 

energies. For further details we refer to ref. 1. 

iii) The analysis simultaneously covers a data set consisting of: 

a) Prompt fission probabilities; 

b) Coefficients of angular distributions of fission fragments; 

c) Probabilities for isomeric population; 

d) Photofission yields^ 

e) Fission isomer half lives and branching ratio between %~ 

and fission decay of the isomer. 

As a main result of this improved investigation barrier parameters 

and excitation energies of collective states like ß-vibrations 

<K'r=0+), y-vibrations (K?2+) octupole vibrations (K^O-) and the 

bending mode (K =1 ) have been deduced. 

In the next section the experimental method will be briefly 

described followed by a qualitative discussion of the relevant 

parameters and their dependence on the different data-sets. 
240 

Using Pu as an example the model calculations will be out­
lined. The result of the calculations for all nuclei investi­
gated will then be discussed in the last section. 

Experimental method 
3 

Deuteron and He-beams from the Heidelberg EN- and MP-Tandem, 
733 2 35 

respectively, were used in the direct reactions ' U(d,p) 
234,236.. , , 237., ,3„ ,,238D c и -̂  f and Np( He,d) Pu -* f. 

2 
The beam strikes the target of 100/ig/cm thickness. The direct 
reaction products are identified in а ДЕ-Е telescope at 140 
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FIG.l. Scheme of the detector arrangement. The position-sensitive anode is shown on top. 

consisting of a 200 p.m thick surface barrier ЛЕ-detector and a 
1500 ̂ um surface barrier. E-detector. Fission fragments are regi­
stered in a position-sensitive parallel-plate avalanche detector 
(PPAD), whose anode is subdivided into sections of constant polar 
angle dtfwith respect to the recoil axis of the fissioning nucleus. 
The two-dimensional read-out problem is thus reduced to a one-
dimensional one. The complementary fission fragments are detected 
in coincidence with the events in the PPAD and the telescope in 
a scintillation counter placed only 6 mm from the target to mini­
mize the deterioration of the time resolution by differences in 
the flight times of the fission fragments. The experimental sen­
sitivity is directly proportional to the time resolution since 
it determines the contribution of chance coincidences. A time 
resolution of 0.8 ns could be achieved compared to 2-3 ns for the 
PPAD alone. The efficiency of this detection system for fission 
fragments amounts to 60% of tir(Fig.l). 
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FIG.2. Angular correlation coefficients and probability for prompt fission following the 
reaction 233U(d,p)234U-+f. 

The overall quality of the data is demonstrated for the reaction 
233U(d,p)23l*U -» f in fig. 2. The fission probability as well as 
the angular correlation coefficients exhibit several pronounced 
structures, which can be attributed to collective states in the 
2. minimum. The prompt fission probability could be followed down 

-4 to a value of less than 10 
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Analysis of the Data 
The different sets of data used for a more reliable determination 
of barrier parameters and the spectroscopic properties of the 
vibrational states are particular sensitive to certain parameters. 
i) Prompt fission probability 

T + These data are most sensitive to the barriers of the К =0 
state. The location of these states and also higher K-states 
in the 2.minimum can be identified by the appearance of reso­
nances . 

ii) Angular correlation coefficients 
The value of these coefficients can be used in principle for 
an identification of the K-quantum number of certain collec­
tive states. 

iii) Isomeric population probability 
Theoretical considerations concerning the actually used doorway 

(i) 
state model have shown that in the very weak coupling 
limit the isomeric population probability is directly propor­
tional to the penetrability of the 1. barrier. Therefore it 
gives quite independent information on the parameters of the 

vr + + 
1. barrier for theK'=0 ,2 states. Possible resonances provide 
further details of spectroscopic properties of states in the 
2. minimum. 

iiii)Photofission data 
The different yield curves of photofission induced by brems-
Strahlung can also be related to the barrier parameters and 
excitation energies of distinct K-states. Using the formulas 
from ref.2 the isotropic yield У is determined by the 
К =1 fission channel: the Y. component, having an angular 2 t-distribution proportional to sin i , is governed essentially 
by the К =0 channel and the Y component (proportional to 

r\ С 

sin 2-3") essentially by the К =0 channel, respectively. These 
simplified relations represent of course only a crude correla­
tion since the calculated yield curves, which contain the com­
plete theoretical formulas, are to some extent sensitive to all 
parameters under investigation and the change of one parameter 
will affect the model calculation for all subsets of data. 

In the fitting procedure we restrict ourselves to as few variable 
parameters as possible. To avoid ambiguities all available ex-
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perimental information has been used to fix the remaining para­
meters. Level densities in both wells and y-widths are thus 

(5 8) 
adjusted to accurately known experimental values ' ,while 
other less exactly known parameters like the excitation energy 
of the lowest state in the second well or the damping width are (9 10) chosen within reasonable limits, set by experiments * 
Consequently, only the barrier parameters of the different fission 
channels and the excitation energies of the vibrational states 
in the 2. minimum essentially remain as variable parameters. 
Model calculations 
For simplicity we shall restrict our discussion to the case of 
240 

Pu, which represents the most clear-cut example for the inter­
pretation of the data. The prompt fission data are characterized 
by 3 resonances at 4.2, 4.5 and 5.0 MeV. The resonances at 4.2 
and 5.0 MeV are interpreted considering simultaneously the angular 
distribution data as К=0 resonances in the 2. mininun. There 
is also a resonance at 4.5 MeV, which can only be aK T:0 state 
because of its strength.. If interpreted as an additional ß-phonon 
much more structure due to the higher K-vibrations coupled to it 

would result in contrast to observation. It is therefore suggested 

that the resonance at 4.5 MeV might arise from some fragmentation 

of the ß-vibrational strength concentrated at 4.2-4.5 MeV. This 

fragmentation spreads the ß-vibrational strength selectively over 

several isolated groups of compound states in contrast to a smooth 

Lorentzian distribution normally used for describing the damping 

of collective vibrational states into compound states. The lowest-

lying resonance in the isomer population probability at 4.0 MeV 

is probably а К -7 vibration built upon a hypothetical ß-vibration 
TT + 

at 3.35 MeV. An interpretation as а К=0 resonance would require 
an unreasonably high у-width for the decay of the collective state 
to reproduce the observed yield. The observed spacing of К =0 

r̂ + and К - 2 resonances gives a mean energy of about 600-800 keV for 
the ß-vibrational phonon invthe 2. minimum. With this interpre­

tation of the observed resonances the barrier parameters were 

determined considering simultaneously the photofission yields 

reported in ref. 2. The analysis of these data yields in addi­

tion the excitation energies of К =0 ,1 states relative to the 
К =0 state at both barriers. The fits to the experimental data 
for the other 3 nuclei are shown in fir. 3-6. 
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FIG. 4. Comparison between experimental results and model calculations for the prompt 
fission probability and photofission yields of 23iPu. 

It should be pointed out, however, that we did not succeed in 
a satisfactory quantitative description of the angular distri­
bution data. The reason for this failure is not yet understood. 
Two approaches have been used to treat the angular distributions 
of the fission fragments in the model calculations; the first 
one assumes a statistical population of compound states in the 
final nucleus while the other is based on the supposition that 
the population occurs primarily via only few but relevant single-
particle states. In the latter case the specific nuclear struc­
ture enters in terms of" the Nilsson orbits close to excitation 
energies of 4-6 MeV. These entrance channel effects, depending 
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FIG. 5. Comparison between experimental results and model calculations for the prompt 
fission probability, isomeric population probability and photofission yields of 236 U. 

on the specific Nilsson orbit the neutron is transferred to, 
considerably affect the calculated angular distribution coeffi­
cients . 

О О С О Q С 

An example is given in fig. 7 for the reaction U(d,p) U -5> f. 
Fig. 7b corresponds to the assumption that for negative-
parity states in the final nucleus the transferred neutron 
is built in the Nilsson orbit 1/2 [611] at all energies, while 



80 JUST et al. 

10° E 

5 6 7 
Excitation Energy in 2 3 4 U (MeV) 

5.5 6 5.5 6 5.5 6 5.5 6 

E x c i t a t i o n E n e r g y in U [MeVl 

FIG. 6. Comparison between experimental results and model calculations for the prompt 
fission probability and photofission yields of 2 3 4 K 

fig. 7a is based on the argument that the contribution of single 

Nilsson orbits is smeared out over 1 MeV and therefore many orbits 

have to be considered simultaneously. This latter treatment uses 

the formulas from ref. 5.. Furthermore the angular correlation 

coefficients of the reaction U(t,p) U ~> f from ref. 6 have 

been compared with model calculations using the same set of para-
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FIG. 7. Coefficients of the fission fragment angular distributions for 236 U. The model 
calculations for the different cases illustrated are discussed in the text. 

meters as in the foregoing cases. Here entrance channel effects 
are expected to be negligible due to the ground state spin 0+ of 
the e-e target nucleus 234, 

The result is given in fig. 7c. The reasonable agreement between 
experiment and model calculations indicates that entrance channel 
effects are, indeed, responsible for the deviation in the descrip­
tion of the (d,p) reaction data. 

Results and Discussion 
The resulting values of the heights V and the widths Tic» of the 
2 barriers are shown in fig. 8 for all nuclei investigated. The 
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indicated by the hatched area. 

widths of 1. and 2. barrier are rather constant for all nuclei 
and amount to about 1.3 MeV and 0.7 MeV, respectively, while 
the barrier heights vary from isotope to isotope. The variation 
of the barrier parameters from isotope to isotope is qualitatively 
in good agreement with the results of earlier studies , but 
there are quantitative deviations up to 400 keV for the barrier 
width and 800 keV for the barrier heights. Our values are, 
however, considered less ambiguous because of the larger body 
of experimental data reproduced. 
New spectroscopic information is obtained from the analysis of 
the higher K-states. Their excitation energy relative to the К*"=0 
state at the deformation of the 1. barrier, the 2. minimum and 
the 2. barrier has been deduced for the first tine in a consi-
stent way. These results are shown in fig. 9. The К =1 state 
is characterized by a rather constant excitation energy of about 
700 keV for all investigated nuclei at all deformations. Within 
the uncertainties of the model calculations the analysis yields 
the same excitation energy for К =0 vibrations at the 1. barrier 
and the 2. minimum for the U- and Pu-isotopes separately. However, 
a remarkable reduction of this energy is found at the deformation 
of the 2. barrier. This effect has been theoretically expected 
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FIG.9. Excitation energies of the K* = 2*, 0~, 1 ~states at the deformation of the first barrier, 
the second minimum and the second barrier. The energies are given relative to the Kn - 0* state. 

and qualitatively explained by an instability of the 2. barrier 
with respect to pearshaped octupoledeformations. A complete de­
generacy between the К =o and К =0 bands has, however, not been 
obtained indicating the existence of a well penetrable barrier 
between the two octupole-deformed minima. Another remarkable result 
is the large difference between the excitation energy of the octupole 
vibrations in the U- and Pu-isotopes. While a value of about 
350-400 keV is deduced for the U-isotopes, the analysis of the 
Pu-isotopes gives an excitation energy of about 750 keV. The reason 
for the large difference is not yet understood, and it cannot be com­
pletely ruled out that it is due to some insufficiency in the model 
description. The low excitation energy of the octupole vibration in 
the U-isotopes implies that a considerable flux will go through 
these states in the population of the fission isomer. It may be a 
challenging experiment to search for the decay of these octupol 
states applying the techniques of electron or %-spectroscopy in 
the 2. well developed recently. 
Assuming that the fission isomer is populated via the K^O and 
1С =2 states, these two states have to be degenerate at the 1. bar­
rier to reproduce the observed flux in the population of the fis­
sion isomer. This result might be a more direct experimental indi­
cation of the theoretically postulated instability of the 1. bar­
rier with respect to % -deformation than that deduced from ref. 11. 
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The excitation energy at the 2. minimum and the 2. barrier again 
has the same value of about 650 keV for all nuclei investigated. 

Conclusions 

Based on an extended doorway state model a combined analysis of 
measured prompt and delayed fission probabilities as well as 
photofission yields has provided a new set of parameters of the 
double-humped fission barrier for U and Pu isotopes. Because of 
the larger body of experimental data, which are consistently re­
produced, the resulting barrier parameters are considered less 
ambiguous than those obtained in previous studies. Particular 
emphasis has been given to the determination of the energies of 
vibrational excitations at the barriers and the 2. minimum. The 
deduced excitation energies of vibrational states may be used 
as a guideline for the observation of their decays by electron 
or ^-spectroscopy in future experiments. 
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DISCUSSION 

Yu.M. TSIPENYUK: How different were the barrier parameters obtained 
from the doorway-state analysis and the statistical model? And which model 
do you think is better? 

M. JUST: In most cases the largest differences are found in the first-barrier 
parameters. The heights and curvatures of the first barrier are consistently higher 
than the values obtained from the statistical-model calculations. The advantage of 
the doorway-state model is that it takes into account the coupling between 
compound states in the first and second minima. 

The strength of the coupling has been found to depend on excitation energy, 
so a weak coupling region at higher excitation energies, e.g. Ex ^ 4 . 5 MeV, should 
be differentiated from the very weak coupling at low excitation energies. In the 
latter case the extended doorway-state model postulates a steeper decline in the 
isomeric population and prompt fission probability, together with the occurrence 
of resonances in the ex-isomeric population probability. This has, in fact, been 
experimentally observed. 

H.C. BRITT: I think that below ~ 5 MeV for d, p reactions there are still 
large gross structures in the entrance channel on account of the few single-particle 
excitation modes available. These effects might strongly influence angular 
distributions and affect the deduced excitation energies for the collective excita­
tions at the barriers. 

Sub-barrier calculations are very sensitive to values used for Г-,, so some of 
the systematic differences between our barrier parameters might be due to 
differences in the model for Ту. 

M. JUST: Yes, I agree. In our model calculations we used the same analyti­
cal dependence of the 7 width on excitation energy in the first well as you did 
in your previous work. 

S.S. KAPOOR: I would like to comment on the constancy of the К 
quantum number from saddle to scission in the interpretation of fragment 
angular-distribution data. This problem is related to the extent of energy dissipa­
tion during descent from the saddle. We have to examine carefully whether 
strong energy dissipation also implies that, due to the strong coupling of the 
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collective and intrinsic states, constancy of the К quantum number may not 
be a valid assumption. 

J.P. THEOBALD: Dr. Just, did you compare your hcoA values for the 
widths of the first fission barriers (obtained by interpolation) with those 
obtained from the related spreading widths Г+ of intermediate structure in 
low-energy neutron-induced fission in order to ascertain the effects of single 
nucleons? 

M. JUST: As far as I know, there are no experimental results on neutron 
widths for the even uranium and plutonium isotopes. Extrapolation from the 
results of the odd isotopes to the even isotopes seems to be highly critical on 
account of the influence of the unpaired nucleon. 

A.F. MICHAUDON (Chairman): Further to Dr. Theobald's question, 
I think it is true that the widths of the class-II states can help to determine the 
height and hco of the fission barrier. But when comparing these barrier para­
meters with those obtained by the combined analysis you have shown us, we 
have to be sure that the comparison is made for the same fissioning nucleus. 
For example, you showed us barrier parameters for 240Pu, whereas the inter­
mediate structure effect in the 240Pu neutron-induced fission cross-section may 
give us the 241Pu, rather than the 240Pu, fission barrier parameters. Extrapolation 
of the results from one nucleus to another should be made with great care, since 
there may be extensive even-odd effects, especially for the parameter hco. 

R.L. WALSH: Dr. Just, your Table I shows a difference of ~ 1.45 MeV 
between the heights of the inner and outer barriers for the 240Pu compound 
nucleus. Back et al. at Rochester (BACK, B.B., et al., Physics and Chemistry 
of Fission (Proc. Symp. Rochester, 1973) Vol.1, IAEA, Vienna (1974) 25), 
however, found a difference of ~ 0.35 MeV for the 240Pu barrier height, also 
using the (d,pf) reaction. Britt (see paper SM-241/A1 in these Proceedings.) 
reports a difference of ~ 0.5 MeV. How would you explain this discrepancy? 

M. JUST: In our analysis we tried to reproduce (d,pf), (d,p isomer) and 
(7,f) data simultaneously. The two sources you quote are limited to the (d,pf) 
reaction alone. Hence the different values obtained reflect the uncertainties in 
the analysis, rather than in the actual data. We consider our values more reliable. 
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Abstract-Resumd 

THE (n, 7f) REACTION IN SLOW-NEUTRON-INDUCED RESONANCES IN 239Pu, 
2 3 sÜANDMPu. 

The (n, 7f) reaction, a process resulting from competition between gamma ray emission 
and fission during de-excitation of a compound nucleus, is studied in the resolved-resonance 
region. After a qualitative study to show the effects of the phenomenon, the experimental 
data for 239Pu, 23SU and M1Pu are assembled and analysed. It is shown that all the data reflect 
the effects of that reaction. Experimental values of the product Г7f e7f of the width of the 
(n, yf) reaction and the mean value of the prefission gamma ray energy spectrum are deduced. 
Next, the theoretical aspects are considered. The calculated values of the energy e~7f, combined 
with the experimental results, enable the values of the width r 7 f to be derived. The usefulness 
of this reaction for studying fission barriers and class-II vibrational states is demonstrated 
and discussed. 

LA REACTION (n, yi) DANS LES RESONANCES INDUITES PAR NEUTRONS LENTS 
DANS 239Pu, 23SU ET Mi Pu. 

La reaction (n,7f) est etudiee dans la region des resonances resolues en tant que processus 
resultant de la competition entre remission de rayonnement у et la fission au cours de la 
desexcitation du noyau compose. Apres une etude qualitative pour montrer les effets du 
phenomene, les resultats experimentaux sur 239Pu, 235U et M1Pu sont rassembles et analyses. 
H est montre que tous presentent les effets de cette reaction. Des valeurs experimentales du 
produit r7f eTf de la largeur de la reaction (n, ?f) par la valeur moyenne du spectre en 
energie du rayonnement у de ргё-fission en sont deduites. L'aspect theorique est ensuite 
aborde. Les valeurs calculees de l'energie ey{, combinees ayec les resultats experimentaux, 
permettent de donner des valeurs de la largeur T7f. L'interet de cette reaction pour l'etude 
des barrieres de fission et des etats vibrationnels de classe II est montre et discute. 

Un noyau compose forme par capture d'un neutron de basse energie 
peut se desexci ter so i t en emettant un neutron (diffusion e las t ique e t 
eventuellement i n e l a s t i q u e ) , so i t un rayonnement Y (capture r a d i a t i v e ) , 
s o i t par f i s s ion s i ce processus es t energetiquement poss ib le . La react ion 
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FIG. I. Description schematique du mecanisme de la reaction 239Pu (n, yfj dans les 
resonances 1 *. 

(n,yf) provient de la competition entre la capture radiative et la fission 
au cours de cette desexcitation. La region des resonances est la plus fa­
vorable ä son observation car, par le jeu des fluctuations de PORTER et 
THOMAS des largeurs de fission, son. importance peut varier considerable-

ment d'une resonance ä 1'autre. * 

L'existence de la reaction (n,yf) a ete prevue theoriquement en 

1965 par STAVTNSKY et SHAKER [1] et par LYNN [2] mais ce n'est qu'en 1972 
239 

qu'elle a ete mise en evidence experimentalement dans la fission de Pu 

par neutrons lents [3]. 

1. LE PROCESSUS (n.yf) 

Apres emission d'un rayon у primaire, le noyau compose forme par 
capture d'un neutron peut se trouver dans un etat d'energie, de spin et de 
parite tels que la fission est encore fortement probable. II fissionnera 
alors, plutot que d'emettre un nouveau rayonnement y. 

Cette situation est decrite dans la fig. 1 qui illustre le cas 
+ 239 typique des resonances 1 de Pu. Apres capture d'un neutron d'onde "s", 

le noyau compose Pu se trouve dans un etat de spin et parite J = 0 
ou 1 . Dans ce dernier cas la fission est peu favorisee car eile se produit 
par effet "tunnel" ä travers la barriere (<Г„>1+ = 33,4 meV [4]). Cepen-
dant, apres une transition El, le noyau residuel est dans un etat J* = o", 
1 ou 2 ; dans le cas d'une transition Ml il est dans un 
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'100 

10 . 

vV<r«> 
FIG.2. Distribution integrale des largeurs de fission Tf des resonances de 239Pu analysees 
entre 1 et 660 eV (d'apres [4]j. La courbe theorique est une somme de deux lois en 
X2 ä v degres de liberti. Elle fait apparaitre un plateau au debut de Iftistogramme experimental 
du ä un manque de faibles largeurs Tf attribue ä la presence de la reaction (n, yf). 

e t a t J = 0 , 1 ou 2 pour se l imi te r ä ces deux types de t r a n s i t i o n . Mais 

l e s ba r r i e r e s de f i s s ion de ces nouveaux e t a t s sont t r e s d i f fe ren ts de 

ce l l e de l ' e t a t 1 . En p a r t i c u l i e r , les e t a t s de t r a n s i t i o n 0 , 2 , 1 e t 

2 sont beaucoup plus bas . Si l ' ene rg ie du rayon у emis n ' e s t pas trop 
importante, la voie de f i s s ion peut тёше Stre ouverte . Le noyau se desex-
c i t e a lors par f i s s ion au l i eu de continuer ä se desexci ter par cascade de 

rayons Y- Par contre , l e noyau dans des e t a t s 0 ou 1 poursui t sa desex-

c i t a t i o n dans l a voie de capture r ad i a t ive car l es ba r r i e r e s de f i s s ion 

correspondant ä ces e t a t s sont beaucoup plus elevees que l ' ene rg ie d ' e x c i -

t a t ion du noyau compose ä ce moment l a . 

Les largeurs Г , de ce processus peuvent e t r e considerees comme 
constantes pour des e t a t s i n i t i a l s de spin e t p a r i t e donnes car le nombre 
de voies de s o r t i e du processus es t grand. C'est en s'appuyant sur ce t t e 
propr ie te que LYNN a donne une l imi te superieure de la plus p e t i t e des 
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239 deux largeurs Г . possibles dans les resonances de Pu [2,5] (Г , < 5 meV) 
(voir f i g . 2 ) . 

Cependant, cette propriete doit etre utilisee avec precaution 
car la determination des petites largeurs Ff est tres sensible aux effets 
experimentaux. Ainsi, de faibles fluctuations des largeurs de fission 
avaient ete observees dans la fission sous le seuil de Pu [6]. II sem-
ble maintenant que cet effet soit d'origine experimentale [ 5]. De meme 
le manque de lärgeur Г < 10 meV observe dans les resonances de Pu [7] 
ne peut pas etre explique par la reaction (n,yf) (voir § suivants). 

2. MISE EH EVIDENCE EXPERIMENTALE DE LA REACTION (n,yf) ; INFLUENCE SUR 
LES CARACTERISTIQUES DE LA FISSION 

La difficulte de distinguer un rayon у de prefission d'un rayon 
v emis par les fragments ou une fission "directe" d'une fission precedee 
d'un rayonnement у ne permet pas une observation directe de la reaction 
(n,yf). Si ä cet obstacle on ajoute la faible amplitude du phenomene, on 
comprend la difficulte de mettre cette reaction en evidence. En fait les 

experiences realisees sont basees sur deux effets : 

2.1. Effets du rayonnement у de prefission sur le cortege electronique des 
atomes 

235 Cette methode a ete utilisee ä Doubna pour U [8]. Elle con1-

siste ä mesurer les evenements fission en coincidence avec les rayons X 

caracteristiques du noyau fissionnant qui proviennent de la conversion 

interne du rayonnement у de prefission. Malheureusement, les fragments de 
fission peuvent aussi induire indirectement de tels rayons X par action 
sur les atomes voisins. 

Le rapport К de l'aire d'une resonance de fission observee en 
coincidence avec les rayons X de la raie Ka. a l'aire de la meme resonance 
observee sans coincidence peut s'ecrire : 

ч 
К = A -fr-i + В (1) 

f 
A est une constante proportionnelle ä l'efficacite du detecteur 

de rayons X, au pourcentage de transition Ka. dans 1'ensemble des raies K, 

ä la probabilite de remplir un trou dans la couche К et au coefficient de 
conversion interne. Le terme В provient des effets parasites des fragments 
de fission. 
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2.2. Influence de la reaction (n.yf) sur les proprietes des fragments de 

fission 

Apres emission d'un rayonnement y, le noyau fissionnant a une 
energie d'excitation plus faible. Le nombre moyen v de neutrons emis est 
done egalement plus faible . Par contre, 1'energie totale moyenne E empor­
tee par les rayons у est plus elevee car a 1'energie des rayons у de fis­
sion qui ne varie que tres faiblement avec l'energie d'excitation, s'ajoute 
l'energie emportee par le (ou les) rayon (s) Y precedant la fission. II en 
est de meme de la multiplicite de ces rayons y. 

On s'attend egalement ä une incidence sur l'energie cinetique 
totale E„ des fragments de fission lorsque la variation de cette energie 

14. 

avec l'energie d'excitation du noyau compose est importante. C'est le cas 

des plutonium [39] : des variations ДЕ ~ - 400 keV sont prevues pour cer-
+ 239 taines resonances 1 de Pu de tres faible largeur Г-. 

Experimentalement, la detection des rayons у emis en coincidence 
avec la fission ne permet que l'observation d'un melange de fission direc-
te et de reaction (n,Yf). Dans les resonances pour lesquelles la fission 
directe est le processus de loin le plus probable (resonances ayant une 
grande largeur de fission T f), la reaction (n,yf) sera masquee ; les va-
leurs de V et E seront a peu pres constantes. Au contraire, lorsque la 
largeur totale de fission Tf est suffisamment faible, comparable ä la lar­
geur Г , cette reaction contribuera beaucoup ä la re­
sonance. Ainsi les largeurs de fission Г, des resonances et la largeur Г , 
peuvent etre reliees aux grandeurs mesurees par les relations : 

\ = §Y0 + Tf V (2) 

gv = SvO-T^%f (3) 

ou E et Е- correspondent ä l'energie emportee par les rayons у et les neu­
trons de fission respectivement et E . et Е-л sont les valeurs de E et E_ 

y0 _ vO Y v 
dans le cas de la fission directe pure, e est la valeur moyenne du spectre 
en energie des rayons Y a e pre-fission. Cette grandeur est, comme la largeur 
Г ., constante pour les resonances de meme spin. On peut done ecrire : 

E . f = - (Ё- - I- ) = A i - J V = _q°iLstante ( 4 ) 
у у 0 v vO' . 

Vf f 



92 TROCHON 

2.601 , . . ^ . 1 / r
r
 ( m g V 

0.00 0.10 0.20 0.30 

FIG. 3. Variations de l'energie Ey des rayons у et du nombre vp de neutrons de fission en 
fonction de l'inverse de la largeur Tf des resonances i+ de 239Pu (d'apres [16]). L'attribution 
du spin des resonances provient de [10]. 

Ces differentes equations presentent toutes une dependence line-
aire entre les grandeurs mesurees et l'inverse de la largeur Г . II suffira 
done de tracer les valeurs experimentales en fonction de 1/Г, pour faire 
apparaitre, si ils existent, les effets de la reaction (n,yf). 

3. EVIDENCES EXPERIMENTALES DE LA REACTION (n.yf) DANS LA FISSION DE 239Pu 
DANS LES RESONANCES 

Le nombre v de neutrons emis par fission a fait l'objet de nom-
P 

breuses mesures dans les resonances. Elles ont ete faites dans differents 
laboratoires par des techniques souvent differentes. Dans les mesures de 
Saclay par exemple, les neutrons sont detectes dans un gros scintillateur 
liquide charge au gadolinium dans lequel ils perdent toute leur energie 
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avant d'etre captures, puis comptes Qf[» A ORNL, par contre, les detec-

teurs' employes sont suf f isamment minces pour que la probabilite de detec-

ter simultanement deux neutrons soit negligeable Q2J. Ainsi le nombre de 

neutrons detectes est proportionnel ä v . Ces dispositifs experimentaux 

permettent aussi de mesurer l'energie moyenne E des rayons у emis ä la 
fission. 

Apres quelques curieux desaccords entre les premieres mesures du 

nombre v [J3, 14] la situation est maintenant claire grace aux derniers 

resultats qui comprennent aussi les valeurs de l'energie E (_15, 16]. 

Les resultats experimentaux sont portes sur les figures 3 et 4 

pour les resonances 1 et sur la figure 5 pour les resonances 0 . La depen-

dance avec 1/Г est particulierement nette dans le premier cas. Elle l'est 
beaucoup moins dans le second car la fission directe est tres importante. 
Les valeurs du produit Г f.e _ deduites de ces mesures sont donnees dans le 
tableau I. 

24S 4. EVIDENCES EXPERIMENTALES DE LA REACTION (n.yf) DAWS LA FISSION DE J U 

Le noyau compose forme par capture d'un neutron d'onde "s" dans 
U a pour spin de parite J = 3 ou 4 . Cependant la fission directe est 

beaucoup plus importante pour ce noyau que pour les resonances 1 de Pu [20Д. 

La premiere tentative de mise en evidence experimentale de la 
reaction (n,yf) fut realisee par PANTELEEV et Coll. qui mesurerent une 
grandeur dont la racine carree est approximativement proportionnelle ä la 
multiplicite des rayons Y ^e fission [_21_J . Les resultats semblent refleter 

la presence de cette reaction, selon une relation similaire ä (2), bien 

qu'un seul point contribue ä obtenir une pente positive pour les resonances 

4" 07]. 

Plus recemment DLOUHY et Coll. ont detecte le rayonnement X de ••' 

rearrangement des couches electroniques de l'atome U apres conversion 

d'un rayon у de ргё-fission ^ ] (voir chapitre precedent). Les resultats 
(fig. 6) presentent une dependance lineaire en fonction de 1/Г, mais seu-
lement par le poids d'une resonance. 

De nombreux laboratoires ont effectue la mesure du nombre \> de 
_ _ P 

neutrons de fission. Apres des resultats non concordants [J3,14J, un ac­
cord est maintenant obtenu sur les resultats plus recents [22,23,24] et 
deux caracteristiques peuvent etre degagees. 
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FIG.4. a) Variations de l'inergie Ey des rayons у et du nombre vp de neutrons de fission en 
fonction de l'inverse de la largeur Vf des resonances de 239Pu (d'apres [15]). b) Multiplicite 
des rayons у emis ä la fission en fonction de l'inverse de la largeur de fission des resonances 
1* de 239Pu (d'apres [19]). 
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FIG. 5. Variations de Ey et de vp en fonction de 1/Г{ pour les resonances 0* de 239JPu 
(d'apris [16]). 

i) les trois plus importantes resonances observees en fission (ä 8,8 -
12,4 et 19,3 eV) presentent des variations significatives qui ne semblent 

correlees avec aucune des grandeurs caracteristiques de la fission actuel-

lement connues (spin, largeur Г,, distribution en masse des fragments de 
fission, etc..,.) [24П . Nous n'avons pour 1'instant aucune explication ä 
donner ä ces resultats. 

ii) les resonances de petite largeur Г- presentent systematiquement des 
valeurs de v plus faibles que Celles de grand Г,. Elles font apparaitre 
une pente negative de la courbe v = f(l/r,) (voir figs. 7 et 8 ) . 
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TABLEAU I. VALEURS EXPERIMENT ALES DU PRODUIT Г 7 г Ъу{ 

DETERMINEES A PARTIR DES MESURES DU NOMBRE Fp DE NEUTRONS 
ET DE L'ENERGIE Ey DES RAYONS 7 DE FISSION. dWp/dE* EST LA PENTE 
DE CONVERSION UTILISEE POUR LE CALCUL DE E ? A PARTIR DES 
VALEURS DE vp 

noyau 
etudie 

JTT dVp/dE* r7feTf(eV2) <r7f-eTf>(eV2) 

9Pu 

1 + [17] 0,131 ±0,004 4800+530 4600 ± 300 
[17] [18] 4490 + 400 

[17] 6600 ±9400 8000 ±1900 
[17] 8000 ±1900 

5U 

*P [24] 
v? [22] 
I 7 [22] 

*p [24] 
*p [22] 
ly [22] 

0,135 ±0,07 
[18] 

2920±1400 
1563+ 1090 
1437 ±806 

3500 ±2500 
4222 ±4502 
6256 ±5515 

1730±590 

4020 ± 2030 

241 Pu 

2+ 

3+ 

*v [22] 
By [22] 

*V [22] 
Шу [22] 

0,153 ±0,02 
[18] 

7932 ±5158 
5830+5680 

1750 ±789 
1627± 1229 

6982 ±3819 

1714 ±664 

Ces resultats, associes ä ceux de l'energie E des rayons у de 
fission Q7,22] (voir fig. 7), permettent de deduire des valeurs du pro­
duct Г ,.e . (voir tableau I). 

yf Yf 
En conclusion, nous pouvons dire qu'aucune des experiences rea-

lisees n'apporte seule une preuve irrefutable de la presence de la reac-

235 tion (n,yf) dans U tant eile est masquee par la fission directe et 
peut-etre par des effets encore non expliques. Mais toutes ces experiences, 
pourtant tres differentes, recelent des indices qui forment un faisceau de 
presomptions tel que l'on peut affirmer que ce processus existe reellement 
dans ce noyau. 
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FIG.6. Variations de l'intensite du rayonnement X emis en coincidence avec la fission en 
fonction de lß*fpour les resonances de 23sU(d'apris [8]). L'energie de la resonance 
(en eV) est indiquee ä cöte de la valeur correspondante. 

5 - EVIDENCES EXPERIMENTALES DE LA REACTION (n,yf) DANS LA FISSION DE 241Pu 

Les resonances formees par capture de neutrons "s" ont pour spin 

et parite J = 2 ou 3 . Malheureusement, en l'absence de mesure directe 

1*attribution du spin de ces resonances repose seulement sur la position 

relative des etats de transition [25} et est tres incertaine. 

Les seuls resultats sur la reaction (n,yf) dont on dispose pro-

viennent d'une mesure simultanee de v et de Ё [22] (voir fig, 9). lis 
presentent les effets attendus de la reaction (n,yf)> fournissant ainsi des 
valeurs du produit Г f.e f (voir tableau I). 

Cependant les variations observees sur les resonances supposees 
3 sont bien plus faibles que Celles attendues. 

6. DETERMINATION DE LA LARGEUR Г . ET DE L'ENERGIE MOYENNE e , DU SPECTRE Yf yf 
PES RAYONS у DE PRE-FISSION 

Les seules experiences qui ont donne jusqu'ä present des gran­
deurs quantitatives sur la reaction (n,yf) sont les mesures du nombre v 
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FIG. 7. a) Variations de Ey et de vp en fonction de 1/Г{ pour les resonances 3~ de 73SU 
(d'apres [22]). b) Idem pour les resonances 4'. 
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1/г- ImeV"1] 
If 

FIG. 8. Variations de vp en fonction de l/Tf pour les resonances de 23St/ (d 'apres [24]). 
L'energie de la resonance (en eV) est indiquee ä cöte de la valeur correspondante. 

et de l'energie E . Malheureusement, elles ne fournissent que la valeur du 

produit Г ...e pour chaque etat de spin. Un calcul est done necessaire 
pour determiner chaeun de ces parametres. Un tel travail a ete effectue 
dans differents laboratoires ^,26,27,28} mais les resultats obtenus sont 
assez disperses ä cause des differences dans les parametres et les forma-
lismes utilises. 

6.1. Formulation generale 

Dans la formulation qui suit, on suppose le noyau compose forme 

dans un etat d'energie Sn et de spin et parite J . Apres une transition у 
de nature A et d'energie E , il se trouve dans un nouvel etat d'energie 
E* = Sn - E , de spin et parite J'ir* definis par les regies usuelles de 
selection. 

Dans le cas de 1'emission d'un seul rayon у de pre-fission, la 
largeur Г , a pour expression 

Yf Jo P(E' ) dE У У 
(5) 

avec U = E* - й ой Д est l'energie d'appariement. 
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FIG.9. a/ Variations de Ey et de vp en fonction de 1/Tf pour les resonances 2* de M1Pu 
(d'apres [22]). b) Idem pour les resonances 3*. 
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P(E ) est la probabilite d'observer un rayon у d'energie E et 

a pour expression : 

, v - i i i , <rf> (E* , J4 ' ) 
P ( V " T c S n ^ r L Z k ü P ( E*' J , ) F r (E*) + <г.ХЕ*,лЧ') <6> 

X J'=J-1 Y 

Dans cette expression : 
p(E*,J) : densite des niveaux de spin J ä l'energie E* 
k.. : fonction densite de capture radiative pour un noyau passant d'un 

etat i vers un etat j par une transition X 

F : coefficient tenant compte des fluctuations statistiques. II peut etre 

calcule analytiquement [22,2бД 

<rf>(E*,J'ir') : largeur moyenne de fission d'un etat de spin et parite J' 
ir' et d'energie E* 

Г (Е*) : largeur radiative ä l'energie E* 

Les largeurs de fission <Г„> d'une voie a sont deduites de la 
penetrabilite T de la barriere de fission correspondante par la relation 
de BOHR et WHEELER. Mais les parametres des barrieres shoisis pour ce 
calcul sont eux-memes determines ä partir de reactions de fission avec des 
particules chargees [32,34,35] ou par reaction (y,f) [Зб] et varient sensi-
blement suivant ces reactions ou le formalisme utilise pour l'analyse. II 
en resulte une dispersion importante des largeurs <T-> calculees. 

Suivant le formalisme utilise pour le calcul de l'elemefit tnatrice 
A 3 

qui donne la probabilite de transition, k.. suit une loi en E (loi de 
WEISSKOPF) ou en forme de resonance geante. Or, nous ne disposons d'aucune 
donnee experimental pour trancher dans la gamme d'energie qui nous inte-
resse (0 < E < 3 MeV). 

Les largeur's Г - etant particulierement sensibles aux variations 
des differents parametres utilises, nous avons effectue ce calcul seule-
ment pour les valeurs moyennes e du spectre en energie des rayons Y de 
ргё-fission. 

6.2. Calcul de e „ et resultats 
y f — — — — — 

La fonction densite k.. utilisee suit une loi en forme de reso­
nance geante EI [зб] et Ml \3\\ dont le rapport vaut k„/k"! = 6,8 ± 2,1 м- 1J 1J 
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TABLEAU II. CALCUL DE eyf, VALEUR MOYENNE DU SPECTRE EN ENERGIE DES RAYONS у DE 
PREFISSION. LES PARAMETRES DES BARRIERES DE FISSION UTILISES SONT DONNES DANS LA PREMIERE 
PARTIE DE СЕ TABLEAU. LES PARAMETRES DE LA RESONANCE GEANTE El DE LA PROBABILITE DE 
TRANSITION 7 PROVIENNENT DE LA REF.[30] 

2 3 9 Pu 

»su 

241 Pu 

EA 
(MeV) 

5,80 
6,10 
6,10 

5,70 
6,20 
6,20 

5,60 
5,60 

EB 
(MeV) 

5,45 
5,60 
5,60 

5,68 
6,10 
5,85 

5,63 
5,70 

hwA 
(MeV) 

0,82 
1,10 
1,15 

0,9 

1,1 
1,2 

0,82 

Ы 

hwB 
(MeV) 

0,60 
0,75 
0,8 

0,5 
0,85 
0,9 

0,59 
0,75 

Bo" 
(MeV) 

0,6 
0,15 
0,15 

0,15 
0,26 
0,15 

0,5 
0,25 

Ef 
(MeV) 

0,7 
0,85 
0.65 

0,45 
0,45 
0,45 

0,8 
0,85 

E2
+ 

(MeV) 

0,4 
0,7 
0,7 

0,18 
0,38 
0,18 

0,25 
0,60 

ref. 

[33] 
[35] 

[33] 

[35] 

[33] 
[35] 

E1/M1J1 

0 + 

~3000 
- 5 0 0 0 
~5000 

3" 
43 
60 
65 

2+ 

8 
9 

e7f 
(MeV) 

0,850 
1,040 
1,150 

0,795 
0,835 
0,920 

0,760 
0,830 

E1/M1J2 

1 + 

3 
4,5 
7 

4" 
16 
20 
25 

3+ 

2 
2,5 

e7f 
(MeV) 

0,756 
1,032 
1,136 

0,757 
0,788 
0,847 

0,720 
0,820 
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TABLEAU III. CARACTERISTIQUES DE LA REACTION (n, -yf) DANS LES 
RESONANCES DE 239Pu, 235U ET 241Pu (VOIR LE TEXTE). LES BARRES 
D'ERREURS ASSOCIEES AUX ENERGIES ej{ CALCULEES PROVIENNENT 
D'UNE ESTIMATION FAITE A PARTIR DE TESTS DE LA SENSIBILITE 
AUX PARAMETRES UTILISES 

noyau 
cible 

239Pu 

2 3 S T T 

241 Pu 

Jw 

0+ 

1 + 

3" 

4" 

2+ 

3 + 

r T f - e T f 

(eV2) 

8000+ 1900 

4600 ± 3 0 0 

4020 ± 2030 

1730 ± 5 9 0 

6982 ± 3 8 1 9 

1714 ± 6 6 4 

(keV) 

1100 + 50 

1080 ± 5 0 

850 ± 5 0 

800 + 50 

800 ± 1 0 0 

8 0 0 ± 1 0 0 

T7f 
(meV) 

7,3 ± 1,8 

4,2 ± 0,4 

4,7 ± 2,3 

2,1 ± 0,7 

8,7 ± 4,9 

2,1 + 0,8 

La penetrabilite des barrieres de fission ä deux bosses a ete 

determinee par une methode d'analyse numerique [37] voisine de celle uti­

lised par BACK [32] . Un potentiel imaginaire simule l'amortissement des 

etats vibrationnels de classe II par les etats intrinseques. II a ete 

ajuste de facon ä reproduire la Iargeur des resonances a 4,5 et 5,0 MeV 

de 240Pu*. 

Les resultats sont portes dans le tableau II avec les parametres 

des barrieres de fission utilises. 

239 
a) Cas_de Pu 

Les resultats pour l'etat de spin 1 constituent un bon test de 

coherence des parametres car la limite superieure de la largeur Г „ est 
connue (voir 2e chapitre). Dans l'hypothese ой Г , < 5 meV, on deduit des 
valeurs du tableau I : e . > 860 keV. II apparait que la valeur de e ^ 
calculee avec les barrieres determinees par BACK ä partir de la reaction 
(t,pf) [38] est trop faible. 

Les parametres utilises par GOLDSTONE pour ajuster la section 
239 

efficace Pu(d,pf) donnent de bien meilleurs resultats car 1 etat de 

transition К = 0 a ete abaisse et place a 150 keV seulement au dessus 
de l'etat fondamental [_35l. Compte tenu des imprecisions, on deduit de ce 
jeu de parametres les valeurs de Г f donnees dans le tableau III. 
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S P E C T R E E X P E R I M E N T A L 
D E S R A Y O N S Э А М М А DE P R E F I S S I O N 
D E l_A R E A C T I O N * Pu С n P 8 f 3 

U f'+tfili. t i i i i i d t ^ H b ^ u z f c i d L 
E^CMeVj 

5 ,0 < , 0 3,0 Energie d'excitattot4(MeV) 

FIG. 10. Spectre experimental brut des rayons у de ргё-fission de la reaction Pu(n, yf) 
(d'apris [38]). 

b> 9!t§„ig-!-5,K„g^. 2 4 l g " 

La valeur moyenne e . obtenue est sensiblement plus faible pour 
ces deux noyaux. Les valeurs de Г . qui en sont deduites sont egalement 
donnees dans le tableau III. 

7. ETÜDE DU SPECTRE PES RAYONS у DE PRE-FISSION 

Par 1'intermediaire de la reaction (n.yf), il est possible d'e-
tudier la fission d'un noyau ä une energie d'excitation inferieure ä l'e-
nergie de liaison d'un neutron. En particulier, il peut etre possible 

d'observer ainsi des etats vibrationnels dans le second puits de la bar-

riere de fission. 

Malheureusement, cette mesure est extr§mement difficile ä rea-

liser par la detection directe du rayonnement у ä cause de la fission 

directe qui masque le phenomene, des rayons у de fission qui s'ajoutent 
au rayonnement de ргё-fission et du bruit de fond de rayons у detectes 
par effet Compton. Une tentative a neanmoins ete faite sur la resonance 

239 a 44,48 eV de Pu (Г = 4 + 1 meV) dont on a compare le spectre des 
rayons Y emis en coincidence avec la fission ä celui des resonances de 
"fission directe" pure Q$C1 • 
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E(MeV) 

FIG.ll. Section efficace de capture radiative de 239Pu calculee en fonction de l'energie des 
neutrons incidents (d'apres [28]): 
1 - en prenant encompte les reactions (n,yfj et (n,yn); la probabilite de transition у 

utilisee suit la resonance geante dipolaire electrique; 
2 - de тёте mais en utilisant une probabilite de transition у suivant la loi en EZ; 
3 — sans prendre en compte la reaction (n, yf); la probabilite de transition у est la тёте 

qu 'en 1. 

Les resultats sont donnes sur la fig. 10 : apres une region con­
tinue principalement due aux rayons у detectes par effet Compton, une re­
sonance se degage vers E = 2 MeV (so£t g* = (4,52 ± 0,05 MeV). Le spin 
de la resonance а Е ц = 44,48 eV etant J = 1 , l'etat observe est tres pro-

bablement J = 1 ou 2 . Le nombre quantique К associe est done К = 0 ou 1. 

Ce resultat est en bon accord avec ceux de la mesure de 
GOLDSTONE [35] qui par 1'intermediaire de la reaction (d,pf) observe dif-
ferentes resonances dont une ä 4,70 MeV attribuee К = 0 . Le decalage en 
energie peut etre un effet de normalisation en energie des deux experien­
ces. 

CONCLUSION 

Le processus (n,yf) resulte de la competition entre les diffe-
rentes voies de sortie lors de la desexcitation d'un noyau compose. II ne 
peut etre decele experimentalement que par ses effets secondaires : effets 
electroniques ou effets lies aux proprietes du nouvel etat dans lequel se 
trouve le noyau compose apres emission d'un rayonnement y. Ainsi, le nom­
bre v de neutrons prompts de fission decroxt tandis que l'energie et la 
multiplicite des rayons у &nis par fission augmente. Cependant, quelle que 
soit la grandeur mesuree, seule la proportion Г ,/Г, de cette grandeur 
pourra etre detectee (voir equations 1,2,3). 
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TABLEAU IV. DIMINUTION Да DE LA VALEUR DE а DE 239Pu DUE A 
LA REACTION (n,-yf) POUR QUELQUES ENERGIES DE NEUTRONS 
INCIDENTS 

energie 
В» 

thermique 1 keV 30-40 keV 100 keV 300 keV 500 keV 700-800 keV 

Да/а 
ref. [26] 15% 15% 15% 20% 28% 35% 

Да/а 
ref. [28] 15% 10% 20% 50% 

Dans la region des resonances la reaction (n,yf) est en taoyenne 
un processus secondaire par rapport ä la fission directe. Mais, par le 
hasard des fluctuations statistiques de PORTER et THOMAS, quelques reso­

nances ont une largeur Г beaucoup plus faible que les autres. La reac­
tion (n,yf) dont la largeur Г est constante pour les resonances de meme 
spin, p'eut alors devenir le processus dominant. C'est ainsi qu'elle a pu 
Stre mise en evidence. 

Le cas le plus favorable est constitue par les resonances I de 
239 

Pu. II est illustre par la fig. 3. 
La situation n'est pas aussi claire pour les autres noyaux Stu­

dies mais cependant tous les resultats experimentaux presentent les effets 
de la reaction (n,yf) . Ainsi, les valeurs du produit Г ,e , ont pu etre 
determines pour les deux etats de spin initiaux de chaque noyau, grace aux 
mesures du nombre de neutrons et de l'energie des rayons у de fission 
(voir tableau I). 

En 1'absence de determination directe de la largeur Г , nous 
avons ete conduits ä determiner cette grandeur en combinant les produits 
experimentaux Г f.e , et les valeurs calculees de l'energie e ... Les lar-
geurs obtenues (voir tableau III) sont en tres bon accord avec les predic­
tions de LYNN basees sur un calcul avec des barrieres de fission 4 une 
bosse Qf] . 

Le calcul fait aussi ressortir la tres grande sensibilite de la 
reaction (n,yf) ä la position de certains etats de transition (par exemple 
les etats К = 0 et 1 dans le cas des noyaux composes Pu et Pu). 
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Les resultats presentes ici apportent done des elements importants pour la 
determination des parametres des barrieres de fission correspondantes. 
Maintenant, il serait tres interessant de pouvoir mesurer le spectre des 
rayons у de pre-fission au moins partiellement. Cela permettrait d'estimer 
la probabilite de transition у a tres basse energie et de tester la pene-
trabilite des barrieres de fission en fonction de 1'energie. 

Enfin, il faut remarquer que si la contribution de la reaction 
(n,yf) dans les resonances est faible, eile peut devenir ä plus haute 
energie tres importante par rapport ä la capture radiative. Ainsi, apres 

LYNN [2] et LECOQ [26~], differents auteurs [28] ont montre qu'il faut 

prendre cette reaction en consideration pour le calcul de la section 

efficace de capture radiative а et du nombre a = a /oc, rapport des sec-
Y Y t 

tions efficaces de capture et de fission. La fig. 11 et le tableau IV 
illustrent cet effet qui peut etre extrSmemenl; important. 
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DISCUSSION 

J.P. THEOBALD: What is the smallest resonance fission width Tf that you 
have measured? 

J. TROCHON: The smallest fission we have measured is Tf = (4 ± 1) meV 
for some 1+ resonances of 239Pu. 
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C.M.C. WAGEMANS: In support of the experimental data you have shown 
us, I would like to report that we have observed a small (n, 7O effect on the 
average kinetic values for the 239Pu (n, f) resonances, which I will describe in a 
paper I am going to present later (see SM-241/F7 in these Proceedings). This 
point is illustrated by Fig.A, which shows a linear least-square fit to the E* data 

178.2-

178.1-

ILU 
178.0-

177S-

177.8-1 1 1 ' 1 1 ' 
0 0.01 0.02 0.03 0.0« 

Г,"' ImeV'1) 

FIG.A. E^ versus Tf1. 

as a function of Tfl for the Г resonances. The slope is slightly positive, as might 
be expected in the presence of a (n, -yf) effect. 

J.W. BOLDEMAN: For the neutron fission of 239Pu near thermal energies 
the fission cross-section is dominated by two resonances — an 0* resonance at 
negative neutron energy, and the Г resonance at 0.296 eV. In this energy 
region very accurate v~p measurements have been made showing excellent 
agreement. They can be analysed to obtain the difference v~p (0+) - v~p ( Г ) of 
0.060 neutrons following the removal of (n, yf) process effects. In other words, 
strong channel effects are observed in this case. On the other hand, from the 
analysis of the resonance fluctuations at higher neutron energies a difference of 
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approximately 0.014 neutrons has been determined, i.e. there is an absence of 
channel effects. Can you comment on this discrepancy and say to what extent 
it might effect your analysis? 

J. TROCHON: Yes, a difference has been found between the P~p for the 0+ 

and 1+ resonances in the very-low-energy neutron-induced fission of 239Pu, 
corroborated by the measurement of the fission-fragment kinetic energy. 

Alternatively, extrapolation to l/r f = 0 of the Saclay data for p~p and E ,̂ 
yields a small value for the difference in the average fission fragment excitation 
energy for 0+ and Г resonances ( Д Е ^ + - AEfragi+ =s (100 ± 50) keV). The 
Saclay measurement, however, did not include the very low-neutron energy 
region. 

I would like to make two comments in this connection. First, as already 
mentioned, for the three strongest fission resonances in 23SU, Vp fluctuations have 
been observed that do not correlate with any known fission characteristic. The 
1+ resonance in 239Pu at 0.296 eV is perhaps an example of this. 

Second, this phenomenon does not affect the method of deducing the 
presence of the (n, ft) reaction. The linear dependence with opposite signs for 
the v~p and E7 values with l/r f is the real indication of this reaction. Variation 
in v~p simply shifts the absolute magnitude of the slope of the linear dependence. 
This dependence is very clearly observed in the 1+ resonances of 239Pu. 
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НЕСОХРАНЕНИЕ ЧЕТНОСТИ 

ПРИ ДЕЛЕНИИ ЯДЕР 2 3 4U, 2 3 6U и 240Pu 

Г.В.ДАНИЛЯН, Б.Д.ВОДЕННИКОВ, В.П.ДРОНЯЕВ, 
В.В.НОВИЦКИЙ, В.С.ПАВЛОВ, С.П.БОРОВЛЕВ 
Институт теоретической и экспериментальной физики, 
Москва, 
Союз Советских Социалистических Республик 

Abstract-Аннотация 

NON-CONSERVATION OF PARITY IN FISSION OF 234U, 236U AND ^PuNUCLEI. 
A study was made of the P-odd angular correlation W(0) = const (1 + a a • P) between the 

direction of emission of a light (or, where appropriate, a heavy) fragment P and the direction of 
polarization of a nucleus a in the fission of 233U, ^ U and 239Pu nuclei by polarized thermal 
neutrons. Targets, which contained approximately 100 jitg-спГ2 fissionable material placed on 
both sides of an aluminium backing and were 0.1 —0.15 mm wide, were arranged in a vacuum 
chamber along the axis of the neutron beam. Silicon surface-barrier detectors were arranged 
on each side of the target to detect fission fragments emitted by the target either in the direction 
of neutron polarization or away from it, depending on the direction of neutron-beam polarization 
at the moment of fragment detection. The direction of polarization could be reversed once per 
second; however, it was reversed not regularly but stochastically. An electronic circuit separated 
out pulses from light and heavy fragments and channelled them into scaling circuits corresponding 
to the two opposing directions of polarization. After each measurement cycle a computer 
connected on line with the experiment calculated the asymmetry in the number of light and 
heavy fragments counted by a given detector when the direction of neutron beam polarization 
was reversed. The measurement cycle lasted approximately 17 min, during which time the 
direction of polarization was reversed on average approximately 600 times. Measurements on 
a polarized beam alternated with measurements on a depolarized beam. Control measurements 
excluded the possibility of instruments affecting the results. After averaging of independent 
measurements, introduction of corrections for the polar solid angle of fragment detection and 
expression of results in terms of 100% neutron polarization, the following asymmetry coefficients 
were found: 

a ( ^ U ) = (2.8 ± 0.3) X 10"4; a ( ^ U ) = (1.7 ± 0.4) X 10 - 4 ; a (^Pu) = (-4.8 ± 0.8) X 10"4 

The positive sign of asymmetry signifies that a light fragment is emitted preferentially in the 
direction of spin of a neutron captured by a nucleus. 

НЕСОХРАНЕНИЕ ЧЕТНОСТИ ПРИ ДЕЛЕНИИ ЯДЕР ,MU, 2MU и M0Pu. 
Исследовалась Р-нечетная угловая корреляция W(0) = const (1+асьР) между направлением 

вылета легкого (или, соответственно, тяжелого) осколка, Р, и направлением поляризации ядра, 
~о, при делении ядер 233U, "SU и a3'Pu поляризованными тепловыми нейтронами. Мишени, содержа­
щие примерно по 100 мкг/см2 делящегося вещества, нанесенного на обе стороны алюминиевой под­
ложки, толщиной 0,1-0,15 мм, распологались в вакуумированной камере вдоль оси пучка нейтро-
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нов. По обе стороны от мишени располагались кремниевые поверхностно-барьерные детекторы, 
регистировавшие осколки деления, вылетевшие из мишени либо по направлению поляризации ней­
тронов, либо против, в зависимости от направления поляризации пучка нейтронов в момент регист­
рации осколка. Направление поляризации могло реверсироваться ежесекундно, однако реверс 
осуществлялся не периодически, а стохастически. Электронная схема выделяла импульсы от лег­
ких и тяжелых осколков и направляла их в пересчетные схемы, соответствующие двум противо­
положным направлениям поляризации. Электронно-вычислительная машина, подключенная в ли­
нию с экспериментом, после каждого цикла измерений вычисляла асимметрию счета легких и тя­
желых осколков данным детектором при реверсировании направления поляризации пучка нейтро­
нов. Цикл измерений продолжался примерно 17 мин, в течение которых происходило в среднем 
около 600 реверсов направления поляризации. Измерения на поляризованном пучке чередова­
лись с измерениями на деполяризованном. Контрольные измерения исключали возможные аппа­
ратурные эффекты. После усреднения независимых результатов измерений, внесения поправок 
на конечный телесный угол регистрации осколков и приведения результатов к 100%-ной поляри­
зации нейтронов, получены следующие значения для коэффициентов асимметрии: 
a(a34U)= (2,8 ±0,3)-Ю-4 ; a("*U) = (1,7 ± 0,4) -Ю"4; а ^ Р и ) = (-4,8± 0,8)-10-". Поло­
жительный знак асимметрии означает, что легкий осколок преимущественно вылетает по напра­
влению спина захваченного ядром нейтрона. 

1. ВВЕДЕНИЕ 

Гипотеза универсального слабого взаимодействия [1] предсказала существование 
слабого межнуклонного потенциала. Отношение его к сильному потенциалу в ядре 
может быть порядка G/hcfг » Ю -7, где G — константа слабого взаимодействия, 
г — среднее расстояние между нуклонами в ядре. Часть этого потенциала нарушает 
четность и, следовательно, наличие его в гамильтониане ядра приводит к смешиванию 
ядерных состояний с одним и тем же полным моментом, но противоположной четнос­
тью. Вследствие этого в различных ядерных процессах должны проявляться Р-нечет-
ные эффекты. Такие эффекты действительно наблюдались. В работе [2] впервые на­
блюдалась асимметрия излучения -у-квантов относительно направления поляризации 
ядер. Другой Р-нечетный эффект — циркулярную поляризацию т-квантов, излучаемых 
неполяризованными ядрами, обнаружили в работе [3]. Сообщалось также о наблю­
дении запрещенного по четности о-распада [4]. Наиболее надежные результаты полу­
чены в экспериментах со сложными ядрами, количественная интерпретация которых 
затруднена из-за незнания структуры ядер. Но такие данные могут оказаться полез­
ными именно для понимания структуры ядра и механизмов протекания ядерных ре­
акций. Благоприятным обстоятельством здесь является то, что Р-нечетные эффекты в 
сложных ядрах усилены по сравнению с аналогичными эффектами в NN-взаимодейст-
виях на несколько порядков величины. 

В этой связи нам представлялось интересным исследовать несохранение четно­
сти в процессе деления ядер. Впервые на такую возможность обращалось внимание 
в работе [5], в которой предполагалось исследовать корреляцию вида 

W(0) = Const (1 + ааР) ~ 1 + а cos б (1) 



IAEA-SM-241/A6 113 

между направлением вылета легкого (или, соответственно, тяжелого) осколка Р, и 
направлением поляризации ядра а при спонтанном делении поляризованных ядер. Ав­
торы ожидали, что в благоприятном случае возможно значительное усиление наблюда­
емого эффекта из-за зависимости барьера деления от четности. В работе [6] рассмо­
трено усиление для случая двугорбого барьера. В этом случае фактор усиления мо­
жет содержать резонансный член, если имеет место случайное перекрытие уровней 
противоположной четности соответственно в первой и второй ямах. При надбарьер-
ном делении таких ядер, как 233U,23s U, 239Pu, тепловыми нейтронами, можно ожидать 
значительное усиление, обусловленное высокой плотностью уровней компаунд-ядра [7]. 
По крайней мере, именно этим фактором можно объяснить наблюдаемые Р-нечетные 
эффекты в (п, у) -реакциях [8-10]. В отличие от (п, у) -процесса, где определяющей, 
вероятно, является стадия образования компаунд-ядра, в процессе деления есть еще 
две стадии — до седповой точки и от седловой точки до точки разрыва, на каждой из 
которых может происходить перемешивание состояний противоположной четности с 
соответствующими факторами усиления [11]. 

Корреляция вида (1) в принципе может возникнуть вследствие интерференции 
амплитуд переходов из состояний основной и примесной четности в определенное ко­
нечное состояние. 

Действительно, законы сохранения полного момента и четности в процессе деле­
ния требуют выполнения равенств: 

I c = t l + iT + L s F + L (2) 

Tic = (—1) ПцПт (все L одинаковой четности) (3) 

где Ic, IJI и Ix — спины компаунд-ядра, легкого и тяжелого осколков, соответственно, 
L — орбитальный момент двух осколков, Пс> Пд, Пт — внутренние четности компаунд-
ядра, легкого и тяжелого осколков, соответственно. 

Если в равенстве (3) Пс — неопределенное, то в рассматриваемом процессе раз­
решены как четные, так и нечетные значения орбитального момента. Интерференция 
амплитуд с L и L', равными ± 1; ±3; ±5 и т.д. (с ограничениями, накладываемыми 
значениями L, и центробежным барьером), приводит к корреляции (1) для опреде­
ленного конечного состояния (Щ11»!?1)- Коэффициент асимметрии определяется 
выражением 

а(1лЛ» 1тТ) = 1^ В(1с)С (1СК; 1лIxFLL')bLb£< (4) 
IC,F,K,L,L' 

где В(1с) — мера поляризации компаунд-ядра, образованного при захвате поляризо­
ванного нейтрона 

( Т \ V2 -г . * 

5К + Т)) -^Тр" ( з н а к ± д а я 1 с=1 а ±т) & 
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нейтрон о 
Рис.1. Схема экспериментальной установки. 

где Ij — спин ядра мишени, Рп — степень поляризации пучка нейтронов, F — спин кана­
ла, К — проекция полного момента ядра на ось разлета осколков, С (IcK; IJTITFLL') — 
геометрический коэффициент, Ьь и br/ — амплитуды переходов в данное конечное 
состояние из состояний основной и примесной четности. 

Для околобарьерного деления можно ожидать, что число членов суммы в (4) 
невелико, и коэффициент асимметрии в какой-то мере будет характеризовать примесь 
состояния противоположной четности в состоянии, через которое происходит деление. 
Однако, выделить определенное конечное состояние в делении практически невозможно, 
и, следовательно, в любом случае, коэффициент асимметрии будет определяться сум­
мой по некоторому (априори, неизвестному) числу конечных состояний 

ä = 2 a ( l № (6) 
41 IT 

В методическом отношении эксперимент по измерению Р-нечетной асимметрии в деле­
нии имеет определенные преимущества перед другими подобными экспериментами. 
Во-первых, специфика деления позволяет одновременно измерять асимметрию как 
для "частицы", так и для "ядра отдачи", причем коэффициенты асимметрии для них 
должны быть одинаковы по модулю и иметь противоположные знаки. Это — важный 
контроль достоверности результата. Во-вторых, легкие и тяжелые осколки достаточ­
но хорошо разрешаются и нет обычной для таких экспериментов проблемы перекры­
тия "линий". И, наконец, что не менее важно, полностью отсутствует проблема фона. 
Следовательно, измерения Р-нечетной асимметрии в делении могут быть выполнены с 
достаточно высокой точностью. 

2. ЭКСПЕРИМЕНТАЛЬНАЯ УСТАНОВКА 

На рис. 1 показана схема установки. Коллимированный пучок нейтронов из го­
ризонтального канала тяжеловодного реактора ИТЭФ падал на намагниченное до на­
сыщения кобальтовое зеркало под углом 6,5'. Отраженный поляризованный пучок 
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тепловых нейтронов (вектор поляризации которого перпендикулярен плоскости рисун­
ка) проходил через устройство, управляющее поляризацией, вновь коллимировался и 
падал на мишень. На участке от управляющего устройства до мишени пучок пропус­
кался между полюсами "магнитопровода" в слабом постоянном магнитном поле с 
целью предотвратить деполяризацию пучка "блуждающими"магнитными полями. 

Устройство управления поляризацией включало в себя деполяризующий "шим", 
поворотный магнит и "фольгу". "Шим", представляющий собой прокатанную желез­
ную пластину толщиной 0,3 мм, периодически перекрывал пучок нейтронов на участ­
ке между зеркалом-поляризатором и поворотным магнитом, благодаря чему пучок 
нейтронов деполяризовался. Поворотный магнит создавал магнитное поле, в кото­
ром вектор поляризации пучка мог адиабатически поворачиваться на угол ± 90° во­
круг оси пучка, так, что направление поляризации нейтронов оказывалось параллель­
ным или антипараллельным направлению магнитного поля в магнитопроводе. Для 
предотвращения адиабатического поворота спина в области между поворотным маг­
нитом и магнитопроводом при антипараллельной ориентации создаваемых ими полей 
в соответствующем месте перпендикулярно к пучку располагалась "фольга", пред­
ставляющая собой плоскую раму с натянутыми параллельно друг другу тонкими про­
волоками (диаметром 0,33 мм), по которым пропускался ток в одном направлении при 
антипараллельной ориентации "сшиваемых" полей. Благодаря тому, что создаваемое 
"фольгой" поле меняло знак на расстоянии менее 1 мм, происходил неадиабатический 
переход и спины нейтронов после "фольги" оказывались ориентированными антипа-
раллельно ведущему полю. Как показали измерения, эффективность "фольги" ока­
залась равной 0,98 ± 0,02, т.е. степень поляризации пучка нейтронов при реверсиро­
вании практически не изменялась. Степень поляризации пучка периодически измеря­
лась с использованием зеркала-анализатора, которое устанавливалось за мишенью. 
Усредненное по многим сериям измерений значение поляризации оказалось равным 
0,84 ± 0,04. При введении "шима" в пучок поляризация падала примерно на порядок 
и не превышала 8%. Плотность потока поляризованных нейтронов на мишени соста­
вляла 3 • 106 н/(см2с). Интенсивность пучка нейтронов постоянно мониторировалась 
нейтронным счетчиком с BF3, расположенным на расстоянии 5 м от мишени. 

Мишень состояла из пяти алюминиевых дисков диаметром 30 мм, толщиной 0,1 мм 
(или 0,15 мм), на каждую из сторон которых был нанесен слой делящегося вещест­
ва толщиной, соответствующей примерно 100 мкг/см2. Метод изготовления мишеней 
обеспечивал достаточную однородность слоя по толщине. Мишень монтировалась в ва-
куумированной камере с тонкими входным и выходным окнами из майлара. Попе­
речное сечение пучка нейтронов было равным 10 X 100 мм2 . Камера устанавливалась 
так, что мишень располагалась вдоль пучка нейтронов, перпендикулярно оси поляри­
зации. Использовались два варианта расположения кремниевых поверхностно-барьерных 
детекторов относительно мишени. 

В первом варианте два детектора ф 25 мм располагались на расстоянии 15 мм 
по обе стороны от каждого диска, соосно с ним. Между каждым диском и детекто­
ром имелась диафрагма, выделявшая конечный телесный угол. Группы из пяти де­
текторов с каждой стороны от мишени были включены параллельно. 
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Рис.2. Геометрия расположения мишени и детекторов относительно пучка нейтронов. 
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Рис. 3. Типичный амплитудный спектр импульсов от группы детекторов осколков деления аз*У. 
Пунктиром показаны пороги дискриминаторов. 
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Рис.4. Блок-схема электронной части установки: Д.О. - детектор осколков, Б.У.Э. - блок 
управления экспериментом, Б.У.П. - блок управления поляризацией нейтронов, Б.В.И. - блок 
вывода информации на ЭВМ, Ц.П.М. - цифропечатающая машина, Р. Т. А. - телетайп, стойка 
"Печать" - пересчетные схемы. 

Во втором варианте (рис.2) детекторы (I-IV) смещены на ±11 мм относительно 
плоскости, определяемой векторами <7 (вектор поляризации пучка нейтронов) и Р„ 
(импульс нейтрона) и проходящей через центр мишени. Плоскость, в которой нахо­
дились детекторы, отстояла от плоскости мишени на 13 мм. Средний угол между на­
правлением поляризации пучка нейтронов и направлением вылета регистрируемого 
осколка составлял ~ 40°. Как и в первом варианте, пять дисков располагались вдоль 
пучка нейтронов. Диафрагма между детекторами и мишенью исключала попадание 
осколков, вылетавших из одной мишени, на детекторы соседней мишени. Все детек­
торы, смещенные относительно мишеней в одном направлении, были включены парал­
лельно. На рис.3 показан типичный амплитудный спектр осколков деления 23SU, за­
регистрированных группой детекторов. Левый пик соответствует тяжелым осколкам, 
правый — легким. Импульсы от легких осколков выделялись интегральным дискримина­
тором, от тяжелых — дифференциальным. Сформированные импульсы поступали на 
вход распределительного устройства (см. рис.4), которое направляло их в разные 
группы пересчетных схем в зависимости от направления поляризации пучка нейтронов 
в момент поступления импульса. Направление поляризации пучка могло реверсиро­
ваться ежесекундно, однако реверс осуществлялся не периодически, а стохастически, 
чтобы избежать приборной асимметрии, обусловленной изменением интенсивности ней­
тронного потока или дрейфом характеристик электронной аппаратуры. На время пе­
реходных процессов при реверсировании поляризации (0,03 с) распределительное ус­
тройство блокировалось. На распределительное устройство были заведены также им­
пульсы от нейтронного счетчика и импульсы от кварцевого генератора тактовой часто­
ты. Коррелированный счет последних позволял определять суммарное время изме­
рений с одним и с другим направлением поляризации с точностью, лучшей чем 10~6. 
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ТАБЛИЦА I. КОЭФФЩИЕНТЫ АСИММЕТРИИ 
СЧЕТА ДЕТЕКТОРАМИ 1 И 2 ГРУПП ЛЕГКИХ (Л) 
И ТЯЖЕЛЫХ (Т) ОСКОЛКОВ ПРИ ДЕЛЕНИИ 23SU 
ПОЛЯРИЗОВАННЫМИ ТЕПЛОВЫМИ НЕЙТРОНАМИ. 
п - АСИММЕТРИЯ СЧЕТА НЕЙТРОНОВ 
МОНИТОРНЫМ СЧЕТЧИКОМ 

j 

1 

2 

п 

К 

т 
л 
т 
л 

ajK 

Рп= 0,84 

0,89 ± 0,34 

-0,77 ± 0,35 

-0,59 ± 0,39 

0,83 ± 0,47 

-0,03 ± 0,10 

ю-4 

Рп = 0,08 

-0,09 ± 0,31 

0,47 ± 0,38 

-0,04 ± 0,45 

-0,65 ± 0,42 

0,10 t 0,10 

Цикл измерений продолжался примерно 17 мин. За это время происходило в сред­
нем около 600 реверсов направления поляризации пучка нейтронов. Измерения на 
поляризованном пучке чередовались с измерениями на деполяризованном пучке. Что­
бы исключить возможную аппаратурную асимметрию, связанную с индивидуальны­
ми каналами регистрации, последние от цикла к циклу перекоммутировались также 
стохастически. После каждого цикла измерений информация с пересчетных схем че­
рез блок связи передавалась в электронно-вычислительную машину "Наири" (ЭВМ). 
Одновременно в ЭВМ передавался код данного измерения (поляризованный или де­
поляризованный пучок, связь каналов регистрации с направлением поляризации пуч­
ка) . ЭВМ вычисляла величины 

ajK= 
n j K - n j K 

njK + HjK 
(7) 

где j - индекс группы детекторов, К = Л, Т — индекс группы легких или тяжелых ос-
колков, n, n — скорость счета осколков данной группы детекторов при определен­
ном в пространстве направлении поляризации пучка нейтронов. 

Все измеряемые величины и вычисленные по ним значения коэффициентов асиммет­
рии пропечатывались телетайпом. Через каждые 10 циклов ЭВМ вычисляла средне­
взвешенные значения коэффициентов асимметрий и их среднеквадратичные ошибки. 
В обработку не включались значения асимметрий, выходящие за 5 стандартных от­
клонений. Такие события пропечатывались в виде условного символа и анализиро­
вались нами. Суммарное число их не превышало 1 %, и лишь 0,06% таких событий 
не сопровождалось явной ошибкой при передаче информации в ЭВМ. 
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.PWc.5. Распределение коэффициентов асимметрии: а-в измерениях на поляризованном пучке 
(10131 значение) ,б-в измерениях на деполяризованном пучке (9826 значений). 
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ТАБЛИЦА П. КОЭФФИЦИЕНТЫ АСИММЕТРИИ 
СЧЕТА ОСКОЛКОВ ДЕЛЕНИЯ 236U ДЕТЕКТО­
РАМИ I-IV, УСРЕДНЕННЫЕ ПО ГРУППАМ 
ЛЕГКИХ И ТЯЖЕЛЫХ ОСКОЛКОВ 

j 

I 

II 

aj • 10" 

1,85 ± 1,18 

1,76 ± 0,98 

j 

III 

IV 

aj • 10" 

0,29 ± 1,23 

-2,53 i 1,18 

2.1. Измерения асимметрии при делении 235U 

Основные измерения с мишенью из окиси урана, обогащенного изотопом 235U 
до 75%, проводились в камере с геометрией варианта 1. Из двухчастичной кинемати­
ки деления и геометрии камеры следует, что должны иметь место равенства; 

äjT = - a j n ; а]к=-а"2к (8) 

если измеряемые величины обусловлены корреляцией (1). 
Усредненные результаты измерений приведены в табл. I. В последней строчке 

приведены значения асимметрии счета нейтронов мониторным счетчиком. 
Из таблицы видно, что действительно наблюдается ожидавшаяся корреляция 

знаков асимметрий в измерениях на поляризованном пучке (Рп = 0,84). Однако ста­
тистическая точность результатов недостаточна, чтобы проверить соотношение (8) 
количественно. 

Средневзвешенное значение коэффициентов асимметрий в измерениях на поляри­
зованном пучке оказалось равным а' = (0,77 ± 0,19)-10~4, на деполяризованном— 
а"= (-0,27 ±0,19)-Ю-4 . 

На рис.5 показаны распределения измеренных значений коэффициентов асим­
метрии для поляризованного (рис.5а) и деполяризованного (рис.5б) пучков. Пун­
ктирные кривые — гауссовы распределения с параметрами, определяемыми соответ­
ствующими средними значениями. Проверка по критерию Пирсона дала х2=17,1 
при 17 степенях свободы (Р = 0,454). 

Учтя остаточную поляризацию "деполяризованного" пучка получим: 
а =(1,15 ± 0,34) • 10"4. Поправка на конечный телесный угол (cosö = 0,9) и приведение 
результата к 100%-ной поляризации пучка нейтронов дает a(236U) = (1,50 ± 0,44) • Ю-4. 
Положительный знак коэффициента означает, что легкий осколок вылетает преиму­
щественно по направлению спина захваченного нейтрона. 

Проведенный нами анализ различных методических и физических факторов по­
казал, что, вероятно, единственным "фоновым" эффектом может быть интерференция 
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S и Р-резонансов при захвате ядром 23SU поляризованных тепловых нейтронов. 
Угловое распределение осколков в этом случае может содержать член, пропорциональ­
ный 

tfftPf] (9) 

где а — единичный вектор в направлении спина нейтрона, Рп и Pf — единичные векторы 
в направлениях импульсов, соответственно нейтрона и легкого (или тяжелого) осколка. 

Корреляция (9) приводит к лево-правой асимметрии, которая в ряде случаев мо­
жет имитировать асимметрию вперед-назад по отношению к направлению поляризации 
пучка нейтронов. В условиях данного эксперимента такая ситуация может возник­
нуть, если имеется систематический сдвиг одной группы детекторов относительно 
мишени вверх, а другой группы — вниз. Хотя оценки показали, что этот эффект не 
может превышать величину 10"5 в использованной геометрии, тем не менее необходи­
мо было убедиться в этом экспериментально. В камере с геометрией расположения 
детекторов варианта 2 (см. рис.2) созданы условия, при которых вклад от корреляции 
(9) для отдельных групп детекторов (I-IV) должен возрасти более, чем в 20 раз по сра­
внению с геометрией варианта 1, если в последнем предполагать наличие систематичес­
кого перекоса на 2-3°, незаметного на глаз. Более того, если для Р-нечетной корре-
ляции аР знаки асимметрий для групп детекторов I и II должны быть одинаковы и 
противоположны знакам для групп III и IV, то для Р-четной корреляции (9) знаки 
для верхних групп детекторов I и III должны быть противоположны знакам для ниж­
них — II и IV. Если в измеряемый эффект дают вклад обе корреляции, то в измере­
ниях с геометрией 2 можно определить величину каждой из этих компонент. 

В табл. II приведены результаты измерений асимметрии при делении 23SU поляри­
зованными нейтронами в геометрии 2, усредненные по группам легких и тяжелых ос­
колков с учетом результатов измерений на деполяризованном пучке. 

Здесь j — индекс группы детекторов (см. рис.2). Из этих данных видно, что на­
блюдаемая асимметрия не возросла в 20 раз (пропорционально sin б), а знаки эффек­
тов соответствуют корреляции оР, а не корреляции (9). Усреднение данных таблицы II 
с поправкой на конечный телесный угол (cos б = 0,75) и приведением к 100%-ной по­
ляризации нейтронов, дает 

a(236U) = (2,5 ± 1,0) • Ю-4 (10) 

что в пределах ошибок согласуется с результатом, полученным в измерениях с геоме­
трией 1. Вклад корреляции (9) не превышает 4% от этой величины, т.е. пренебрежи­
мо мал. Усреднение двух результатов для 236U Приводит к значению: 

a(236U) = (l,7 + 0,4)-10^ (11) 
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Рис. 6. Амплитудный спектр импульсов от группы детекторов осколков деления "°Ри. 
Сплошные кривые - участки спектров, выделяемые дискриминаторами. 

ТАБЛИЦА III. КОЭФФИЦИЕНТЫ АСИММЕТРИИ СЧЕТА ЛЕГКИХ И ТЯЖЕЛЫХ 
ОСКОЛКОВ ДЕТЕКТОРАМИ I-IV ПРИ ДЕЛЕНИИ 2ЗДРи 

J 

I 

II 

к 

л 
т 
л 
т 

ajK-10« 

Рп=0,84 Р„=0,08 

4,17 ± 0,81 1,96 ± 0,82 

-3,66 ± 0,73 -0,91 ± 0,75 

3,63 ± 0,85 -0,09 ± 0,66 

-3,34 ± 0,80 0,74 ± 0,84 

J 

III 

IV 

К 

л 
т 
л 
т 

a j K -10« 

Рп= 0,84 Р„= 0,08 

-3,87 ± 1,16 -0,06 ± 0,93 

2,68 ±1,05 1,89 ±0,90 

-2,80 ±0,91 0,38 ±1,16 

2,77 ± 1,00 2,22 ± 1,14 
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ТАБЛИЦА IV. КОЭФФИЦИЕНТЫ АСИММЕТРИИ СЧЕТА ЛЕГКИХ И 
ТЯЖЕЛЫХ ОСКОЛКОВ ДЕЛЕНИЯ 234U В ЭНЕРГЕТИЧЕСКИХ 
ИНТЕРВАЛАХ IIV 

рп 

0,84 

0,08 

а 

тяжелые осколки 

I 

-2,07 ±0,31 

-0,14 ± 0,35 

II 

-1,85 ± 0,34 

-0,78 ± 0,31 

•10* 

легкие осколки 

III 

1,94 ±0,32 

-0,16 ±0,35 

IV 

2,39 ± 0,30 

0,06 ± 0,32 

2.2. Измерения асимметрии при делении 39Ри 

Измерения с мишенью из гидроокиси плутония проводились только в геомерии 2. 
На рис.6 показан типичный амплитудный спектр осколков деления 239Ри, зарегистри­
рованных группой детекторов (пунктир). Сплошные кривые — участки спектров, 
выделяемые дискриминаторами. Измерения на 239Ри велись круглосуточно в течение 
двух месяцев. В ходе эксперимента камера, как целое, периодически поворачива­
лась относительно оси, перпендикулярной к пучку, на 180°, чтобы дополнительно ис­
ключить эффекты, связанные с возможной несимметрией установки. 

Результаты измерений приведены в табл. III. Из приведенных данных получаем 

а(240Ри) = (-3,1 ± 0,5) • Ю-4 (12) 

Вклад корреляции (9) в асимметрию счета осколков в геометрии 2 равен 
(0,5 ± 0,5) -Ю - 4 . Поправка на конечный телесный угол регистрации осколков 
(cos 0 =0,75) и приведение результата к 100%-ной поляризации нейтронов дает 

а(240Ри) = (-4,8 ± 0,8) • 10"4 (13) 

В эксперименте с плутониевой мишенью периодически, вместо регистрации ос­
колков, регистрировались «-частицы распада 239Pit. Дифференциальные дискримина­
торы настраивались так, чтобы выделять небольшой участок спектра а-частиц. Все 
звенья установки при этом функционировали так же, как и в основных измерениях 
Р-нечетной асимметрии. Поскольку а-распад никак не связан с нейтронным пучком, 
то измеряемая асимметрия должна характеризовать приборную асимметрию, свя­
занную с каналами регистрации. 

Усредненное значение асимметрии оказалось равным 

ап (а) = (0,15 ± 0,29) • 10"4 (14) 
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Рис. 7. Схема выделения амплитудных интервалов при делении 2MU. 
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ТАБЛИЦА V. КОЭФФИЦИЕНТЫ 
Р-НЕЧЕТНОЙ АСИММЕТРИИ 

Ядро-
мишень 

" 'Ри 

"Зи 

»5ц 

h 
1 
2 

5 
2 

7_ 
2 

а- 10" 

-4,8 ± 0,8 

2,8 ± 0,3 

1,7 1 0,4 

Здесь важно отметить, что нижние пороги дифференциальных дискриминаторов уста­
навливались на крутом участке спектра а-частиц, и, следовательно, полученный ре­
зультат характеризует стабильность порогов и отсутствие корреляции между формой 
аппаратурного спектра частиц и реверсом направления поляризации нейтронов. 



IAEA-SM-241/A6 125 

2.3. Измерение асимметрии при делении 233TJ 

Измерения с мишенью из окиси 233U проводились как в геометрии 2, так и в ге­
ометрии 1. Измерение в геометрии 2 проводились лишь с целью выявить вклад кор­
реляции (9) в асимметрию. Величина этого эффекта, так же как и для ядер Z35U и 
?39Ри, оказалась в пределах ошибок измерений. С учетом этой неопределенности Р-не-
четная асимметрия при делении 233U в этой серии измерений оказалась равной 

a(234U) = (3,6 ± 1,0) • 10"4 (15) 

Измерения в геометрии 1 были выполнены с большим числом мишеней и детекторов, 
чем в случае 235U, с тем, чтобы с достаточной статистической точностью определить 
коэффициенты асимметрий для каждого из интервалов (I-IV) амплитудного спектра 
осколков (см. рис.7). Очевидно, что если нет аппаратурных эффектов, то коэффици­
енты асимметрий для интервалов III и IV должны быть одинаковы. Если это так, то 
отличие коэффициентов для интервалов I и II могло бы дать грубые указания о зависи­
мости эффекта от массы осколка. Результаты измерений сведены в табл. IV. Незна­
чительное отличие коэффициентов асимметрий для внутренних интервалов (II и III) 
по сравнению с внешними (I и IV) можно объяснить частичным перекрытием соответ­
ствующих максимумов. 

Из этих данных можно сделать два вывода: первый — что наблюдаемая асим­
метрия не связана с аппаратурными эффектами, и второй — что, вероятно, нет сущест­
венной монотонной зависимости эффекта от массы осколка. 

Средневзвешенное значение коэффициента асимметрии для ядра 234U по двум 
сериям измерений равно 

a(234TJ) = (2,8 ± 0,3) • КГ4
 t (16) 

3. РЕЗУЛЬТАТЫ И ИХ ОБСУЖДЕНИЕ 

Измеренные коэффициенты асимметрии сведены в таблицу V. Приведенные 
значения не поправлены на фактор, определяющий степень поляризации компаунд-
ядер, образованных при захвате поляризованных тепловых нейтронов. Сделать это не­
возможно, поскольку неизвестен вклад конкурирующих спиновых состояний Ij ± 1/2 
В захват тепловых нейтронов. Как видно из формулы (5), поляризация компаунд-
ядра в состояниях 1} ± 1/2 имеет противоположный знак. Более того, в общем случае 
вероятность процесса, сопровождающего захват тепловых нейтронов с переходом в 
данное конечное состояние, должна определяться когерентной суммой четырех амплитуд 
A (Ij +1 /2)" , A(Ij - 1/2)", A (Ij +1/2)-", A (Ij - 1/2)-", а величина Р-нечетной асим­
метрии — соответствующими интерференционными членами. 



126 ДАНИЛЯН и др. 

Тем не менее, обращает на себя внимание регулярная зависимость абсолютной 
величины измеренной асимметрии от значения спина ядра-мишени, Ij. Можно предпо­
ложить, что указанная зависимость отражает лишь зависимость меры поляризации 
компаунд-ядра от спина ядра-мишени. Тогда, характерная величина асимметрии ока­
зывается порядка (5-6) • 10"4, что совпадает с величинами Р-нечетных эффектов 
в (п, у) -реакциях [8-10]. Если это совпадение не случайное, то можно сделать два 
вывода: 

а) механизм нарушения четности в процессах (п, у) и (n, f) один и тот же, и, 
вероятно, определяется стадией образования компаунд-состояния; 

б) суммирование по конечным состояниям не нивелирует эффект. 
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Abstract-Аннотация 

A STUDY OF SPONTANEOUS FISSION IN THE ISOTOPES OF SOME HEAVY ELEMENTS 
AND THE LAWS GOVERNING FUSION REACTIONS IN CONNECTION WITH INTENSELY 
FISSILE COMPOUND NUCLEI. 

In the search for an explanation for the failure of many attempts to fuse superheavy 
elements in complete fusion reactions, fusion experiments on the 108th element are of interest. 
For this purpose the reactions 2 0 7 ' 208Pb + 58Fe and 226Ra + 48Ca were used. The upper limits 
were found for the cross-sections of reactions which result in the formation of the following 
products which undergo spontaneous fission: a < 2 X 10~3S cm2 for nuclei with T? F > 0.1 ms 
in 207> 2°8pb + 58Fe reactions and a < 3 X 10"3S cm2 for nuclei with т£ F > 1 ms in the 226Ra + 
48Ca reactions. A search was also made for 2ssFm, which is a daughter nucleus of the a-decay 
chain of the isotope 271108 formed in the reaction 226Ra(48Ca, 3n). The limit obtained is equal 
to a < 10"34 cm2 if the isotope 271108 and its daughter nuclei undergo mainly a-decay. Cross-
sections of reactions of the (HI, xn) type were calculated by a method based on statistical 
examination of the de-excitation of a compound nucleus. The ALICE program was used with 
the incorporation of a few changes. A semi-empirical ratio for the dependence.of the level density 
parameter on excitation energy and on the structure of nuclei was introduced. At all stages of the 
evaporation cascade except the last, liquid-drop fission barriers were used as a function of angular 
momentum. In the final stage they were replaced by a ground-state barrier incorporating shell 
corrections. Calculated cross-sections for evaporation reactions observed upon the irradiation 
of natural Tl, 208Pb and 209Bi with 48Ca ions agreed well with experimental values. At the same 
time, a similar calculation for the 2 0 7 ' 208Pb(S8Fe, xn) and 226Ra(48Ca, xn) reactions showed 
that the cross-sections expected for the formation of isotopes of the 108th element lay beyond 
the observed limits. Thus, the most plausible assumption is that these isotopes have short half-
lives, as follows: Т Р < 0 . 1 ms fo r 2 6 3 _ 2 6 S 108andT£ F <l msfor 2 7 1 ' 2 7 2 108 . 
The connection between the limits found and the systematics of T? F for known atomic nuclei 
is discussed. 

ИССЛЕДОВАНИЕ СПОНТАННОГО ДЕЛЕНИЯ ИЗОТОПОВ НЕКОТОРЫХ ТЯЖЕЛЫХ ЭЛЕМЕНТОВ 
И ЗАКОНОМЕРНОСТЕЙ РЕАКЦИЙ СЛИЯНИЯ В ОБЛАСТИ СИЛЬНО ДЕЛЯЩИХСЯ 
КОМПАУНД-ЯДЕР. 

Для выяснения причин многих неудачных попыток синтеза сверхтяжелых элементов в ре­
акциях полного слияния представляют интерес эксперименты по синтезу 108-го элемента. С этой 
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целью использовались реакции 207>20врь +5!Fe и 226Ra + 48Са. Были получены верхние пределы 
поперечных сечений реакций, приводящих к спонтанно делящимся продуктам: о < 2 -10" 35 см2 

SK SP 
для ядер с Т № > ОД мс в реакциях 2°7>2°ерь + 58Fe и а < 3-10*35см2 для ядерТ 1/2 > 1 мс в ре­
акции 2MRa + "sCa . Велся также поиск 2SSFm- дочернего ядра цепочки а-распада изотопа. 271108, 
образующегося в реакции 22SRa (48Ca, Зп). Получен предел, равный о< Ю -34 см2, если изотоп 
2,1108 и его дочерние ядра испытывают главным образом а-распад. Поперечные сечения реакций 
типа (HI, xn) рассчитывались по методу, основанному на статистическом рассмотрении девоэбуж-
дения компаунд-ядра. Применялась программа ALICE, в которую были внесены некоторые из­
менения. Было введено полуэмпирическое соотношение для зависимости параметра плотности 
уровней от энергии возбуждения и структуры ядер. На всех ступенях испарительного каскада, 
кроме последней, использовались жидкокапельные барьеры деления, зависящие от углового мо­
мента. На последней ступени они заменялись барьером для основного состояния, учитывающим 
оболочечные поправки. Расчет поперечных сечений испарительных реакций, наблюдавшихся при 
облучении естТ1, 208РЬ и 2°'Bi ионами 48Са, дал хорошее согласие с экспериментом. В то же время 
аналогичный расчет для реакций 207>208Pb(s8Fe, xn) и 226Ка (48Са, хп) показал, что ожидаемые попе­
речные сечения для образования изотопов 108-го элемента выше установленных пределов. Поэтому 
наиболее вероятным является предположение, что эти изотопы имеют короткие периоды полураспада: 
T w < 0,1 мс для M 3 - 2 e s108 и Т1/2 < 1 мс для 27t>"2108. Обсуждается связь полученных пределов 
с систематикой Tj/2 для известных атомных ядер. 

1. ВВЕДЕНИЕ 

Многочисленные эксперименты, проведенные с целью синтеза сверхтяжелых 
элементов в реакциях полного слияния с бомбардирующими тяжелыми ионами с 
А > 4 0 (см., например, [1 , 2 ] ) , не внесли пока ясность в проблему существования 
гипотетических нуклидов в новой области стабильности. К сожалению, положение 
не изменилось после того, как в Дубне и Беркли были получены достаточно интен­
сивные пучки ускоренных ионов ^ С а и был выполнен ряд работ по синтезу сверх­
тяжелых элементов [3-7] с применением этой бомбардирующей частицы. Оба воз­
можных объяснения: слишком короткие времена жизни синтезируемых изотопов 
или очень малые поперечные сечения реакций, требуют дополнительного изучения. 
Поэтому представляет интерес исследование стабильности ядер с Z > 100 и законо­
мерностей их образования в реакциях слияния с тяжелыми ионами. 

Времена жизни этих ядер в отношении а- и |3-распада, включая и область сверх­
тяжелых элементов, могут быть предсказаны достаточно точно. В то же время тео­
ретические предсказания периодов полураспада для спонтанного деления неизвест­
ных изотопов могут различаться на 3-4 порядка величины в области, непосредствен­
но примыкающей к известным ядрам, а разница в предсказаниях для сверхтяжелых 
ядер достигает 10 и более порядков. Поэтому представляет интерес получение дан­
ных о спонтанном делении новых изотопов. 

SF 
Систематика известных Т ^ 2 (см. рис. 1) отражает влияние оболочечной струк­

туры на стабильность ядер. Однако, в противоположность изотопам Cf, Fm и 102-го 
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элемента, для которых проявляется стабилизирующий эффект подоболочки N = 152, 
у изотопов Ku(Z = 104) этот эффект практически отсутствует [8, 9] и наблюдается 

SF монотонный рост Ti 12 с увеличением числа нейтронов. Можно ожидать, что для 
ср 

более тяжелых элементов также будет наблюдаться рост Tj <2
 с увеличением N без 

выраженного максимума при N = 152. Это предположение находит подтверждение 
в соответствующих теоретических расчетах [10, 11], а также в результатах изучения 
спонтанного деления изотопов 259106 [12] и263106 [13]. 

Важным промежуточным этапом при переходе от указанных изотопов к сверх­
тяжелым элементам был бы синтез 108-го элемента. С этой целью нами использо­
вались реакции 226Ra + ""Ca и 208Pb + 58Fe. Эксперименты проводились на внутрен­
нем пучке циклотрона У-300 Объединенного института ядерных исследований (ОИЯИ). 

2. ЭКСПЕРИМЕНТЫ ПО СИНТЕЗУ ИЗОТОПОВ 108-го ЭЛЕМЕНТА 

2.1. Реакция 226Ra + 48Са 

В этой реакции минимальная энергия возбуждения компаунд-ядра Ещц, сос­
тавляет 32 МэВ, поэтому каналы с испарением 2-4-х нейтронов являются наиболее 
вероятными. В реакции Зп должен получаться нечетный изотоп 271108, для которо-

ср 
го можно сделать приближенную оценку Т щ , используя результаты теоретических 
расчетов в наиболее близкой области. Согласно работам [10, 11], следует ожидать 
для этого изотопа период полураспада порядка 10 с. В то же время, если проэкст-
раполировать результаты расчетов работы [14] в область Z = 108, значения получа­
ются на 2-3 порядка величины ниже. 

Для оценки периода полураспада в отношении к а-распаду' мы воспользовались 
полуэмпирической формулой [15] и массовой формулой [16]. Полученные оценоч­
ные значения Tj/2 и Т т для изотопа 27,108 и возможных продуктов его а-распада 

ее SF 
показаны на рис.2. Видно, что согласно оценкам, по всей цепочке распада Т ^ < Т^2-
Простые оценки периодов полураспада для электронного захвата показывают, что этот 
вид распада для рассматриваемых изотопов маловероятен. 

Как следует из рис. 2, целесообразно попытаться зарегистрировать на опыте 
^ F m C T i ^ = 20,1ч, Еа = 7,01 МэВ), как продукт распада 271108. Однако, нельзя 
исключить и другую возможность, а именно, что изотоп 271108 или некоторые про­
дукты его распада испытывают главным образом спонтанное деление. Поэтому 
схема эксперимента предусматривала возможность наблюдения как 255рш,так и 
регистрацию короткоживущих спонтанно делящихся нуклидов. 

В опыте использовалась тонкая мишень (0,6 мг/см2 RaF2 на подложке из Ni, 
0,9 мг/см2) и вращающийся сборник в виде А1-фольги (6 мкм), переносящий яд­
ра отдачи к слюдяным трековым детекторам осколков деления за время, равное 
1 мс. После облучений продолжительностью по 20 часов AI-сборник подвергался 
химической переработке и из него выделялась фракция Fm, которая очищалась 
от примесей Ra, Ac, Th, способных дать фон в районе пика а-частиц 2SSFm. 
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Рис.1. Систематика экспериментальных значений Т i/2 ' для четно-четных изотопов с Z ^100 
и для нечетных изотопов с Z = 104 и 106. Пунктиром обозначен расчет для Z = 108[11]. 
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Рис.2. Схема образования и распада изотопа т108 (см. текст). 

а-спектр фракции Fm измерялся с помощью Si-Au-поверхностно-барьерного детек­
тора. Эффективность регистрации а-частиц составляла около 20%. 

Перед изготовлением мишени радий очищался от примесей свинца 
(менее 10"3вес%) и урана (менее 10_1вес%), способных при облучении ^Са дать 
фон спонтанного деления. Общая длительность облучений составила 60 ч при 
интегральном потоке 4,5 1016. Энергия ионов ^Са равнялась 235 МэВ на входе в 
слой Ra и 223 МэВ на выходе из него. 

В эксперименте не было зарегистрировано ни одного осколка спонтанного 
деления. Соответствующая верхняя граница поперечного сечения образования в 
реакции 226Ra + ^Са спонтанно делящихся продуктов cTi/2 > 1мс, в том числе 
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изотопов 270~272108, составляет 3-Ю"35 см2. Не наблюдался на опыте и а-распад 255Fm, 
что дает верхнюю границу поперечного сечения образования этого изотопа, равную 
КГ34*см2 при условии Ti/2 <Ti /2 • 

2.2. Реакция 208Pb+ s8Fe 

В ряде экспериментов по синтезу изотопов с Z = 100-107, выполненных в 
Дубне [1, 8, 9, 12, 17, 18], наблюдались продукты испарения компаунд-ядер, обра­
зующихся при полном слиянии бомбардирующих ионов от Ar до Мп с ядрами ми­
шеней Т1, Pb, Bi. Некоторые эксперименты были выполнены также в Беркли [19]. 
Поперечные сечения исследовавшихся реакций (HI, 2-4п) имели величину 10"30-10"34 см2, 
сравнительно большую в масштабах сечений, обычных при синтезе сильно делящихся 
трансфермиевых ядер. Не исключено поэтому, что использование реакций типа 
208Pb(58Fe, xn) будет эффективным при синтезе изотопов 108-го элемента. 

Оценка Emin показывает.что вблизи кулоновского барьера в этом случае долж­
ны протекать реакции с испарением двух, трех, а, возможно, и одного нейтрона. Прос­
тая линейная экстраполяция при N = 157 от Z = 100, 102, 104 и 106 к Z = 108 дает 
для изотопа 265108 в качестве грубой оценки Тх/г^ 1 мс. Теоретические оценки [10, 11] 
приводят для изотопов 108-го элемента с числом нейтронов N=155 , 1 5 6 и 1 5 7 к 
значениям Tj/2 = 0,5; 0,3 и 30 мс, соответственно. Спонтанное деление должно быть 
основным видом распада указанных изотопов, так как оценки Т\/2 дают, по край­
ней мере, на порядок большие времена. 

Чтобы иметь возможность получить нечетный изотоп 263108 в реакции 2п, в 
опытах облучалась также мишень из обогащенного 207РЬ. 

Мишень представляла собой металлический слой 208РЬ или 207РЬ толщиной 
2 мг/см2 на Ni-подложке (1,5 мг/см2). Были приняты меры для предотвращения ее 
испарения под действием пучка. Толщина свинцового слоя контролировалась пери­
одически методом рентгено-флуоресцентного анализа. 

Ядра отдачи, выбитые из мишени, тормозились в AI-фольге толщиной 9 мкм, 
укрепленной по периметру диска диаметром 25 см, вращавшегося со скоростью 
11000 об/мин и переносившего ядра отдачи к слюдяным детекторам за время, рав­
ное 0,1 мс. В контрольном эксперименте, в котором мишень из 208РЬ облучалась 
ионами 54Сг, с энергией 278МэВ, при интегральном потоке 4,8-1016наблюдалось 
11 осколков спонтанного деления изотопа 259106, получавшегося в реакции 
208Pb (s4Cr, 3n) [12]. Измеренное в этом опыте поперечное сечение указанной ре­
акции — (2,5 ± 0,9)-10_34см2, в пределах экспериментальных ошибок и возможной 
неточности выбора энергии 54Сг, совпало с ранее измеренным [12]. • 

В экспериментах с s8Fe энергия бомбардирующих ионов равнялась 306 МэВ на 
входе в мишень и 282 МэВ на ее выходе. Средняя интенсивность пучка ионов сос­
тавляла 1,5-1012с-1. В опыте с мишенью из 207РЬ не было зарегистрировано ни одного 
осколка спонтанного деления при интегральном потоке s8Fe 6,5 -1016. Это дает верхний 
предел поперечного сечения 2-10 -35см2 Интегральный поток 58Fe на мишени 208РЬ сое-
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тавил 2,8-1017 ионов. Было зарегистрировано 6 треков осколков деления, происхож­
дение которых может быть объяснено наличием микропримесей урана в слюде. 
Поэтому может быть указан лишь верхний предел поперечного сечения реакций 
- 2 - К Г 3 5 с м 2 . 

3. ИЗУЧЕНИЕ ЗАКОНОМЕРНОСТЕЙ РЕАКЦИЙ ПОЛНОГО СЛИЯНИЯ В ОБЛАСТИ 
СИЛЬНО ДЕЛЯЩИХСЯ КОМПАУНД-ЯДЕР 

Отсутствие среди продуктов реакций M6Ra -f^Ca и 208Pb + s8Fe изотопов 108-го 
элемента можно объяснить одной из двух причин: либо эти изотопы имеют слишком 
короткие времена жизни, что исключает их наблюдение в описанных экспериментах, 
либо реальные поперечные сечения соответствующих испарительных реакций меньше 
установленных пределов. Остановимся несколько подробнее на втором предполо­
жении. 

Для анализа реакций полного слияния бомбардирующих ионов ^Са с различ­
ными мишенями нами был применен метод расчета сечений, основанный на статис­
тическом рассмотрении процесса девозбуждения компаунд-ядра, использующем приб­
лижение ферми-газа для плотности уровней. Применялась полуэмпирическая зави­
симость параметра плотности уровней от энергии возбуждения Е*и структуры ядер [20] 

а (Е*)=а 

где а изменялось от 22 до 25 МэВ_1в интервале А = 250-300. Величина AW(Z, A) 
имеет смысл оболочечной поправки к массам основных состояний. Для всей об­
ласти рассматриевых ядер ее можно было выбрать около -5МэВ. В расчетах пред­
полагалось, что an(E*) = af (E*). 

На всех ступенях испарительного каскада, кроме последней, использовались 
жидкокапельные барьеры деления Bg , зависящие от углового момента [21]. На 
последней ступени каскада использовались величины барьеров для основного сос­
тояния В0 , учитывающие оболочечные эффекты [22]. Такая модификация барье­
ров деления на последней ступени каскада (E*<=* 20-10 МэВ) особенно важна при 
рассмотрении девозбуждения компаунд-ядер с Z > 100, где величина жидкокапель-
ного барьера стремится к нулю. Критический угловой момент определяется тем 
значением углового момента, при котором жидкокапельный барьер деления стано­
вился равным нулю, Й <* 40-60 h. Парциальные сечения образования компаунд-ядра 
рассчитывались с использованием действительной части оптического потенциала в па­
раболическом приближении 

Чщ = V0 ехр { [г0 ( А ' в + А1,*)- г] Id} 

где для всей области исследуемых ядер V0 = - 67 МэВ, d = 0,4 фм, г0 = 1,28 фм. 
Энергетическая зависимость сечений обратных реакций захвата (п, р, а) вы­

числялась по оптической модели. 

1 + [1-ехр(-0,054Е*)] AW(Z, A) 
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При расчете энергий возбуждения для всех ядер использовались эксперимен­
тальные значения масс ядер, если они известны. В тех случаях, когда такие дан­
ные отсутствуют, массы ядер вычислялись по формуле [22]. По этой же формуле 
рассчитывались энергии связи нуклонов и а-частиц. Энергии вращения для равно­
весных и седловых фигур вычислялись по формулам работы [21]. 

В расчетах учитывались каналы деления и испарения нуклонов и а-частиц. Вы­
числения проводились для каждого парциального сечения образования компаунд-яд­
ра с шагом, равным 1 МэВ, по энергии возбуждения. За основу была взята прог­
рамма ALICE [23], в которую были внесены указанные выше изменения. 

Описанная модель была применена нами для анализа результатов эксперимен­
тов, в которых были получены интегральные выходы изотопов 246Cf, 2S2Fm + 2SSFm 
и 254Fm при вблучении ионами ^Са толстых мишеней из 208Pb, 209Bi и естествен­
ной смеси изотопов TL Перечисленные изотопы являлись дочерними продуктами 
цепочек распада исходных ядер, которые получались в различных каналах девоз-
буждения компаунд-ядра. Расчетные кривые функций возбуждения для различных 
испарительных реакций ""Ca на 205Т1, 208РЬ и 209Bi показаны на рис.3. Каждая из 
этих кривых интегрировалась от порога соответствующей реакции до максималь­
ной энергии пучка ионов ^Са (Е0), указанной на рис.3 стрелками. Большинство 
рассматриваемых функций возбуждения лежит левее максимальной энергии, поэ­
тому неопределенность энергии ионов на входе в толстую мишень (5 МэВ) не вли­
яет существенно на результаты расчета. 

Сравнение экспериментальных данных и результатов расчета проведено в табл.1, 
в первых трех колонках которой перечислены мишени (Tl, Pb, Bi), указаны изото­
пы, которые наблюдались на опыте и интегральные поперечные сечения их образо­
вания (2ЭКСП) в единицах мкб-МэВ. 

В 4 колонке приведены основные каналы девозбуждения компаунд-ядра. Рас­
четные поперечные сечения в максимумах функций возбуждения этих каналов и 
расчетные интегральные сечения даны в 5 и 6 колонках. Парциальный вклад % 
каждого испарительного канала (7 колонка) определялся соответствующими це­
почками а- и ß-распадов. в случае ес1гц в «к учитывался состав смеси изотопов тал-

^ 0 

лия. В 8 колонке табл.1 приведены значения 2 p a C 4 =2/a k /0k(E)dE, 

Ев 
включающие вклад всех испарительных каналов. Каналы испарения, суммарный 
вклад которых < 10% от полной величины 2расчДля простоты не включены в табл.1. 

Как видно из табл.1, для всех наблюдавшихся продуктов реакций получено 
качественное согласие расчетных и экспериментальных интегральных сечений. Ин­
тересно, что все три компаунд-ядра образуются в практически совпадающих началь­
ных состояниях по энергии возбуждения и угловому моменту. Действительно, для 

205Т1, 208РЬ и 20*Bi расчетная величина барьера взаимодействия с одСа равна 172, 
172,8 и 175 МэВ и Е ^ = 22,3,18,9 и 20МэВ, соответственно. Поэтому из сово-



ТАБЛИЦА I. СРАВНЕНИЕ РЕЗУЛЬТАТОВ ЭКСПЕРИМЕНТОВ С РАСЧЕТОМ. БОМБАРДИРУЮЩИЕ ИОНЫ - "«Ca, ТОЛСТЫЕ МИШЕНИ. ПОПЕРЕЧНЫЕ 
СЕЧЕНИЯ (о™™) В мкб (16арн(б) = К Г ^ м 2 ) , ИНТЕГРАЛЬНЫЕ ПОПЕРЕЧНЫЕ СЕЧЕНИЯ (2ЭКсп> < $ 5 „ 2расч) - В мкб • МэВ 

Продукт макс 
°расч «расч % 

ecij! 

OTFm 0,20 ± 0,05 In 
lp 

0,035 
0,004 

0,24 
0,032 

0,7 
0,7 

0,19 

*"Cf 1,3 ± 0,2 3n 
an 

0,25 
0,11 

0,7 
0,78 

0,69 
0,27 

0,76 О 
• 1 

»Fm 4,2 ± 0,8 2n 2,1 0,1 1,5 8 
SO 
X 

»•Pb »»Fm + M5Fm 1,2 ± 0,2 In 
10 

0,25 
0,11 

1,8 
0,86 

0,1 
1 

1,1 

»Cf 40,6 ± 6 2n 2,1 14 

"*Bi 

JBFm + "5Fm 0,93 ± 0,16 In 
an 

0,068 
0,037 

0,74 
0,39 

1,3 

«•a 0,39 i 0,08 3n 0,034 0,32 0,99 0,32 
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Рис.3. Расчетные функции возбуждения для реакций ™РЪ + "Ca, 10STl + "Са и "'Bi + "Са. 
Стрелками обозначены значения энергии "Ca в лабораторной системе на входе в толстые ми­
шени. 

купности данных, представленных в табл.1, можно оценить роль всех основных 
испарительных каналов. 

В данной работе удалось измерить сечение реакции In. Именно этот канал 
обуславливает около 90% выхода 252Fm при облучении естТ1. Хорошее согласие 
измеренного интегрального сечения с расчетным свидетельствует о том, что при 
переходе от "°Аг к ^Са радиус взаимодействия сталкивающихся ядер практичес­
ки не изменился. Расчетное сечение в максимуме функции возбуждения реакции 
20STl(48Ca, In) равно 3,5-10"32см2. Канал реакции In вносит примерно 60%-ный 
вклад в выход изотопов 252Fm + 2ssFm в реакции 209Bi + "*Са. В реакции 
М8РЬ + ^Са вклад этого канала выделить трудно, так как большое сечение име-
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ТАБЛИЦА II. РАСЧЕТНЫЕ ПОПЕРЕЧНЫЕ СЕЧЕНИЯ РЕАКЦИЙ ПРИ ЗНАЧЕНИЯХ 
ЭНЕРГИЙ ИОНОВ Емакс (ЛАБОРАТОРНАЯ СИСТЕМА), СООТВЕТСТВУЮЩИХ МАК­
СИМУМАМ ФУНКЦИЙ ВОЗБУЖДЕНИЯ. Q = Мх + М2 - М к . я 

Реакция 

M»Pb ("Fe, 

10SPb(S8Fe, 

2MRa ("Ca 

ta) 

2n) 

,2n) 

2MRa (4,Ca, 3n) 

r0 
(фм) 

1,28 
1,25 

1,28 
1,25 

1,28 
1,28 
1,25 

1,28 
1,28 
1,25 

в„ 
(МэВ) 

3,2 
2,2 

3,2 
2,2 

3,4 
2,4 
2,4 

3,4 
2,4 
2,4 

Q 
(МэВ) 

-205 
-203 

-205 
-203 

-154 
-152 
-152 

-154 
-152 
-152 

миакс 
(МэВ) 

283 
288 

293 
293 

224 
223 
228 

227 
226 
230 

(см2) 

2,6-
6,5-

3,1-
8,8-

1,0-
4,0-
3,0-

5,0' 
7,0-
1,5-

IO"31 

10"35 

10'3S 

ю-33 

io-33 

io-35 

1 0 -м 

IO"33 

IO"34 

10" " 

ет реакция с испарением о-частицы, а вилка на К-захват у ядра 255102 эксперимен­
тально не наблюдалась. Для оценок мы приняли ее равной 10%. 

Как видно из рис.3 расчетные сечения испарения двух нейтронов в максиму­
ме являются наибольшими по сравнению с другими каналами испарения. Канал 2п 
четко проявляется в случае реакции 20вРЬ + '''Ca в выходах изотопов 254Fm и 246Cf. 
На основании наших данных можно утверждать, что у 254102 имеется 10%-ная вил­
ка на К-захват. Расчетный максимум сечения реакции 208РЬ (^Са, 2п) равен 
2,1-10" *°см2, однако, из сравнения 2ЭКСп и 2раСЧ следует, что экспериментальное 
сечение примерно в 3 раза больше расчетного. 

В реакции 209Bi + ^Са выход 246Cf полностью обусловлен каналом Зп, расчет­
ное максимальное сечение которого равно 3,4-10"32 см2. Этим же каналом опре­
деляется около 60 % измеренного выхода 246Cf в реакции естт1 + ^Са. 

4. ОБСУЖДЕНИЕ РЕЗУЛЬТАТОВ 

Учитывая полученное согласие между теорией и экспериментом (см. табл.1), 
мы сочли возможным применить описанный метод расчета для оценки поперечных 
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сечений реакций полного слияния 226Ra + ^Са и M8Pb + 58Fe. Результаты расчета 
представлены в табл.II, из которой видно, что при г0 = 1,28 фм поперечные сечения 
испарительных реакций в указанных комбинациях ион —мишень должны быть сущест­
венно выше тех пределов, которые были достигнуты в наших экспериментах. Поэ­
тому было целесообразным оценить зависимость предсказываемых поперечных се­
чений от параметров модели г0, В0 и от возможных ошибок в Q-реакциях, выз­
ванных неточностью массовой формулы [22]. При этом мы воздержались от ра­
дикальных изменений в теории, связанных с предположением о резком уменьше­
нии вероятности слияния тяжелых ядер при переходе от свинцовой мишени к ра­
диевой или от бомбардирующих ионов Ar-Мп к 58Fe. Величины поперечных сече­
ний для некоторых реакций при измененных параметрах г0, В0 и Q-реакции, пред­
ставлены в табл. II. 

Как видно из табл.II, эти величины оказываются выше экспериментально ус­
тановленных пределов. Поэтому отсутствие среди продуктов реакций я^я^рь + 58Fe 
спонтанно делящихся нуклидов с Tj/2 > 0,1 мс, по всей вероятности, связано с 
тем, что времена жизни соответствующих изотопов 263>264Ю8 меньше 0,1 мс. Ис­
ключение, быть может, составляет изотоп 26s 108 с числом нейтронов 157. Он мог 
образоваться в наших опытах только в реакции 208Pb(58Fe, In), для для которой при 
г0 = 1,28 и В0 = 3,2 МэВ предсказывается поперечное сечение в максимуме 
2,6-10"31 см2. Однако, как видно из табл.II, допустимые изменения в величинах 
этих параметров и Q-реакции могут объяснить уменьшение величины поперечного 
сечения этой реакции в 400 раз и более. 

Расчеты показывают (см. табл.II), что при постоянном г0 = 1,28 фм уменьшение В0 

на 1 МэВ и переход от Q = - 154 МэВ к Q = - 152 МэВ (что является большим изменени-
емдля этих параметров) поперечные сечения реакций 226Ra(48Ca, 2n) и 226Ra(48Ca, Зп) 
все еще оказываются выше пределов, установленных экспериментально. Особенно 
слабо зависит от параметров сечение реакции Зп, приводящее к образованию изо­
топа 271108. Что касается параметра г0, для комбинации 226Ra + ^Са его умень­
шение по сравнению с величиной 1,28 фм, установленной при анализе данных по 
реакциям слияния ^Са с Т1, РЬ и Bi, вряд ли оправдано. Однако, даже замет­
ное его уменьшение, до 1,25 фм, не приводит к снижению предсказываемого се­
чения реакции Зп ниже экспериментального предела. 

Таким образом, наиболее предпочтительным оказывается предположение, что 
изотопы 271'272108 не наблюдались на опыте, так как их периоды полураспада ко­
роче, чем 1 мс. Естественно предположить, что основным видом их распада явля­
ется спонтанное деление. 

ер 
Пределы периодов полураспада Т щ для изотопов 108-го элемента, полученные 

в настоящей работе, показаны на рис.1. Как видно из рисунка, эти пределы не 
столь далеки от теоретических предсказаний для легких изотопов 263_26S108. Од­
нако, для более тяжелых изотопов они существенно ниже ожидавшихся величин. 
Например, для нечетного изотопа 271108 разница составляет 4 порядка величины. 
Такое расхождение не является, тем не менее, неожиданным, так как точность рас­
четов Ti/2 невелика. Расхождения расчетных величин Тщ с экспериментальными 
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данными в области известных ядер достигает нескольких порядков величины 
[10, 11, 14, 24]. Оценить неопределенность предсказаний в области неизвестных 

ядер можно, сравнивая результаты расчетов по различным моделям [10, 11, 14], 
которые дают близкие результаты в области известных изотопов с Z = 100-102 
и различаются на 2-3 порядка величины в соседней области (Z = 104-108, N = 156-162). 
Предсказание для изотопов 108-го элемента монотонного роста Tf/2 с увеличением 
числа нейтронов [10, 11] также является неоднозначным [14]. 

Нам представляется, что необходимо дальнейшее исследование проблемы син­
теза 108-го элемента. При изучении реакции 208Pb + 58Fe необходим поиск про­
дуктов с Тц2 < 0Л м с- Было бы целесообразным также изучить реакции '2A9Ci + 22Ne, 
210Pb + 58Fe, 204Hg + м № , которые позволяют получить, в принципе, более тяже­
лые изотопы 108-го элемента. Фактически эксперименты по синтезу 108-го элемен­
та являются модельными для перехода к синтезу сверхтяжелых ядер. Такой пере­
ход связан с применением тяжелых мишеней и ^Са или еще более тяжелых бом­
бардирующих частиц. Поэтому дальнейшее изучение реакции 226Ra + ^Са при су­
щественно большей быстроте действия и чувствительности методики является 
очень желательным. С началом работы нового ускорителя тяжелых ионов — цик­
лотрона У-400 ОИЯИ возможности проведения подобных работ резко возросли. 

В заключение авторы благодарят В.Зайделя, Ю.А. Селицкого, В.Б. Фунштейна, 
С.С. Коваленко и К.А. Петржака, участвовавших в экспериментах с радиевой ми­
шенью, X. Брухертзайфера, О. Константинеску, М. Шварценберг, К.А. Гаврилова 
и Чой Вал-сека за проведение химических экспериментов, СП. Третьякову за по­
мощь в расчетной части работы. 
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DISCUSSION 

G.F. HERRMANN: In view of the fact that fission competition is 
important in evaporation calculations, which approach did you take in estimating 
the T n / r f values? 

G.M. TER-AKOP'YAN: We adopted the approach based on a statistical 
model. 

H.J. SPECHT: Do I correctly assume that the effects of angular momentum 
on the fission barrier were taken into account in the calculations? 

G.M. TER-AKOP'YAN: We calculated the fission barrier in accordance with 
the Cohen, Plasil and Swiatecki method at all the evaporation stages except the 
last, i.e. we used the liquid-drop approximation and took into account dependence 
on angular momentum. In the last evaporation stage we introduced a barrier for 
the ground state, in which we took account of shell effects, disregarding in this 
case the dependence of the barrier on angular momentum. 

P. ARMBRUSTER: How did you make allowance for the disappearance 
of shell effects with excitation energy? And which damping energy did you use 
for the last evaporation stage? 

G.M. TER-AKOP'YAN: The gradual disappearance of the shell effects with 
increase in excitation energy was actually taken into account by using liquid-drop 
fission barriers at all the evaporation stages except the last, as I have explained. 
This represents a rather crude model, of course, which can be used only as a first 
approximation. But it accords quite well with the experimental data. 

At all evaporation stages we used the same value for the level density 
parameter, without altering the constants in it. 

J. PETER: Do your cross-section calculations take into account the fact 
that only weak partial waves contribute to fusion, especially in the case of 
systems such as Pb + Fe with high Zx and Z2? Medium and high partial waves 
produce highly inelastic conditions — which is not envisaged in the ALICE 
program. 

G.M. TER-AKOP'YAN: In the combinations of heavy ions and targets here 
considered, the condition predominantly causing partial wave cut-off with a 
high angular barrier is the one imposed by fission at B^D = 0. We did not, 
therefore, consider cut-off due to the initial conditions. 
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Abstract 

DYNAMICAL CALCULATIONS OF SPONTANEOUS-FISSION HALF-LIVES. 
Spontaneous-fission half-lives are calculated for the heaviest even-even nuclei (Z = 96—110). 

The penetration of the fission barrier is treated as a one-dimensional problem, in the WKB 
approximation. The potential energy is calculated as a sum of the Myers-Swiatecki droplet 
model energy and the shell correction obtained by the Strutinsky method. Quadrupole 
axial and non-axial deformations and axial deformations of multipolarities three, five and 
six are considered. The mass tensor (only six components) is calculated in the cranking 
approximation. All microscopic calculations are based on the modified oscillator single-particle 
potential. The action integral is minimized by two different variational methods. No free 
parameters are used. — The calculated half-lives reproduce the experimental values with an 
accuracy slighly better than two orders (around a factor of 50), on the average. 
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1. INTRODUCTION 

There is a continuous interest in the theoretical reproduction of the 
spontaneous-fission half-lives Tgf, for known nuclei and in corresponding pre­
dictions for unknown nuclides. This is connected with a continuous progress 
in the synthesis of new elements and also of new isotopes of already known 
elements. An important reason for this interest is also the fact that the present 
description of T^ is still rather far from satisfactory. 

This paper is a continuation of our previous research [ 1, 2], in which a 
theoretical reproduction on the halv-lives Tsf without making use of any free 
parameter has been tried. In the earlier, both dynamic (e.g. Ref.[3]) and static 
(e.g. Ref.[4]), calculations, a free parameter has been used. Henceforth, we shall 
refer to Ref.[l] as I. 

We shall concentrate on even-even nuclei with atomic numbers Z = 96—110. 
The half-lives Tsf are calculated dynamically. The main differences with respect 
to the paper I are: accounting for the e6 degree of freedom (describing the 
deformation of multipolarity 6) in the calculation of the fission barrier, application 
of the Ritz method in the variational calculation of the barrier penetrability -
as a test for the variational method elaborated and applied earlier (see I) — 
consideration of a larger number of isotopes. 

2. DESCRIPTION OF THE CALCULATIONS 

In the calculation of the half-life, Tjf = In 2/(nP), where n is the number of 
assaults of a given nucleus on the fission barrier per unit time, a basic factor is the 
probability P of the penetration of the nucleus through the fission barrier for 
a given assault. Similarly, as in previous investigations [1, 3, 5, 6], the barrier 
is treated as one-dimensional. A two-dimensional treatment has been studied 
in Ref.[7] for the case of a simple barrier. In the one-dimensional case, the 
penetrability calculated in the WKB approximation is [5] 

P = [ l + e x p S ( L m j n ) ] - 1 (1) 

where 

S2 

,=2 / 4-i S(L) = 2 / V — [V(s)-E]B(s)ds (2) 

Sl 
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with 

Z d a; da; 
B W S > ^ (3) 

is the action integral calculated along a trajectory L given in the deformation 
space. V(s) is the potential energy along L, E is the energy of the fissioning 
nucleus, щ and 05 (i, j = 1 , . . . , n) are the deformation parameters, and s is the 
parameter describing the position on the trajectory L. B(s) is the effective-mass 
(inertia) parameter of the nucleus 'moving' along L and constructed from the 
components В of the mass tensor. 

By the dynamical calculation of T^, we mean that, having both the potential 
energy VCaj,. . . , an) and the mass tensor B a . a j ( a b . . . , cnn) dependent on 
deformation, we look (by variational methods) for the trajectory Lmjn for which 
the action S(L) becomes minimum. 

The deformation of the nucleus is described by the following parameters: 
(quadrupole) e, (hexadecapole) e4, (multipolarity 6) e6 (see Ref.[8]) and 
(reflection-asymmetric) e3S, being a combination of the parameters e3 and e5 

corresponding to the deformations of multipolarities 3 and 5, respectively [9]. 
Besides these axially symmetric deformations, the non-axial quadrupole deformation 
7 [ 10] is also taken into account. The full dynamical calculation is performed in 
the (e, e4) space. Other degrees of freedom are accounted for either in an 
approximate dynamical way (7) (see I) or only statically (e6, e35), i.e. only 
through the potential energy. 

The potential energy is calculated as a sum of the smooth part, described 
by the Myers-Swiatecki droplet model [11, 12] and the shell correction evaluated 
by the Strutinsky method [13]. 

The mass tensor is obtained by the cranking model (e.g. Refs [5, 14]). All 
microscopic calculations (shell correction and mass tensor) are based on the 
modified oscillator single-particle potential with the 'A = 242 parameters' 
(see Ref. [8]). 

Minimization of the action integral (2) is performed by the variational 
method. The potential energy and the mass tensor are calculated at 198 grid 
points in the (e, e4)-plane, the same as in I, covering a wide region in this plane. 
A procedure based on dynamical programming methods [15] and elaborated 
in Ref.[16] allows for a numerically fast choice of the minimal path Lmin among 
all possible zigzag-type trajectories connecting two fixed end points and passing 
through the grid points situated in the barrier region (i.e. in the region where 
the potential energy У(а1}. . . ,an)is larger than the energy E of a fissioning 
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FIG. 1. Potential energy of 2S2Fm calculated as a function of the deformation parameters 
e and e*. Static and dynamic fission trajectories are indicated. 
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FIG. 2. Effective mass parameter calculated along static and dynamic trajectories for 2S2Fm. 

nucleus. As the two end points we take the point of minimal potential energy 
(first minimum), situated before the entrance into the barrier, and a point 
corresponding to the same potential energy but situated behind the exit point 
out of the barrier, on the static fission trajectory. The sensitivity to changes 
in the end points is checked. 

As the dynamical fission trajectories are found to be smooth and not to 
deviate very much from the straight line connecting the end points (Fig. 1), we 
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found it reasonable to use also the following Ritz method for finding Lmm [2]: 
The deviation of a fission trajectory from the straight line connecting the end 
points is expanded in a Fourier series (sine functions), and the coefficients of the 
expansion are treated as the variational parameters. Minimization of the action 
S(L) shows that the series is rapidly convergent. The main contribution is 
obtained from the first two terms; the contribution of the third term is already 
small and that of the fourth is only of the order of two pro-mille (2 X 10"3). 
This method, which uses smooth trial trajectories L, may be considered to be a 
test of the above method using L lines of the zigzag-type. The half-lives Tsf 
obtained by both methods appear to be practically the same. 

3. RESULTS AND DISCUSSION 

An example of the potential energy calculated as a function of e and e4 

(the parameter e | = e4 — 0.2 e + 0.06, equivalent to e4, is introduced to make 
an average fission trajectory for heavy elements especially simple: e j « 0) is 
given in Fig. 1. We see that the dynamical trajectory (dyn) is shorter and 
smoother than the static one (stat), i.e. the trajectory obtained when only the 
potential energy is minimized or, equivalently, when S(L) is minimized with 
the mass tensor independent of deformation. This is typical for all nuclei. 

Although the dynamical trajectory deviates considerably from the static 
one, the corresponding potential barriers (along both trajectories) are close to 
one another. This is because, when deviating from the static trajectory, we 
are close to the minimum of the potential energy and the changes of this energy 
are of second order. The difference in the effective-mass parameter is larger. 
The parameter calculated along the dynamical path (Bdyn) is smaller in the region 
of the largest values of the barrier than that obtained along the static path 
(Bstat). This can be seen in Fig. 2, where B d y n is considerably smaller than Вйа4 

in the region of the saddle point which is around e = 0.4 (as seen in Fig. 1). 
This difference results in the smaller life-times T^ when calculated dynamically, 
than those obtained statically; so, it makes dynamics significant. It can also 
be seen that B d y n is a smoother function of the deformation than Вйа{, and this 
makes B d y n somewhat less sensitive to details of the shell structure of the 
nucleus and, thus, to details of its description, than Bstat. In the figure, we also 
show a one-parameter semi-empirical effective mass Bsern**mPir as introduced 
in Ref.[17] The parameter is fitted to the experimental Tjf [17] (see also 
Ref.[4]). We see that Bsemi*mPir is rather close to our effective B, when in the 
latter the shell effects are smoothed out. 

The effect of the deformation e6 (investigated only statically in this paper) 
on the fission barrier is considerable. It is illustrated in Fig.3 for 252Fm. We can 
see that minimization of the potential energy with respect to this additional 
degree of freedom decreases the energy mainly in the region of the first minimum. 
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This increases the barrier for about 0.7—0.8 MeV and results in an increase of 
the half-life T^ by about two orders. The changes in Tsf, due to the inclusion 
of e6, are explicitly given in Fig.4 for all Fm isotopes for which the experimental 
Tsf are known. We can see that Tsf is increased for almost all isotopes. 

The final results for Tsf are given in Fig.5. Some more recent experimental 
points in the figure are taken from Refs [ 18-21 ]. We see that the microscopic 
calculations (with no free parameters!) are able to reproduce the experimental 
life-times with an accuracy better than two orders (around a factor of 50), on 
the average. The change in the half-life systematics, seen for Z = 102—104, is 
less abrupt in the calculations than in the experiment. 

The calculations are performed with the droplet-model parameters of 
Ref.[ 11 ]. A use of the new parameters [ 12] fitted to the experimental masses 
and barriers results, as a rule, in life-times Tsf that are one or two orders shorter. 
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DISCUSSION 

H.A.O. NIFENECKER: Moretto and Babinet have pointed out that the 
pairing gap should be treated dynamically and that the action integral should 
also be minimized with respect to the pairing gap parameter. Have you included 
these factors in your calculations or would you consider them irrelevant? 

A. SOBICZEWSKI: We did not minimize the action integral with respect 
to the pairing gap. Pairing is treated in a static (BCS) manner, with the strength 
of this interaction being fitted to the odd-even mass difference. 

F. DICKMANN: I would just like to comment, in connection with whether 
the pairing gap is used in the calculation of the effective mass parameter, that 
the gap cannot be chosen freely in the quasi-static cranking model and has to 
be the same as for the potential energy calculation. If we determine the gap 
by treating it as a variable free parameter to be determined by minimizing the 
action integral, then the effective mass is no longer the cranking mass. I think 
that for the finite deformation velocities, not treated in your paper, anti-pairing 
effects would reduce the gap parameter below its static value. 

A.F. MICHAUDON: I should also like to stress the importance of pairing 
in calculating the mass inertia parameter and, therefore, the dynamic approach 
to scission. Usually, simple assumptions are made for the variation in the pairing 
force with deformation, taken either as a constant or as proportional to the 
surface of the deformed nucleus. But the truth of the matter seems more 
complicated. 

For example, when pairing is not introduced as a free parameter, but is 
obtained from the calculation using an adequate effective force, Hartree-Fock 
calculations actually show that the pairing strength can exhibit large variation 
as a function of deformation. I refer those who are interested in this point to 
the paper that Dr. Berger will be presenting at this Symposium (see SM-241/C2 
in these Proceedings). 

K.W. GOEKE: Dr. Sobiczewski, as far as I understand, you have used the 
Inglis cranking model for evaluation of the collective mass tensor. This model 
disregards, however, the rather important residual interaction. Since the mass 
parameter enters directly into the expression for the life-time, I would expect 
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your results to change considerably if you applied theories such as self-consistent 
cranking or the adiabatic time-dependent Hartree-Fock (ATDHF) theory. 

A. SOBICZEWSKI: Yes, 1 agree that the residual interactions which are 
not included in the cranking model and which could be considered, for example, 
in the ATDHF treatment, may alter the inertia significantly. It would 
certainly be a good thing to obtain inertia by using ATDHF. However, before 
applying the ATDHF to the fission mode it would be worthwhile testing it (with 
consistently calculated potential energy) by an analysis of the vibrational and 
rotational modes, which seem to be better suited to testing inertia than fission. 
For cranking inertia this test has shown that the figure obtained is too small. 
I refer you to Ref.[ 14] of my paper. 

J.P. THEOBALD: Did you also find evidence for highly asymmetric fission 
of the No isotopes when one of the fragments is a Ni or Ca isotope, such as has 
been predicted by Greiner and Sandulescu? 

A. SOBICZEWSKI: No, we have not dealt with the fragmentation problem. 





IAEA-SM-241/B3 

SPECTROSCOPIC PROPERTIES OF 
FISSION ISOMERS 

V. MET AG 
Max-Planck-Institut für Kernphysik, 
Heidelberg, Federal Republic of Germany 

Abstract 

SPECTROSCOPIC PROPERTIES OF FISSION ISOMERS. 
Recent progress in measuring the spectroscopic properties of fission isomers is reviewed. 

The magic neutron number 146 is deduced for the deformation of the second minimum from 
the systematics of fission isomeric half-lives. Applying newly developed and improved experi­
mental techniques like the charge plunger method and the recoil distance technique, quadrapole 
moments, moments of inertia, and spins of fission isomeric states have been determined. All 
data consistently substantiate the evidence for shape isomerism in the actinide region. The 
experimental problems encountered in the measurement of magnetic moments are also discussed. 

1. INTRODUCTION 

Since the first observation of fission isomers by S. Polikanov and co­
workers [\~] in 1962 a large amount of experimental evidence has been accumu­
lated in support of their interpretation as shape isomers associated with a 
second minimum in the fission potential [2 J. This review attempts to cover 
recent developments in the field of fission isomers with particular emphasis 
on their spectroscopic properties. Since the last IAEA meeting at Rochester 
in 1973 several groups have performed experiments aimed at extending the ob­
servable range of fission isomeric half-lives, measuring spins, g factors, 
moments of inertia and quadrupole moments of fission isomers as well as iden­
tifying their high-lying vibrational excitations. Some of these experimental 
developments are discussed in a recent review by R. Vandenbosch [З] . 

2. SYSTEMATICS OF FISSION ISOMER HALF-LIVES 

Until 1973 two standard techniques were applied for measuring the half-
lives of fission isomers: In pulsed beam experiments M the fission frag­
ments from isomeric decays were observed in the intervals between the beam 
bursts, whereas in recoil distance measurements [5,6j the delayed fission 
fragments were registered in funnel-type detector arrangements placed along 
the direction of the fission isomers recoiling from the target. For both ar­
rangements the shortest observable half-lives were of the order of a few nano­
seconds as given by the widths of the beam pulses or by the minimum flight 
times of the recoil ions to the detector arrangement, respectively. The de­
velopment of the projection method [7,8] extended the range of observable 
half-lives by about three orders of magnitude to approximately 5 ps. This led 
to the identification of six sub-nanosecond fission isomers in even-even Pu [9] 
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FIG.l. Part of the nuclear chart giving the half-lives of all fission isomers known at present. 
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FIG.2. Double-humped fission barriers for a magic and a non-magic actiniae nucleus, 
demonstrating the effect on the fission isomeric half-life. 

and Cm [10] isotopes. Together with К isomers in the second well recently dis­
covered [11,12] with the charge plunger technique they are included in an up­
dated tabulation of fission isomeric half-lives given in Fig. 1. 

The double isomers in even-even nuclei are interpreted as two quasipar-
ticle excitations [3] of the fission isomers since their excitation energies, 
measured in four cases, are about 1.3 MeV relative to the lowest state in the 
second minimum, which is close to the expected pairing gap. Excitation ener­
gies of approximately 300 keV and 203 keV have been reported for the К isomers 
in the odd-even 237Pu [13] and 239Pu [14] isotopes, respectively, which are 
considered to be excited single particle configurations in the second well. 
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FJG.3. Half-lives of fission isomers in Pu, Am, and Cm isotopes plotted as a function of the 
neutron number. The curves are taken from a fit with a semi-empirical formula which para­
metrizes the dependence of the half-lives on proton and neutron number as well as the odd-even 
effect. 

Apart from the isomers in 239Pu [l l] and 2 3 8U [12] whose predominant decay 
to the lowest state in the second minimum has been utilized to study the ro­
tational excitations of the fission isomer (see Sec. 3) it is uncertain wheth­
er the decay of the higher lying isomers occurs primarily by electromagnetic 
transitions or spontaneous fission and which of the two possible decay modes 
consequently governs the observed half-lives. 

The detailed analysis [15] of the half-lives_pf the lowest states in the 
second well substantiated the supposition that the dependence of the half-
lives on the proton number is mainly determined by the change in the liquid 
drop model part of the double-humped fission barrier as already noted in [16] 
and provided a quantitative parametrization of the odd-even effect. The most 
important result is, however, that the half-lives plotted as a function of the 
neutron number clearly achieve a relative maximum indicating the influence of 
shell effects. As illustrated in Fig. 2, the strongest shell effect and thus 
the most pronounced second minimum is expected for the nucleus with the magic 
neutron number at the deformation of the second minimum, which is consequently 
characterized by the relatively longest half-life since an effectively larger 
barrier has to be penetrated from the isomeric state in the spontaneous fis­
sion decay. A fit to the observed fission isomeric half-lives [l5] (Fig. 3) 
yielded a magic neutron number of 146 as compared to 148 which was predicted 
by most calculated single particle schemes (see Sec. 5). A detailed discus­
sion of the semi-empirical formula used to fit the half-lives is found in 
Refs. [3,15]. 

The systematics predicts half-lives of 500 ns, 2 vis, and 50 us for the 
isomers in 23б,2звц а д^ 237jjP) respectively, while the experimental values 
[17,18,20] are 116 ns, 195 ns, and 40 ns. In addition, delayed fission yields 
observed in charged particle induced reactions are considerably lower than ex­
pected [19]. This experimental information is indicative for an additional 
decay mode of the isomeric states in these nuclei which may also explain the 
failure to find fission isomers in odd-even Ü and in the Np isotopes, except 
for 237Np [20]. Already at the third IAEA symposium a direct observation of 
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FIG.4. Schematic illustration of delayed feeding of rotational states in the second minimum 
which allows the observation of rotational transitions applying the recoil shadow method. 
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FIG.5. Experimental arrangement for studying electrons from the decay of short-lived (1 -30 ns) 
К isomers in the second minimum [14]. A voltage of 5 kV is applied to the target area to post-
accelerate the emitted electrons. A potential barrier prevents electrons with energies of less 
than 2 kVfrom reaching the detector. Conversion electrons from the a-decay of an 
source provide an on-line energy calibration. 
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а у decay was reported for the isomer in238Uby Russo et al. [19]. Careful 
measurements of the cross section for populating the isomer in 2 " U in neutron 
capture [21] and photonuclear reactions [22] have given an indirect estimate 
of (7 ± 2) and approximately 6, respectively, for the branching ratio of gamma-
to-fission decay of the 2 3 SU isomer. Preliminary results have been obtained 
at Heidelberg claiming the de-excitation of this isomer by a 2.215 MeV у tran­
sition [23] . This measurement, however, has been challenged by a rec'ent in­
vestigation of the group at Gießen [24] who failed to observe the reported у 
line and conclude that the у decay of the 2 3 GU isomer occurs mainly through 
several consecutive transitions of low energy. Further experiments with con­
siderably improved detection systems are needed to clarify the situation. 
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3. ROTATIONAL EXCITATIONS OF FISSION ISOMERS 

The pioneering experiment of the Munich group [25] on 21(0Pu and the ana­
logous measurement of the Copenhagen-Seattle collaboration [26] on 2 3 6U pro­
vided proof for the existence of rotational bands based on fission isomeric-
states. The rotational states were identified by the observation of rotatio­
nal transitions in delayed coincidence with isomeric fission. The moments of 
inertia of these bands (see Table II) were found to be more than twice as big 
as the moments of inertia of the respective ground-state rotational bands and 
even larger than the moment of inertia of a rigid rotor at ground state defor­
mation, providing the first qualitative evidence for the large deformation of 
fission isomers. 

In both experiments transitions below 40 keV could not be observed due to 
the rising background of б electrons which are knocked out of the atomic 
shells by the beam particles with Mb cross sections, as opposed to cross sec­
tions of the order of yb relevant for the population of rotational states in 
the second minimum. Investigations of rotational excitations of fission iso­
mers have recently been extended to lower transition energies, thus allowing 
also the study of odd-even nuclei, by utilizing delayed rather than prompt 
feeding of the rotational states via the decay of a spin isomer in the second 
minimum as illustrated schematically in Fig. 4. The rotational transitions of 
interest then occur with some time delay and can consequently be separated 
from the prompt 6 electrons by timing or rather by geometrical shielding apply­
ing the recoil shadow method [27]. In principle, this technique can be used 
for studying excited states of fission isomers in several nuclei since the 
many entries of double isomers in Fig. 1 show that К isomerism is as common in 
the second as in the first well. 

The experimental arrangement used by the Heidelberg-Darmstadt collabora­
tion [14] is shown in Fig. 5. Following the 238U(a,3n) reaction 239Pu nuclei 
excited in a 2.6 ns spin isomer in the second well recoil from the target. 
Conversion electrons emitted in flight after some nanoseconds in the decay of 
the spin isomer are transported through the magnetic field of a Solenoid to a 
Si(Li) detector. After the de-excitation of the rotational band the recoil 
nuclei are in the lowest state of the second minimum and their subsequent 
spontaneous fission decay, determined by the 8 ys half-life, is registered in 
an annular detector after having stopped the recoil ions on a catcher foil. 
The electron detector is protected against б electrons from the target as well 
as the annular detector against prompt fission events by geometrical shield­
ing. A converted transition in the second minimum is identified by requiring 
a delayed coincidence to occur between the electron and fission detector. To 
allow in-beam detection of electrons with energies as low as 4 keV an accel­
erating voltage of 5 kV is applied to the target area. Further details of the 
experimental arrangement can be found in Ref. [14] . 

The spectrum of electrons measured in delayed coincidence with isomeric 
fission and corrected for the chance coincidence background is shown in Fig. 6. 
The decay curve for the electrons below 31 keV is consistent with the 8 ys 
half-life of the fission isomer and thus verifies that the observed electron 
lines originate from transitions in the second minimum of 239Pu. The spectrum 
has been analyzed using the known energy and intensity requirements of L, M, 
and N conversion lines and taking into account that on the average only 1.6 
conversion electrons are emitted per spin isomer decay [28] . The interpreta­
tion of the spectrum given in Ref. [14] leads to the decay scheme of Fig. 7 
establishing two states at 24.3 and 56.2 keV which are fed by a spin isomer 
tentatively placed at an excitation energy of 203 keV on the basis of only 
weak feeding transitions. 

The low-lying states have been interpreted as rotational excitations of 
the fission isomer and their energies have been analyzed using the well-known 
rotational energy expansion 
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which involves three unknown parameters; the spin I 0 = К of the fission isomer, 
the rotational constant A ="n2/26 related to the moment of inertia Э, and the 
coefficient В of the second-order term describing the perturbation of the band. 
A fit of Expression (1) to the observed energies gives IQ = 5/2, A = (3.36+ 
0.1)keV, В = (4± 3)eV if one requires in addition that the resulting rotatio­
nal constant A be close to the value (3.343± O.0O3)keV measured [25] for the 
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fission isomer in the neighboring isotope 2Ц0Ри. The odd-even effect in the 
moment of inertia generally known to be less than 20% at the ground state de­
formation in the actinide region [29] is expected to be further reduced at the 
second minimum due to the larger spacing of the relevant single particle or­
bits and the larger absolute value of the moment of inertia. Assuming differ­
ent spin values would lead to rotational constants deviating by more than 30% 
[14] from the value reported for 21,0Pu. 

Additional information on the wave function of the fission isomer has 
been obtained from the M1/E2 mixing ratio of the rotational transitions for 
which an upper limit of <S-2 < 1.4 had been deduced in Ref. [14] from the anal­
ysis of the relative intensities of the conversion electron lines shown in the 
spectrum of Fig. 6. Within the rotational model the mixing ratio is related 
to the quantity [CgK~gR)/Qol2» an<* knowing the quadrupole moment of Q 0 = (36 ± 
4)b (see Sec. 4) a limit of |gK~gR| - 0.30 has been determined. Together with 
the deduced spin of 5/2 this result led to the first identification of a sin­
gle particle state in the second minimum as discussed in Sec. 5. 

The recoil shadow method has also been applied to the fission isomer in 
238U [30]. The electron spectrum measured in delayed coincidence with iso­
meric fission is shown in Fig. 8. The decay curve for the electrons, which is 
consistent with the known half-life of the fission isomer of 196 ns, again 
proves that the observed electron lines originate from transitions in the se­
cond minimum. Only one transition is observed, most likely the 2 + -+ 0 + tran­
sition, indicating that the isomer feeding the 2 + state is probably of low 
spin. The isomer was discovered in a charge plunger experiment [12] giving a 
lower limit of I ns for its half-life. The Ь щ line of the observed transi­
tion has an energy of only 2 keV and could only be observed by applying a 
postacceleration of 8 kV. If the interpretation given in Ref. [30] is correct, 
this is the first observation of a 2 + •+ 0+ transition in the second minimum. 
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TABLE I. ROTATIONAL PARAMETERS OF BANDS IN THE SECOND WELL 

Nucleus A [kev] В [eV] Ref. 

'Pu 
°Pu 
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4 ± 3 

~(0.28 ±0.04) 

26 
30 
14 
25 

T 500 
^ 
z 

b__ ф 400 
< N | £ 

•S 300 
Ф 
С 

° 200 
с ф 
E 
£ 100 

. 

: ж 

" 

-
: I 

• 

-44-tf-

A 
I 

1 

/ 
/" 
V* 

Th 

1 1 1 # 1 " П 1 

_ , . — . . . . - * • " 

О 

/\ л. 3-* -Л*^Г 

• i \ « **£.« 

\ "̂ -=-

U Pu 
* \ \ ssi 1 l л. 1 I 1 1 

i V l 1 i 1 1 U " ] 
,,-' Rigid 

/* . ' • " 

K. Pomorski ~ 

f A.Sobiczewski -

V / 
* " V — M . Bracket al.-

• 

о LHamamoto 
о experiment-

. - • « - • » • « ^ 

^ : 
Cm 

'../'' ' ' ' ' 'У ^ 
230 234 238 244 242 250 

mass number 

FIG. 9. Moments of inertia of fission isomers and ground states of actiniae nuclei in comparison 
with calculated values [31 -33]. 

In previous investigations of rotational band structure such a low energy 
transition was always obscured by the 6 electron background. A rotational 
constant of A = (3.27 + 0.03)keV is deduced from the measured transition energy. 

The rotational constants measured so far for the bands based on fission 
isomeric states are listed in Table I. The resulting moments of inertia as 
well as the experimental values for the ground state rotational bands are com­
pared in Fig. 9 with calculations based on the cranking formalism by Pomorski 
and Sobiczewski [31], Brack et al. [32], and Hamamoto [ЗЗ] who have used wave 
functions of slightly different single particle potentials. There is a rea­
sonable overall agreement although some discrepancies between experimental and 
calculated moments of inertia are found at the ground state deformation. 
Slightly reduced moments of inertia are reported in calculations assuming in­
stead of a constant pairing strength one which increases proportionally with 
the nuclear surface (for clarity not shown in Fig. 9). In view of the non-
negligible discrepancies between theory and experiment the present comparison 
does not allow to favor clearly one of the two assumptions. 

4. QUADRUP0LE MOMENTS OF FISSION ISOMERS 

Since moments of inertia are model-dependent functions of the deformation, 
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their measurement establishes the large deformation of fission isomers only 
qualitatively. The deformation of fission isomeric states, however, can be 
directly inferred from the lifetimes of the rotational states which are, with­
in the rotational model, determined by the quadrupole moment. Because of the 
appreciable experimental difficulties encountered in the observation of rota­
tional transitions within the bands on fission isomeric states standard tech­
niques used to measure the lifetimes of excited nuclear states have not been 
applied. Instead, two completely new experimental techniques have been de­
veloped to measure the lifetimes of rotational states in the second minimum: 
the charge plunger technique [34] utilizing atomic physics effects, and an al­
ternative technique [35] of limited applicability and accuracy based on a mod­
ification of the projection method. 

The principle of the charge plunger technique developed at Heidelberg is 
based on the fact that nuclear transitions of low energy are highly converted 
in heavy nuclei. The emission of a conversion electron creates a vacancy in 
one of the inner atomic shells which decays either by X-ray emission or by an 
Auger process occurring in the L shell with a probability of 50% in the acti-
nide region. In the latter case the vacancy is filled with an electron from 
the M shell while simultaneously another electron (the Auger electron) is 
emitted from the M or higher shells. With increasing probability for the Au­
ger effect this process proceeds like an avalanche to the outer shells, fur­
ther complicated by the occurrence of fast Coster-Krönig transitions. If the 
atom is freely recoiling in a vacuum after a nuclear reaction, the emission of 
further Auger electrons converts the atom into a highly charged ion with an 
average charge of 14+ [36] in a time estimated to be less than Ю - 1* s, which 
is short compared to the nuclear lifetimes of interest. 

As described in Ref. [ll] this effect can be exploited for measuring the 
lifetimes of excited nuclear states (Fig. 10). A recoil ion excited in a nu­
clear reaction leaves the target with an equilibrium charge of 1+ given by the 
recoil velocity which is typically about 0.2% of the velocity of light for 
(a,xn) reactions. After some picoseconds corresponding to distances of the 
order of цт a nuclear transition occurs and a conversion electron is emitted 
followed by a sequence of Auger electrons. The essential point of the tech­
nique is that the highly charged recoil ion recaptures all electrons lost in 
the Auger cascade by passing a thin carbon foil placed downstream at some dis­
tance to the target. A low charge recoil ion emerges from the carbon foil and 
a charge distribution again centered at the equilibrium charge will be ob­
served. If, on the other hand, the carbon foil is placed close to the target 
and the nuclear transition occurs after passing the carbon foil, there will be 
no charge resetting and a distribution of highly charged recoil ions is found. 
Thus, the charge distribution of the recoil ions consists of two completely 
separate components depending on the time of the nuclear decay. By measuring 
the relative intensity of the high and low charge recoil ions behind the car­
bon foil as a function of its distance to the target the de-excitation time of 
the nuclear level can be determined without ever observing the nuclear tran­
sition directly. Because of the obvious analogy of this new technique to the 
conventional plunger method it was called the charge plunger technique (CPT). 

If not only one but rather a sequence of nuclear states is populated in 
the nuclear reaction as e.g. in a rotational band, several consecutive conver­
ted transitions occur leading to even higher atomic charges [37] up to 40+. 
Applying the charge plunger technique the analysis described above yields the 
total de-excitation time of the band which is determined essentially only by 
the quadrupole moment. Within the rotational model the lifetimes of the indi­
vidual rotational states are given by 

Qo2E5<I]K20|l2K>2(l+a) 
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FIG.10. Principle of charge plunger technique [34]. The charge distributions of recoil ions are 
schematically sketched for the two possibilities of nuclear transitions occurring before or after 
passing the charge resetting foil. 
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FIG. 11. Experimen tal arrangemen t for measuring the charge distribu tion of long-lived fission 
isomers (Тф > 200 ns) by deflection in a magnetic field [11]. The flight paths of the isomeric 
recoil ions are indicated. 
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FIG.12. Experimental arrangement for separating low- and high-charge recoil ions with short 
fission isomeric half-lives (Тф^-5 nsj in an electric field [12]. 

Spins and transition energies can principally be determined from electron 
spectroscopy (Sec. 3) leaving the quadrupole moment as the only unknown para­
meter. Even if the transition energies were not exactly known, their uncer­
tainty does not enter into the analysis since the energy dependence of the 
half-lives is nearly completely compensated for by the inverse energy depen­
dence of the known conversion coefficients a » 1. Together with the side 
feeding intensities which can be determined by unfolding the charge distribu­
tion as described in Ref. [34] the individual lifetimes are input to a cascade 
calculation which describes the de-excitation of the rotational band. The 
quadrupole moment is then deduced from a fit of the calculated overall decay 
curve to the experimental data. The analysis of charge plunger measurements 
and the systematic errors involved are discussed in greater detail in Ref. [34]. 

Although the charge plunger technique is generally applicable to any ex­
cited nuclear state with an appreciable electron conversion decay, it has, 
apart from a test experiment on 21,(,Cm [34] , so far been used only to measure 
the lifetimes of levels in the second minimum based on a fission isomer. 

Depending on the half-life of the fission isomer, deflection of the iso­
meric recoil ions in either a magnetic or an electric field has been applied 
to determine their charge distributions. Figure 11 shows the experimental ar­
rangement used for measuring the quadrupole moment of the 8 ys fission isomer 
in 239Pu [ U ] . Fission isomers produced in the 23eU(a,3n) reaction recoil 
from the target, and after passing the carbon foil and a collimating tube they 
are deflected in a magnetic field onto different positions of a recoil ion 
collector depending on their charge state. Since the time of flight of ap­
proximately 200 ns is short compared to the isomeric half-life of 8 ys, most 
of the spontaneous fission decays occur in the detector foils of the catcher 
arrangement yielding a direct correspondence between the distribution of fis­
sion fragment tracks and ionic charge states. 
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Fission isomers in even-even nuclei with ha l f - l i ves of Tj/2 £ 200 ns are 
too shor t - l ived to be deflected in a magnetic f ie ld since they would f i s s ion 
in f l igh t before reaching the de tec tor . Instead, an e l e c t r o s t a t i c f i e ld has 
been used [12] to separate low and high charge r eco i l ions over a dis tance of 
only a few mil l imeters corresponding to f l i gh t times of some nanoseconds (Fig. 
12). This technique has been applied to measuring the quadrupole moment of 
the 200 ns f i ss ion isomer in 238U [12]. In passing the carbon fo i l the f i s ­
sion isomeric r eco i l ions from the 23*U(d,pn) reac t ion are slowed down to en­
ergies of less than 250 keV. A voltage of -30 kV i s applied to the t a rge t and 
the carbon fo i l enabling only r eco i l ions with charges of less than 8+ to 
reach the detector arrangement which i s on ground p o t e n t i a l . Their f i s s ion de-
decay e i ther in f l igh t or a f te r being stopped on a catcher fo i l i s again r e ­
gis tered with track detector f o i l s . Recoil ions with higher charges are d i ­
r ec t ly ref lec ted in to the t a rge t or deflected onto the carbon f o i l holder. 
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FIG.14. Fraction of low-charge fission isomeric recoil ions plotted as a function of the distance 
between target and carbon foil. The solid curve is a fit of a cascade calculation to the data points 
yielding a quadrupole moment of (29 ±3) b [12]. 

The total number of recoil ions geometrically accepted in the detector ar­
rangement is determined by running with zero voltage. 

In both experiments [П,12] the fraction of high and low charge recoil 
ions, respectively, has been measured for increasing distances of the carbon 
foil to the target. The results are given in Figs. 13,1A. For short distan­
ces of 4,100 ym, corresponding to flight times of <200 ps, a rapid variation in 
the composition of the measured charge distributions is observed due to the 
de-excitation of the rotational bands based on the fission isomers. The per­
centage of low charge recoil ions serves as a measure for those nuclei already 
in the lowest state of the second minimum upon reaching the charge resetting 
foil, whereas the fraction of high charge recoil ions reflects the number of 
fission isomers still excited in rotational states. In both experiments a 
sizable portion of high charge recoil ions is found also for larger distances 
(>100 ym) indicating the existence of a spin isomer in the second well which 
feeds the rotational levels with some time delay. A half-life of 2.6+i.2 ns 
has been found for the spin isomer in 23aPu [l l] ; for 2 3 8U only a lower limit 
of 1 ns can be given [_12] . The decay of these spin isomers has been utilized 
for the direct observation of the converted rotational transitions [l4,30] 
using the recoil shadow method (Sec. 3). 

To determine the quadrupole moments of the fission isomeric states the 
rapidly varying parts of the charge distributions have been fitted, as dis­
cussed above, with cascade calculations which describe the sequence of feeding 
and depopulating transitions within the rotational band. In both cases tran­
sition energies and spins measured by electron spectroscopy have been included 
in the analysis. Quadrupole moments of (36+ 4)b and (29± 3)b are deduced for 
239Pu and 2 3 6U, respectively. 

In addition, the decay curves of the individual rotational levels can be 
obtained by unfolding the charge distributions, measured for various distances 
of the carbon foil to the target, into the contributions of the individual ro­
tational states. E.g., half-lives of (12 ± 2), (8+2), and (9+2)ps have been 
extracted from a detailed analysis for the first three excited rotational 
states in the second minimum of 239Pu [l l] . 

At Copenhagen, a completely different approach to deriving the lifetimes 
of rotational states in the second minimum has been pursued [35] which is only 
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TABLE II. QUADRUPOLE MOMENTS AND DEFORMATIONS OF FISSION ISOMERS 

Nucleus 
Q M 

Isomer 

c/a Ref. 

°Pu 
9Pu 

29 ± 3 
37 ±1" 
36 ± 4 

1.8 + 0.1 
2 .0 + 0 . 3 
2 .0 + 0.1 
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FIG.15. Quadrupole moments of fission isomers and ground states of actiniae nuclei in 
comparison with calculated values [31, 32]. 

applicable to fission isomers with very short half-lives so that the rotatio­
nal de-excitation time and fission lifetimes are comparable and fission decays 
occur already from excited rotational states. The rotational lifetimes have 
been measured relative to the decay of the fission isomer in 236Pu with a 
half-life of 37 ps by determining the branching ratio for spontaneous fission 
and electromagnetic decay of the rotational levels. The larger the quadrupole 
moment the faster will be the in-band E2 transitions and the smaller is the 
contribution of excited rotational levels to the observed delayed fission 
yield. Fission from excited rotational states and the 0 + ground state of the 
second well can be separated by measuring the angular distribution of the de­
layed fission fragments with a modified projection method. The lowest 0 + 

state decays isotropically whereas the higher spin states, provided that the 
nuclear alignment is preserved during their lifetimes, contribute increasingly 
to an anisotropic decay pattern to the extent that they undergo fission. This 
alignment was studied in a separate experiment [37] . From the measured aniso-
tropy of 1.48 ±0.15 a quadrupole moment of 37*5Ц Ъ has been deduced. 

All measured quadrupole moments of fission isomers are listed in Table 
II. They are compared to the quadrupole moments of the nuclear ground states 
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and to theoretical predictions [31,32] in Fig. 15. If the shape of the nuclei 
in the fission isomeric state is approximated by a prolate spheroid, an axis 
ratio (c/a) close to 2:1 is derived from the measured quadrupole moments which 
systematically exceed the known ground state deformations of approximately c/a 
= 1.3 : 1. This result provides the quantitative proof for the interpretation 
of fission isomers as shape isomers and for the existence of a second minimum 
in the fission potential. The measured deformation of fission isomers with an 
axis ratio close to 2:1 has been expected theoretically [38,39] since the 
shell corrections to the nuclear binding energy which cause the existence of a 
second minimum are largest for nuclear shapes of high symmetry. 

5. SPINS AND MAGNETIC MOMENTS OF FISSION ISOMERS 

Several attempts have been made to obtain information about single par­
ticle states in the second well by measuring their spins and magnetic moments. 
Altogether three different approaches have been pursued to determine the spins 
of fission isomers: either by measuring angular distributions of delayed fis­
sion fragments or by analyzing the relative population of double isomers as a 
function of the spin deposited in the nucleus or by direct observation of ro­
tational excitations of fission isomers. Time-dependent perturbed angular 
distribution (TPAD) experiments have been performed to measure g factors of 
fission isomers applying different techniques to preserve the nuclear align­
ment. 

In compound reactions the spins of the residual nuclei are aligned in a 
plane perpendicular to the beam direction. The anisotropy in the angular dis­
tribution of fission fragments emitted in the decay of a fission isomer is 
then given by the angular momentum of the isomeric state and its projection on 
the nuclear symmetry axis at the second barrier, provided the alignment is 
maintained for the lifetime of the fission isomeric state. Magnetic moments 
can be deduced by observing the modulation of the isomeric decay curves due to 
the time dependence of the anisotropic angular distribution in an external 
magnetic field applied perpendicular to the plane of the beam and the detec­
tors. Also these experiments require that the orientation of the nuclear spin 
be not completely randomized by hyperfine interactions during the lifetime of 
the isomeric state. 

Measurements of fission fragment anisotropics 0*0,4l] and g factors [42, 
43] have been reported in which fission isomeric recoil ions were implanted in 
a cubic lattice of Pb in the hope that the recoil ions will come to rest at 
substitutional sites thus avoiding hyperfine interactions between the large 
quadrupole moments of fission isomers (Sec. 4) and the electric field gradi­
ents which would lead to a de-alignment of the nuclear spin. A different ap­
proach has been to heat up thick («5 mg/cm2) metallic U targets close to the 
melting point to reduce the effect of disturbing hyperfine interactions by an 
enhanced migration of vacancies [44] . A third approach aimed at decoupling 
the quadrupole interactions by applying a magnetic field parallel to the dir­
ection of the recoiling isomers which were again stopped in a cubic Pb lat­
tice [45] . 

Despite the numerous efforts statistically convincing and reproducible 
results have not been obtained so far in any of these experiments indicating 
that the experimental conditions are not completely controlled and that the 
solid state effects are not sufficiently understood at present to deduce re­
liable values for spins and g factors of fission isomers from these types of 
measurements. It should be noted, however, that the majority of the experi­
ments has been performed on the relatively long-lived fission isomers with 
half-lives of 0.1 us and 1.1 us for 237Pu and 8 us for 239Pu. After a better 
insight into the hyperfine interactions in the solid state environment has 
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FIG.16. The experimental limit of |£K - . ?RI for the odd-neutron state in the second well of 
239Pu in comparison with the theoretical expectation of the single-particle model for different 
values ofgJgs

 r e e , alio wing for parallel and antiparallel coupling of spin and orbital angular 
momentum. The hatched areas result from a variation of ^ R in the range 0.30 <gR<0.40. 

been gained, future experiments should rather concentrate on fission isomers 
with half-lives in the nanosecond range which are less sensitive to de-align­
ment effects. 

Attempts have been made to determine the spins of the two fission iso­
meric states in 237Pu by measuring their relative population as a function 
of the angular momentum deposited in the nucleus in different charged particle 
induced [46] and photonuclear [47] reactions. Although it is difficult to 
make definite spin determinations from these types of measurements, a statis­
tical model analysis of the data seems consistent with spin assignments of 
11/2 to the 1.1 ys state and 5/2 to the 100 ns state. An interpretation iden­
tifying the observed isomers with the Nilsson orbits [615]ll/2+ and [862]5/2+ 

has been suggested tentatively []47,48j. This assignment can only be consid­
ered very speculative since calculated single particle diagrams (see below) 
give three possible candidates for orbits with spin 5/2. 

A more promising approach to obtain information about single particle 
states in the second minimum seems to be electron spectroscopy. The detailed 
analysis of the rotational band in 239Pu yielded a spin of 5/2 and |gjr - g^| 
й 0.30 for the fission isomeric state [14]. In Fig. 16 this experimental re­
sult is compared with theoretical expectations for the g factor assuming a 
pure single particle configuration with 

2 2 
, i К ч К 

g = U K(K+1);8R K(K+1) gK 

Kg„ 8l<1z> + Sseff^z* 
allowing for parallel as well as antiparallel coupling of spin and orbital an­
gular momenta and for different values of gjj. and g s

e". The comparison shows 
that the predominant component of the wave function of the isomeric state in 
239Pu has to be an orbit with antiparallel coupling of spin and orbital angu­
lar momentum and that the admixture of a component with 1 and s parallel 



IAEA-SM-241/B3 169 

n e u t r o n s 

1 -

> 

<D 
С 
Ф 

(743) ЯГ 

16241'/!* 
(741 ] »'?" 

17341ЧГ 
|6151"/г' 

15101 кг-

17521 я>' 

IV41 ]>'Г 
(6221Я,-
[6241*и* 

I 6 1 5 1 « I I * 

(512|>/г-

[5101ИГ 

fern л»-

16221Я,* 

1853)'/!' 

|622)5/г* 

17ЭЦЧГ 

I862|!'ii' 

(615]"-,>* 

1512Р/Г 

(510 ]Vj" 

(871 I in* 
1752JJI,-

IS12|li!-
17521ИГ 
|5Н] ' |Г 
(633)V 
1510 I «Г 
[7341Ч:" 
(631 Pii* 
1750) Иг' 

I615l"ii* 
(862I si,* 

Pauli Mosel 

Schmitt 

M ö l l e r 

N ix 

Hamarnoto 

Ogle 

FIG.l 7. Single-particle diagrams for neutrons at the deformation of the second minimum 
calculated by different groups [49, 50, 51, 52]. Each state is characterized by the asymptotic 
quantum numbers [NnzA] K*. The figure is identical with the one given by R. Vandenbosch [3] 
except for the level order calculated by Hamamoto and Ogle [52]. This has been plotted for the 
deformation parameters TJ2 = 0.65, rj4= 0.08 which are consistent with the measured quadrupole 
moment of the 239Pu fission isomer and give for its wave function a contribution of less than 40% 
of the [862] 5/2 orbit to the predominant [633] 5/2 orbit as required by the observed M1/E2 
mixing ratio of the transitions within the rotational band based on this isomer [14]. In case of 
such strong mixing between different single-particle states of the same spin and parity, the 
labelling with asymptotic quantum numbers is, however, only of limited validity. 

amounts to less than 40%. This s ignature together with the spin I = 5/2 per ­
mits the iden t i f i ca t ion of the odd neutron s t a t e a t the deformation of the se ­
cond minimum by comparison with the s ingle p a r t i c l e diagrams in Fig. 17 calcu­
lated by various groups [49,50,51,52] using di f ferent s ingle p a r t i c l e poten­
t i a l s . The only Nilsson s t a t e that meets both requirements i s the 5/2+fJ633] 
o rb i t . I t i s found close to the Fermi surface for the neutron number 145 only 
in the ca lcu la t ion of Hamamoto and Ogle [52] who used a sp in-orb i t force 20% 
higher compared to standard parameters. The comparison of experiment and the­
ory suggests that the spin o rb i t force in the nuclear po ten t ia l may have to be 
increased with deformation, as noted already by S.G. Nilsson and coworkers 
[5$\ and independently by Dudek and Werner [54] in an attempt to reproduce 
cons is ten t ly the experimentally known single p a r t i c l e level order in nuclei 
close to the doubly magic 2 0 8Pb as well as in the deformed ra re ear th and ac-
t in ide nuc l e i . 
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6. VIBRATIONAL EXCITATIONS OF FISSION ISOMERS 

High-lying vibrational excitations of fission isomers have been identi­
fied by observing resonances in the probabilities for prompt fission [55,56, 
57,58,59,60] and the population of fission isomeric states [6l] as well as 
structures in photofission yields [62,63]. Vibrations along the nuclear sym­
metry axis (g vibrations with Klr = 0 + in even-even nuclei) are closely related 
to the fission mode and, serving as doorway states for the fission process, 
lead to an enhanced fission probability. Other collective vibrations such as 
gamma vibrations (K^ = 2+) and octupole vibrations (K1T = 0") coupled to the 
beta-vibrational states may give rise to resonances of comparable strength. 
A systematic and detailed analysis of prompt fission probabilities in the ac-
tinide region has been reported by the Los Alamos group [59,6o] . 

A serious problem in the assignment of certain vibrational modes to the 
observed resonances is caused by the possibility of an irregular fragmentation 
of the beta-vibrational strength. Reliable interpretations of the data can 
only be obtained in a combined analysis of the probabilities for prompt and 
delayed fission as well as fission fragment angular distributions and photo-
fission yields, exploiting the sensitivity of the different sets of data to 
specific fission channels. K1* = 0 + resonances are most pronounced in prompt 
fission probabilities derived from direct reactions, while K^ = 0~ and I- vi­
brations may rather be located by analyzing the structure in photofission 
yields because of the strong absorption of El radiation. Resonances due to 
К = 2 + vibrations are observed best in the probability for the population of 
the fission isomeric states because of the supposed у instability of the inner 
fission barrier, leading to a near degeneracy of K71 = 2 + and 0 + states, and 
the relatively higher outer barrier for the К = 2 + channel. Angular distribu­
tions of fission fragments, characteristic of the angular momentum and its 
projection on the nuclear symmetry axis at the outer barrier, also help in the 
assignment of particular vibrational modes; 

A combined analysis of all available data was performed by Just et äl> 
[64] in the framework of a modified doorway state model [65] extended in its 
applicability to excitation energies as low as 4 MeV. An average vibrational 
spacing of the order of 600 keV was deduced. The location of different vibra­
tional states determined relative to the К = 0 + vibrations at the inner and 
outer barriers and in the second minimum, respectively, is shown in Fig. 18. 
The К = 2 + vibrations at the inner barrier and the К = 0~ vibrations at the 
outer barrier, respectively, are found to be nearly degenerate with the К = 0 + 

states, giving further support to the supposition of a gamma-instable inner 
barrier and a reflection asymmetric outer barrier [бб]. The lowest lying vi­
brational excitations in the second minimum are the octupole vibrations for 
which excitation energies as low as 300 keV have been inferred for the U iso­
topes. 

Evidence for an asymmetrically deformed outer barrier was also reported 
by Blons et al. [67,68] who performed high resolution studies of intermediate 
structure in the neutron fission cross sections of 230Th and 232Th. These in­
vestigations revealed states which have been interpreted as members of rota­
tional bands based on isomeric states in a third minimum [69] of the f ission 
barrier because of the large moment of inertia associated with these bands. 
For 231Th [68] and in Ref. [70] now also for 233Th the existence of two nearly 
degenerate rotational bands of opposite parity have been suggested which would 
strongly support the existence of a reflection asymmetric deformation of the 
third minimum. This interpretation of the data, however, seems to be incon­
sistent with careful measurements of fission fragment angular distributions 
[71,72]. For further details the reader is referred to the review [73] given 
by D. Paya at this conference. 
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7. CONCLUSION 

Since the third IAEA symposium on the physics and chemistry of fission 
remarkable progress has been achieved in the spectroscopy of fission isomers. 
In particular, with the invention of the charge plunger technique and the im­
provement of the recoil shadow method powerful tools have been developed for 
studying their spectroscopic properties. Systematics of moments of inertia 
and quadrupole moments begin to emerge. The determination of the spin of a 
fission isomer has led to the first identification of a single particle state 
at the deformation of the second minimum providing a sensitive test for the 
single particle potentials at large deformations. The considerable amount of 
data accumulated shows that the spectroscopy of fission isomers is no longer 
in its infancy. Further experiments are needed to establish the у decay of 
shape isomers in more nuclei and to settle the dispute on the existence of a 
third minimum in the fission potential. 
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DISCUSSION 

S. POLIKANOV: In discussing the rotational levels for 238U you suggested 
that there were two isomeric states in the second well. What do you know about 
the second isomer? 

V. METAG: The existence of a higher-lying isomeric state in the second well 
for 238U was first deduced from our observation of highly-charged fission isomeric 
recoil ions at large distances between the carbon foil and the target in our charge 
plunger experiment based on the 238U (d, pn) reaction. The half-life of the isomer 
should be in the 1-20 ns range, since transitions from its decay have been seen 
when applying the recoil shadow method. The fact that we mainly observed only 
the 2+ -> 0* transition implies that the feeding isomer has low spin. I would imagine 
that it is the octupole vibration which is the lowest collective vibration in the 
second well. On this point I refer to the paper given by Dr. Just at this Symposium 
(see SM-241/A4 in these Proceedings). 

HJ. SPECHT: This might be an appropriate moment to ask whether any of 
the theoreticians present could comment on the significance of a spin-orbit force 
increasing with deformation. In particular, one wonders whether there might be 
different Nilsson levels in play at the outer barrier from what would be found 
without the effect. I should be interested to hear if there has been investigation 
of the influence that this may have on the stability, i.e. on the barrier heights. 

H.C. PAULI: Perhaps I could give an answer. Variation in the spin-orbit 
force has been considered. In a paper I co-authored a few years ago we treated 
the spin-orbit coupling as a free parameter. This approach had some effect on 
the location of super-heavy elements in that it made the 126-shell even stronger 
than before and, as far as I know, the 114-shell did not change too drastically. 
But why there should be variation in the spin-orbit force with deformation is not 
too clear, though there are, of course, speculations on the subject. 
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Abstract 

BETA-DELAYED FISSION AND LOW-LYING STRUCTURES IN THE BETA STRENGTH 
FUNCTION. 

Beta-delayed fission (/3DF) gives a possibility of investigating the fission barrier for nuclei 
far off beta stability. However, before any information on the fission barrier can be extracted, 
the effect of low-lying structures in the beta strength function (Sp) on the /3DF branching ratio 
has to be considered. This is in general, not being done. In this paper, the low-lying structures 
that occur in Sß are discussed and microscopic calculations for the Gamov-Teller strength 
function are presented for 232Th (/f-decay) and 232Pu, ""Cm, ^ » ^ c f and M8Fm (/-decay). 
Using the calculated strength functions, ß DF branching ratios are calculated and compared 
with the experimental ones. The sensitivity of the results to different shapes of Sß is investigated. 
It is concluded that, when the expected structures in Sß are considered, there are, at present, no 
indications from ß DF measurements that the errors in the fission barrier calculations are larger 
than the uncertainty given for those calculations. The difference in magnitude between the 
/3"DF and the /3+DF branching ratios is also explained by the occurrence of low-lying structures 
inSß. 

1. INTRODUCTION 

Beta delayed fission (3DF) was first directly observed in 
proton-rich nuclides in experiments performed at Dubna [II. In 
the experiments using thermonuclear explosives very neutron-
rich actinide nuclides are produced [2]. The reversal in the 
odd-even yield of beta stable nuclides observed in these experi­
ments, [3,4], was interpreted as due to 3~DF [53 in the nuclides 
beta decaying to the line of beta stability after the neutron 
exposure. This indicates very large ß~DF branching ratios for 
nuclides like 252,254,256Pu а ш 3 254,256cm [6]. Recently, ß+DF 
branching ratios have been measured in 232,234pu [l,73,240cm [83, 
244,246,248Cf [8,93 and 248,250Fm Q O ] . On the neutron-rich 
side ß-DF in 234,236,238u [Ю-123 and 232Th [103 has been 
investigated. 

175 
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In calculations of the ßDF branching ratio the beta 
strength function, Sg, enters 

Sß(E) = b(E)/(f(Qfi-E,Z) -T, ,, (1) 

where b(E) is the absolute beta intensity to levels at 
excitation energy E, Qe the total energy available, f the 
statistical Fermi function and ^x/o the beta decay half life. 
The ßDF branching ratio is obtained by folding the fission 
probability over Sg(E)f(Og-E,Z)T1/2• When Qg is smaller or 
about equal to the highest fission barrier, the branching 
ratio will be very sensitive to the shape of the barrier. 
Measurements of the ratios can therefore be used to obtain 
information about the fission barrier for nuclides far off 
stability [5] which is difficult with other available methods. 
Data on ßDF in 232,234pu Were used by Habs et al. [7] in an 
attempt to deduce the height of the inner barriers for those 
nuclides. The results obtained by using an oversimplified 
assumption on the shape of Sg were taken by these authors 
as evidence for large deviations from the heights predicted 
by Strutinsky type calculations. 

In order to be able to draw any conclusions about the 
fission barrier from measured branching ratios, the shape 
of Sg has to be known [13,141. Three different assumptions 
have generally been used for analyzing ß-delayed phenomena 
1) Sg(E) = constant [15] 
2). Sß proportional to the level density in the daughter 

nucleus [16] 
3) gross theory [17] 

Habs et al. [7] base their conclusions on Sg = constant. 
The same assumption is used also for calculating the branching 
ratio in ref. [11]. 

Neither assumption 1) nor 2) can include any realistic •> 
nuclear structure effect in the B-transition matrix elements 
as they will not fulfill any sum rule. In this respect the 
gross theory of beta-decay represents an improvement because 
it considers single particle sum rules and some strongly 
simplified nuclear structure. However, it has recently been 
pointed out [18,13,14,19] that all these assumptions ignore 
the existence of important low-lying structures in So. Experi­
mental evidence for these structures is found in high resolu­
tion ß-delayed neutron work [20,21]. The fact that the corres­
ponding structures expected [18,13] in Sg+ have not been obser­
ved in heavy nuclei by recent total y-absorption experiments [e.g. 
ref. 15] is due to the very low efficiency for high energy 
y-rays of the detection system used there. The existence of 
the low-lying structures implies large changes [18,13] in the 
presently made analysis of beta delayed phenomena, (for de­
tailed discussion see ref. [13]). 

It is the purpose of this contribution to discuss the low-
lying structures which occur in the actinide region and their 
influence on beta-delayed fission, especially on the 
extraction of information about fission barriers from 
measurements of 6DF branching ratios. 
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2. SHAPE OF S. IN THE ACTINIDE REGION 
p 

Figures 1 and 2 show in a very schematical way the 
nuclear configurations giving rise to the low energy structure in 
Sg for allowed Gamow-Teller and El-like first forbidden 
transitions. (The figures and the states configurations are discussed 
in detail in ref. 13). 

For 8~ GT transitions there are two types of collective 
states that may lie within the Qg-window: Core Polarized States 
(CPS) and Back Spin-Flip States (BSFS). Due to the similari­
ties between the GT operator and the Ml isovector operator 
CPS and BSFS are populated also by Ml yctecay of the isobaric 
Analogue State (IAS). Such y-decay studies of the CPS together 
with the Anti-Analogue State (AIAS) have been made for a long 
time [see e.g.ref. 22,23] and the information from these inves­
tigations can be used to estimate the energies of the diffe­
rent states. Using the Lane potential Vj_, the position of 
the AIAS centroid is expected at E A I A g = EjAg - Vi(2T0+l)/2A 
with Vi= (120 ± 30) MeV. E I A S is the excitation energy of the 
IAS.The simplest CPS configurations lie higher than 
the AIAS by an amount equal to the pairing energy of the 
neutron (12//A MeV). The simplest spin flip states (SFS) and 
BSFS lie higher and lower than the CPS by the spin-orbit splitt­
ing. BSFS will occur in nuclides where the neutron excess is 
large enough to make spin-flip transitions between LS-partners 
in two neighbourincr shells possible. 

The low energy structures in the Gamow-Teller (5~ strength 
function have been observed directly in high resolution 3 -
delayed neutron and gamma experiments in medium heavy nuclides 
up to A < 140 by Kratz et al. Г.20,21]. The structures appear 
about the expected energies with widths of 1 MeV. The states 
forming the GT Sg- have been observed also in charge exchange 
reactions (CER) [24]. 

The first forbidden transitions become increasingly 
important with increasing Z and A. In addition to the high-
lying El(-1;-1;+1) mode, a low-lying El(-1;-1;-1) mode is 
expected Г25] in nuclei with v = (3N)VJ - (3Z)1/3 > 1, i.e. 
when the neutron excess is more than one major shell. The 
E(-l;-l;-l) is of considerable interest for the neutron-rich 
nuclides. Its centroid will be at 

E(E1(-1;-1;-1)=EIAS - 79 A"l/3 - v E 1 (T0+l)/A (2) 
where VE^ = (55±15) MeV [26]. The importance of this structure 
for beta delayed processes has first been pointed out in ref. 
[13,19]. Apart from the strong first forbidden transitions in 
the region around 2 08pb there is no direct experimental evidence 
for El(-1;-1;-1). The large 3DF branching ratios [6] for the 
transuranium nuclides synthesized using thermonuclear 
explosions indicate structures in Sg within the Qg-window, 
but above the fission barrier. At present it is not possible 
to tell whether those are due to the BSFS, the El state or 
some other state excited in first forbidden decay, [13,19]. 

An estimate for the centroid of El(+1;+1;+1) is obtained 
from eg. (2) by changing the signs for the three right hand 
terms. 

Figs. 3,4 show the calculated GT-strenctth functions for 
the ß~-decay to 2J2Th and the g-decay to 2 3 2Pu, 240Cnlr 244 
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2^8Cf and 248Fm. The calculations have been performed neglect­
ing deformation, the order and the position of single particle 
levels has been taken from Ref. 27. 

The calculation of Sg- for 232Th has been performed by 
the model used recently [14] for the calculation of So- for 
the decay of 236,238ра? an<j use<j earlier for calculation of 
the Ml strength distribution in the isovector ydecay of 
isobaric analogue states [23,28,29]. The matrix of the 
Hamiltonian H = Hsp+HQT with the residual interaction 

с f 
HGT = ~f (^*?) + - ^ - ( ^ (5'5) (3) 

was diagonalized in the basis of proton-particle neutron-
hole states that are connected with the l+-moment. 

The lowest-lying states in Fig. 3 correspond to back-
spin flip transitions [see Refs. 13,14] and only very little 
GT-ß-strength is falling into the Qо-window. 

The strength functions for electron capture (EC) have been 
calculated in the following way [see also Ref. 303. The quasi-
particles have been equally distributed over the Ъ.д/2' ^13/2» 
£_ ,„ proton and gg/2» ill/2» J15/2 neutron subshells. The 
Hamiltonian eq. (3* of the system has been diagonalized in 
the basis of states l)-4) (setting An=Äp = Д = 0.4 MeV, a 
spin 1 + has been assumed for the parent state): 

(E=0) 

(Е=2ДП) 

(Е=2Дп) 

%/28nW1+]°+'2+ 

(Е=2Д +2Д П ) 

(E corresponds to the unperturbed excitation energies) 
The probability for electron capture (EC) can be calculated 
from the strength functions in fig. 4 by multiplying Sß*with 
the Fermi function, which for EC is proportional to (Q_,_-E) 2. 

The main uncertainty in the calculated positions or the 
peaks in Sg+(E) is coming from the pairing energies. The 
interference between the ß + and ß~-decay (see Ref. 25) is 
estimated to have a minor effect on these positions, however, 
it will reduce the calculated strengths. For the calculation 

1) L13/: (n*ll/2 
ni > 0 + 

2) i13/2 - <n. Lll/2 
n. ),+ 
1ll/2 2 

3) 
113/2 

(Pi 13/2 

n. )n+ 1ll/2 ° 

p. )->+ 
^13/2 2 

4) 
L13/2 

ill/2 

EPi13/2 n. ),+ 
xll/2 1 
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of ßDF branching ratios, however, the latter is not important 
since the total strength is normalized by the halflife. Defor­
mation of the nuclei is expected to lead to a spreading of 
the peaks in Sg+ by not more than 1 MeV. 

3. DETERMINATION OF FISSION BARRIERS 

Fission barriers for nuclides close to the stability line 
have been investigated in direct reactions [31] and by fission 
isomers [32]. For nuclides far from the stability line beta-
delayed fission seems at present to be the only possibility 
for studying the barriers. However, the results obtained will 
depend, in general very strongly, on the shape of the beta 
strength function [13,14]. 

The large ßDF branching ratios [6], PgDF» in the beta-
decay chains of the products from the thermonuclear experi­
ments, occur in nuclides where Qg is several MeV larger than 
the maximum fission barrier J^^. The branching ratio is 
independent of the details of barrier penetration and is 
effectively determined by the shape of Sg together with the 
values of E m a x and Qg and eventually the neutron threshold. 

At present, the neutron-rich actinide nuclides synthesized 
in the thermonuclear experiments can not be produced under con­
trolled laboratory conditions although this should in principle 
be possible [13] using microfission explosives C33]. For the 
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5 10 
S r lEC) (RELATIVE UNITS) 

FIG.4. Calculated relative beta strength function for electron capture to the indicated nuclei. 
The fission barriers are from Ref.[35]. The arrows point to QEC-values calculated using the 
Garvey-Kelson mass relationship [38]. 

nuclides produced in the laboratory where the ßDF ratio has 
been measured, Qg^Emax or Qg << E m a x. The possibility of very 
narrow resonances in the fission probability, Pf(E)-, close to 
the energy of the second well C34] makes the analysis of the 
pßDF~values in the latter type of nuclides difficult. For 
nuclides where Оо^ЕтдХ and PgDF is not too small, one would expect most of the fission to come from high-lying levels, where 
Pf(E) is better understood which would make it possible to obtain information about the fission barriers if the shape of Sg is 
known. 

Besides the calculated beta strength function, fig. 4 also 
shows the fission barriers calculated by Möller and Nix [35] 
with the modified harmonic oscillator potential. Using these 
fission barriers the 3DF branching ratios have been calculated 
for 232Pu, 244Cf, 248Fm, assuming the shape of Sg being a 
Gaussian peaked at the center of gravity for the upper 0 , 
2 states in fig. 4 and with a full width at half maximum of 
1 MeV. Such a width is consistent with our estimates above 
as well as with the results from the delayed neutron experi­
ments 120,211. The peak to background ratio is assumed to be 
100. For calculating the fission probability a parametrisa-
tion has been used, that accounts for the only partial overlap 
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TABLE I. EXPERIMENTAL AND CALCULATED BRANCHING RATIOS 

Nuclide Experimental 
P(3DF 

Calculated 
P/3DF 

232pu 

244 c f 

8Fm 248,-

(1.3* 8 )X l(f2(Ref.[7]) 
5 X lO^Ref.^]) 
3 X 10~3(Ref.[10]) 

5 X 1СГ 
4X10"4 

2X10"3 

> 
£ 6 

< 
m 

4 -

1 1 
No background 

Peak to background (area): 4 

GT E1 
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о-=1Л о-=0.70 o- = 0.35 
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I 
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EB = 4.2 MeV 
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I 
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ES|>: CENTROID OF Sp-STRUCTURE IMeV) 

FIG. 5. Keeping i?B fixed at 4.2 Me V, the heigh t of the first barrier (EA) corresponding to the 
measured branching ratio Ррвр= 1.3 X 10~2[7] has been calculated for different positions (ESß) 
of a single structure in the beta strength function. The structure is assumed to have a Gaussian 
shape. The width, a, of the Gaussian is varied as well as the ratio between the area in the 
structure and the area of the background within the Qß-window from states lying outside this 
window, a = 0.35 MeV corresponds to a FWHM of 1 Me V. 

[36] between the states in the first and second well. The 
parametrisation is a good approximation for the three nuclei 
considered in view of the fact that most of the fission only 
goes through one barrier. It will be discussed elsewhere. 
For the barrier curvatures the standard values Ешд=0.9 and hw =0.6 MeV have been chosen. Table I gives the experimental 
ana calculated ratios. 
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Although, in view of the large uncertainties involved, 

agreement within a factor of 2 is rather fortuitous, the 
table indicates that our calculations of So, together with 
the Strutinsky type fission barrier calculations describe 
the experimental results fairly well. For 240Cm and 2^8cf 
branching ratios of 10~5 and < 10~7 have been measured 18,91, 
while our calculations give 9*10-7 and 2-10-7^reSpectively. However, for these nuclei a more detailed treatment of the 
fission probability is necessary. 

In figure 5 the sensitivity of the results on the shape 
of Sg is investigated for 232Pu. In order to be able to 
discuss also the results by Habs et al [7] we have kept the 
height of the second fission barrier fixed at Eg=4.2 MeV, 
letting the height of the first barrier, Ед, to be deter­mined by the experimental results and the shape of So* EB= 4.2 MeV is within the interval of 4.0-4.5 MeV assumed in 
ref. 7 but also well within the uncertainty of ± 1 MeV quoted 
[35] for the Strutinsky type calculations. Assuming Sg=constant 
Habs et al find E-=5.3 MeV, i.e.a2 MeV higher barrier than 
the calculations give, which would indicate that the well-known 
"Thorium anomaly" could be a general anomaly for proton-rich 
nuclei. However, as figure 5 shows, using our calculations of 
So and assuming a width consistent with the delayed neutron 
experiments [20,21] would, even with the lower E„, give Е д =4.0-4.5 MeV i.e. within the errors quoted for the Strutinsky 
procedure. Two conclusions can be drawn from the analysis above: 
- If the expected structures in So are included, there is 
at present гю indication from the experimental results 
on ßDF branching ratios, that the Strutinsky procedure 
gives barrier heights differing from the experimental ones 
by more than the errors quoted [35] or ± 1 MeV. 

- Since the results on the barrier heights will depend strongly 
on the position and width of Sg much more effort has to be 
made to investigate the details of Sg both experimentally 
and theoretically. 

4. CONCLUSION 

For most of the proton-rich nuclei where g+DF can be 
observed, the low-lying structures in the Gamow-Teller Sg 
are expected below the maximum of the calculated fission 
barriers. The estimate for the El(+1;+1;+1)-configuration 
in sec. 2 indicates that the same is true for first forbidden 
El-like ß+-decay. Thus, the ß+DF branching ratios will in 
general be small and this effect will first have to be con­
sidered before any -conclusions are drawn about the height of 
the fission barriers. As is shown in section 3, if the expected 
structures in Sg are included, there are no indications from 
present ß+DF measurements that the calculated fission barriers 
are wrong by more than ± 1 MeV. 

The situation is different for the neutron-rich nuclei. 
The simple estimates in ref. [13] indicated that the BSFS will 
play a large role in these nuclei. Our calculations for 232Th 
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in this paper and for 236,238u in ref. [14] show that the BSFS 
centroid is expected at an excitation energy of 4-6 MeV,i.e. 
close to or just above the maximum of the calculated fission 
barriers for the neutron-rich actinides. This leads to very-
large ß~DF branching ratios when BSFS lies inside the Qg-window. 
Such large branching ratios are seen [5,6] for the nuclides 
produced in the synthesis experiments using the neutron bursts 
from thermonuclear explosions. For these nuclides the El(-1;-1; 
-1)-states may also occur close to or above E m a x [13] enhancing 
the ratios. The large ß~DF branching ratios will have drastic 
effects on the production of neutron-rich actinides and trans-
actinides in the astrophysical r or n-process or by thermonuclear 
explosions. These effects are discussed in detail in ref [5,37, 
6,18,13,193. 

We have here not at all discussed the effect of the low-
lying structures in S3 on the beta decay half-life.. This is 
done elsewhere [18,13,19]. 
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DISCUSSION 

HJ . SPECHT: I am most interested to hear of your difficulties in attempting 
to use /J-delayed fission probabilities to determine fission barrier heights. But I am 
afraid I cannot agree with your conclusions. I do not think that you can really 
claim consistency with the theoretical barriers for 232Pu in this connection. If 
I understand correctly, you have adopted a spherical basis for these highly 
deformed nuclei, but would you not expect the width of the strength function 
to increase by several MeV if you use a deformed basis? An increase of this 
kind and/or a shift in the centre of gravity by less than 0.5 MeV would bring us 
back to our former conclusion that the first barrier height in 232Pu is > 5 MeV. 
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GO. WENE: No, I do not think so. That is in fact one of the main points 
of my talk. If you shifted the centre of gravity by 0.5 MeV in the other direction, 
you would see that the barrier height was lower than 3 MeV. So I do not believe 
that it is possible to extract barrier heights in the way you did in your work, cited 
as Ref.[7] in our paper. Given the experimental data on PßrjF and the ß strength 
function available at present, it is not possible to conclude that there is a 'thorium 
anomaly' for 232> 234Pu as well. We feel that reliable extractions of barrier heights 
from jß-delayed fission measurements can be made only after careful experimental 
determination of the ß strength function. 

The effect of deformation on the spreading of the ß strength function has 
been investigated in detail for 117"123Ba isotopes by Ivanova and co-workers 
(Yad. Fiz. 24 (1976) 278) and is found to have much less influence on the shape 
of Sg than you suggest. 

G.F. HERRMANN: I would just like to comment that structures in the 
ß strength function of proton-rich nuclei have also been assumed by Khamaukov 
and co-workers in order to explain the shapes of several /3+-delayed proton spectra. 
As far as neutron-rich nuclei are concerned, I can also refer you to a paper by 
S.G. Prussin and co-workers to be published shortly in Nuclear Physics. They 
show that it is only by the introduction of Gaussian-shaped structures that both 
the general shape of /Г-delayed neutron spectra and branching into the final 
excited states can be understood. 

GtO. WENE: Thank you for the comment. We have recently given a detailed 
review of the theoretical and experimental work being done on the ß strength 
function. For details see Ref.[ 13] of my paper, and an article by the same authors 
in the press for the Bulletin of the USSR Academy of Sciences. 
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ETUDE DES RESONANCES DE VIBRATION 
DANS LA REACTION 231Pa(n,f) 
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Abstract-R6sume 

STUDY OF VIBRATIONAL RESONANCES IN THE REACTION 231Pa(n,f). 
The excitation function of the reaction 231Pa(n,f) was measured from 130 to 450 keV 

with a neutron energy resolution of 5 keV. The measurements confirmed the existence of 
the two structures already observed around En = 200 keV and En = 330 keV and revealed a 
narrow resonance around En = 160 keV. The use of an energy resolution of only 2 keV 
showed that the width of this resonance is < 2 keV. The angular distributions of the fission 
fragments were also measured in the vicinity of these three structures with an energy resolu­
tion of 5 keV. The excitation function and the angular distributions were reproduced 
simultaneously with the aid of a statistical model allowing for the competition between the 
different exit channels (neutron emission, gamma emission, fission through a barrier with 
two peaks). This analysis shows that the narrow resonance at 160 keV has all the characteristics 
of a pure vibrational resonance (KJ") = (33*). The resonances at 200 keV and 330 keV are 
interpreted as corresponding to the vibrational states K" = 0+ and K" = 0~. 

ETUDE DES RESONANCES DE VIBRATION DANS LA REACTION 2MPa(n,f). 
La fonction d'excitation de la reaction 23lPa(n,f) a ete mesuree de 130 a 450 keV avec 

une resolution en energie des neutrons de 5 keV. Cette mesure a confirme l'existence des 
deux structures dejä observees vers En = 200 keV et En = 330 keV et mis en evidence une 
resonance etroite vers E„ = 160 keV. L'utilisation d'une resolution en energie de 2 keV seule-
ment a montre que la largeur de cette resonance est < ä 2 keV. Les distributions angulaires 
des fragments de fission ont egalement ete mesurees au voisinage de ces trois structures avec 
une resolution en energie de 5 keV. La fonction d'excitation et les distributions angulaires 
ont ete reproduites simultanement ä l'aide d'un modele statistique rendant compte de la 
competition entre les differentes voies de sortie (emission de neutrons, emission gamma, 
fission ä travers une barriere к 2 maxima). Cette analyse montre que la resonance etroite ä 
160 keV presente toutes les caracteristiques d'une resonance de vibration pure (KJ") = (33+). 
Les resonances к 200 keV et 330 keV sont interpretees comme correspondent ä des etats de 
vibration К" = 0+ et К" = 0". 

Actuellement к l'Institut Laue Langevin, Grenoble, France. 
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1. INTRODUCTION 

И у a une dizaine d'annees, on avait dejä observe que les fonctions d'excita-
tion des reactions (n,f) sur les actinides non fissiles presentaient souvent des 
plateaux ou meme des structures resonnantes au voisinage de leurs seuils. Dans 
le cadre du modele de la goutte liquide, qui prevoit une barriere de fission 
presentant un seul maximum, ces structures ne pouvaient etre dues qu'a une 
modification de la competition entre les differentes voies de sortie (fission, 
emission de neutrons ou emission de rayonnements y), et elles ont generalement 
ete attribuees ä l'ouverture soudaine de nouvelles voies de neutrons; mais toutes 
les tentatives d'interpretation quantitatives basees sur cette hypothese se sont 
soldees par des echecs, et il a fallu attendre l'introduction par Strutinsky des 
effets de couche et d'appariement dans le modele de la goutte liquide pour 
expliquer d'une maniere coherente l'existence de ces structures. 

En effet l'une des principals consequences des travaux de Strutinsky [1—4] 
consiste ä prevoir une barriere de fission presentant 2 maxima encadrant un second 
puits de potentiel capable d'assurer une certaine stabilite ä des etats tres deformes 
et en particulier ä des etats de vibration ß qui jouent le role d'etats-porte vers la 
fission. 

Ceci est schematise sur la figure 1 qui presente la variation du coefficient 
de transmission ä travers la barriere de fission en fonction de l'energie disponible 
dans le degre de liberte associe ä la fission. 

Ce coefficient de transmission presente des resonances pour des energies 
correspondant aux etats de vibration ß du second puits de potentiel. La largeur 
de ces resonances depend naturellement de la largeur, done du temps de vie, des 
etats de vibration qui leur donnent naissance. Comme ä chaque etat de vibration 
est associee une bände de rotation, la probabilite de fission presente une serie 
de resonances correspondant aux differents membres de cette bände de rotation. 
Ces resonances individuelles seront distinctes si leur largeur est faible par rapport 
ä l'energie de rotation et plus ou moins confondues dans le cas contraire. Leurs 
intensites relatives dependent principalement de la distribution en moment 
angulaire du noyau compose, car la competition entre les differentes voies de 
sortie depend peu du moment angulaire. 

L'etude de ces resonances de vibration presente un grand interet dans la 
mesure ou il est possible d'en extraire des informations sur la forme de la 
barriere de fission et sur les caracteristiques spectroscopiques des etats de 
vibration ß. Dans certains cas priviligies, il est egalement possible de mesurer 
le moment d'inertie de noyaux tres deformes [5], ou d'obtenir des informations 
sur l'importance de la viscosite nucleaire au niveau du second puits de potentiel [6]. 

L'obtention de ces informations exige toutefois l'utilisation d'une tres bonne 
resolution en energie et la mesure simultanee des distributions angulaires des 
fragments de fission afin de mettre en evidence l'ouverture successive des differentes 
voies de fission. 
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Energie dans Energie potentielle V ( ß) 

la voie 

Tr i deformation ß 

FIG.l. Variation du coefficient de transmission a trovers la barriere de fission en fonction 
de l'energie disponible dans le degre de liberte associe ä la fission. 

Dans une precedente etude [7], realisee avec une resolution en energie de 
10 keV, nous avions observe dans la fonction d'excitation de la reaction 231Pa(n,f) 
deux structures resonantes situees au voisinage des energies de neutrons En=200 keV 
et En = 330 keV; Interpretation simultanee de la fonction d'excitation et de la 
forme des distributions angulaires des fragments de fission nous avait conduit a , 
supposer que chacune de ces structures provenait de la superposition d'au moins 
2 resonances de vibration. И nous a done paru interessant d'essayer de mettre en 
evidence ces differentes composantes eventuelles en reprenant nos mesures avec 
une meilleure resolution en energie. 

2. TECHNIQUES EXPERIMENTALES 

Production des neutrons 

La section efficace de fission de la reaction 231Pa(n,f) ainsi que les distribu­
tions angulaires des fragments de fission ont ete mesurees aupres de l'accelerateur 
Van de Graaff de 4 MV du Centre d'etudes nucleaires de Bordeaux-Gradignan. 
Les neutrons incidents sont produits par la reaction 7Li(p,n) sur une cible de 
fluorure de lithium. Un detecteur de neutrons place dans la direction des protons 
incidents permet de contröler le flux de neutrons. Les mesures sont faites point 
par point en modifiant l'energie des protons incidents. La calibration en energie 
du faisceau de protons est obtenue par la mesure du seuil de la reaction 7Li(p,n) 
qui est pris egal a 1880,6 keV. Au-delä du seuil, la fonction d'excitation de la 
reaction presente un maximum; l'epaisseur des depots de LiF est evaluee a 
partir de la variation en energie des protons incidents faisant passer le taux de 
production de neutrons de 10% a 90% de се maximum. En utilisant un faisceau 
de protons de 30 ßA sur un depot de LiF de 10 /*g/cm2, on obtient un flux de 
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neutrons de 105 n • cm - 2 • s J sur le depot fissionnant situe ä une distance de 
10 cm. La resolution en energie du faisceau de neutrons est alors de l'ordre de 
2keV. 

Depots de 23lPa 

Les deux cibles de 231Pa que nous avons utilisees proviennent de Harwell et 
sont constituees d'un depot d'oxyde de protactinium sur un disque d'aluminium 
de 2 cm de diametre et de 0,25 mm d'epaisseur. Les epaisseurs de 231Pa sont 
respectivement egales a 2,04 mg/cm2 et 2,01 mg/cm2; chaque cible contient 
done environ 6 mg de 231Pa. Les depots contiennent (93,5 ± 0,2%) de 231Pa et 
(6,5 ± 0,1%) de descendants. Parmi les descendants seuls les noyaux 227Ac et 
207Pb ont des periodes suffisamment longues pour assurer leur accumulation, 
mais ils presentent des seuils de fission beaucoup plus eleves que celui de la 
reaction etudiee. 

Detection des fragments de fission 

La section efficace de fission de la reaction 231Pa(n,f) est faible (inferieure 
ä 100 mb) dans la zone d'energie etudiee pres du seuil. Par contre le 231Pa 
presente une tres forte radioactivite a (1,8 X 106 a • mg - 1 • s"1). Le taux relatif 
de fragments par rapport aux particules a est done de l'ordre de Ю - 7 . Ces 
conditions tres particulieres nous ont conduit ä utiliser les detecteurs plastiques 
de traces. En effet, en choisissant convenablement les parametres de l'attaque 
chimique qui permettent de reveler les traces des particules enregistrees 
(concentration, temperature, duree), il est possible de faire une discrimination 
entre les particules a et les fragments de fission avec une efficacite pratiquement 
egaleal00%. 

Le detecteur utilise est une feuille de Makrofol suffisamment mince (10 jum) 
pour etre traversee de part en part par les fragments de fission dont le parcours 
est de 15 a 20 цт dans cette matiere. Apres irradiation, une attaque chimique 
(NaOH 6N ä 70°C pendant 20 min) permet de produire un trou de 1 ä 2 ßm de 
diametre ä Femplacement de chaque impact d'un fragment de fission sur le 
detecteur. 

Les traces sont ensuite visualisees en utilisant la methode proposee par 
Lark [8]: la feuille de Makrofol est placee entre une plaque de cuivre et une 
feuille de Mylar metallise dont la couche d'aluminium est portee ä la haute 
tension; *les claquages qui se produisent ä l'endroit des traces detruisent la 
couche d'aluminium. On obtient ainsi une image de la distribution de l'impact 
des fragments de fission sur le detecteur. 
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2.1. Mesure de la section efficace de fission 

Dispositif experimental 

Pour cette mesure nous avons utilise les detecteurs plastiques de traces dans 
un montage en sandwich comportant un depot de 231Pa et un depot de 235U 
places dos ä dos. Chaque detecteur est constitue par une feuille de Makrofol de 
10 д т d'epaisseur, maintenue face ä chaque depot ä une distance de 1 mm. La 
geometrie de detection est alors tres voisine de 2 7г. 

Dans une premiere experience, nous avons voulu obtenir une dispersion de 
l'energie des neutrons ДЕП = 5 keV. Pour cela, nous avons employe une cible 
de LiF de 30 jug/cm2 d'epaisseur qui produit une dispersion maximale due ä la 
perte d'energie des protons incidents: ДЕ£ = 4,2 keV ä En = 150 keV. Le 
Systeme depöts-detecteurs a ete place a 7,5 cm de la cible de LiF; pour cette 
distance, on a une dispersion due ä l'ouverture du faisceau de neutrons 
ДЕ£ = 2,2 keV ä En = 150 keV; la dispersion totale ä 150 keV est alors 
AE*n = 4,8 keV. 

Dans une experience complementaire, nous avons pu atteindre une dispersion 
encore plus faible en utilisant une cible de LiF de 10 jug/cm2 et en placant le 
sandwich depöts-detecteurs a 10 cm de cette cible. On a alors respectivement 
ДЕР = 1,3 keV et ДЕ£ = 1,4 keV a 150 keV, ce qui donne une dispersion totale 
ДЕ* = 2,1 keV pour cette energie en evaluant a 1 keV la resolution de l'accelera-
teur. Une dispersion aussi faible s'obtient bien entendu au detriment du taux 
de comptage, et il est difficile de l'employer sur d'importantes plages en energie. 

La normalisation des resultats se fait par rapport ä la section efficace de 
fission de la reaction 235U(n,f) pour laquelle nous avons pris les valeurs de la 
compilation de Sowerby et al. [9]. 

Resultats 

La section efficace de fission mesuree deE n = 130a450 keV par pas de 
5 keV avec une resolution en energie des neutrons de 5 keV est presentee sur 
la figure 2; les barres d'erreur qui sont portees representent seulement les 
fluctuations statistiques sur les nombres de traces comptees. Cette mesure 
confirme l'existence des deux larges structures centrees sur En = 200 keV et 
En = 330 keV, mais la meilleure resolution utilisee ici permet de faire apparaitre 
nettement une resonance tres fine ä En = 160 keV. Cette resonance presente 
une hauteur de 25 mb et une largeur egale ä la resolution en energie ДЕП = 5 keV. 
Les valeurs de la section efficace au sommet de la resonance et dans le creux, a 
En = 175 keV, sont dans le rapport 3,8. 

Afin de preciser la largeur reelle de cette resonance, nous avons fait une 
nouvelle mesure avec une resolution en energie ДЕП = 2 keV dans une zone tres 
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FIG.2. Section efficace de fission entre En = 130 et 450 keV. 
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FIG.3. Section efficace de fission dans une zone limitie autour de 160 keV. 
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limitee au tour de 160 keV. Le resultat obtenu (fig.3) montre que la largeur de 
la resonance est encore de l'ordre de la resolution en energie, c'est-a-dire 2 keV. 
Par contre, le sommet de la resonance passe de 25 a 39 ± 3 mb; il est done tout 
ä fait possible que cette resonance soit encore plus haute et plus etroite. 

2.2. Mesure des distributions angulaires 

Pour completer la mesure de la section efficace de fission, nous avons aussi 
mesure les distributions angulaires des fragments de fission avec une resolution 
en energie compatible avec la largeur des structures observees. 

Dispositif experimental 

Les fragments de fission sont enregistres par un detecteur plastique 
cylindrique, de 18 cm de diametre et de 30 cm de hauteur, dont l'axe est 
perpendiculaire ä la direction moyenne des neutrons incidents; les dimensions 
de се cylindre resultent d'un compromis entre la resolution angulaire, Tangle 
solide de detection, la facilite de manipulation du detecteur et le rapport signal 
sur bruit du detecteur. Afin de permettre le depouillement par la methode des 
etincelles, le detecteur est une feuille de Makrofol de 10 jum d'epaisseur. Cette 
feuille est fixee par effet electrostatique sur une feuille plus epaisse de Makrofol. 
Au centre du cylindre les deux depots de 231Pa sont places dos ä dos, et animes 
d'un mouvement de rotation autour de Taxe du cylindre. Cette rotation a pour 
but d'attenuer l'influence sur les distributions angulaires du ralentissement ou 
de l'absorption des fragments rasants dans l'epaisseur des depots de 231Pa. 
L'ensemble se trouve dans une chambre cylindrique en acier inoxydable dont 
la paroi fait 1 mm d'epaisseur; une pompe maintient cette chambre sous un vide 
primaire. La chambre est placee sur un plateau orientable permettant le 
positionnement correct de l'ensemble cibles-detecteur par rapport ä la direction 
des neutrons incidents (fig.4). 

Obtention des distributions angulaires experimentales 

En premiere approximation, on peut considerer que les fragments de fission 
proviennent d'une source ponctuelle. Les fragments dont la direction d'emission 
fait uh angle в donne avec la direction moyenne 0z des neutrons incidents 
atteignent le detecteur le long d'une courbe dec-rite par Pintersection du cylindre 
du detecteur avec le cone de demi-angle au sommet в et d'axe 0 z. La figure 5 
represent« ces courbes sur un demi-cylindre de detecteur deroule et pour des 
angles в variant de 0° ä 90° par intervalles de 10°. Au moyen d'une grille, on 
peut compter les traces des fragments dans chaque zone du detecteur ainsi 
delimitee et obtenir les quantites (dN/d£2)/(0). 
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Afin de preciser l'influence des dimensions reelles du dispositif sur les 
mesures, nous avons effectue un calcul du type Monte Carlo pour simuler la 
repartition des fragments sur le detecteur pour differentes distributions angulaires 
theoriques, en tenant compte des dimensions reelles des cibles de LiF et de 231Pa 
et de la rotation des cibles de 231Pa. L'ecart entre les distributions angulaires 
theoriques et simulees reste inferieur a 2%; l'influence de la resolution angulaire 
est done negligeable par rapport aux fluctuations statistiques. 

Resultats 

Les distributions angulaires des fragments de fission ont ete mesurees de 
En = 160 keV ä En = 350 keV avec une resolution en energie des neutrons de 
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FIGS. Courbes decrites par I'intenection du cylindre du detecteur avec le cone de 
demi-angle au sommet в et d'axe Oz. 

5 keV. Les resultats obtenus sont representee sur la figure 6 ainsi que le lissage 
obtenu au moyen d'un developpement en polynömes de Legendre: 

W(0) = A0 1 + \ a2n P2n (cos в) 

n 

Dans le tableau I, nous donnons les valeurs des coefficients «2n ainsi que 
les valeurs du rapport R = W(0°)/W(90°) calculees ä partir de се developpement. 

L'information la plus interessante qui ressort de ces mesures est la forme 
nettement piquee a 90° de la distribution angulaire pour En = 160 keV. Lorsque 
Fenergie croit jusqu'ä En = 225 keV, les distributions angulaires tendent ä 
devenir isotropes. Dans le domaine de la resonance situee autour de En = 330 keV, 
la forme des distributions angulaires varie assez peu autour d'une forme isotrope. 
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TABLEAU I. COEFFICIENTS a 2 n ET R OBTENUS AU MOYEN D'UN 
DEVELOPPEMENT EN POLYNOMES DE LEGENDRE 

En (keV) 

160 
175 
185 
195 
205 
215 
225 
300 
310 
320 
330 
340 
350 

a2 

- 0,656 ± 0,024 
- 0,404 ± 0,039 
- 0,389 ± 0,047 
-0 ,113 ±0,042 
-0 ,165 ±0,039 
- 0,035 ± 0,046 

0,012 ±0,052 
0,060 ± 0,055 
0,119 ±0,028 
0,056 + 0,038 

- 0,247 ± 0,056 
- 0,182 ± 0,034 
-0 ,162 + 0,041 

a4 

0,147 ± 0,068 

0,201 ± 0,072 
0,159 ±0,044 

R = W(0°)/W(90°) 

0,26 ± 0,03 
0,50 ± 0,05 
0,51 ±0,06 
0,84 ± 0,05 
0,77 ± 0,05 
0,95 ± 0,06 
1,02 ±0,07 
1,18 ±0,11 
1,19 ±0,04 
1,09 + 0,05 
0,80 ±0,10 
0,85 ± 0,06 
0,78 ± 0,05 

3. METHODE D'ANALYSE 

L'interpretation des resultats experimentaux est effectuee к l'aide d'un 
programme d'analyse base sur les hypotheses suivantes: 

— La reaction (n,f) est supposee se derouler en deux etapes successives 
independantes. Dans l'etape initiale, il у a formation d'un noyau compose de 
moment angulaire J et de parite 7Г par capture de neutron. Le noyau forme 
presente une deformation tres voisine de la deformation de l'etat fundamental 
du noyau cible. II se trouve done dans le premier puits de la barriere de fission 
avec une energie d'excitation E* = Bn + En . Dans notre etude de la reaction 
(231Pa + n) ou Bn = 5,562 MeV, cette energie d'excitation varie entre 5,7 et 
6 MeV environ. Dans une deuxieme etape le noyau se desexcite suivant Tun des 
trois modes de desexcitation possibles: emission d'un rayonnement gamma, 
emission d'un neutron ou fission. 

— Nous supposons en outre que la projection К du moment angulaire total 
J du noyau compose sur son axe de deformation principal se conserve au cours 
du processus de fission et en particulier pendant la transition du point-selle au 
point de scission. Cette hypothese peut se justifier par la rapidite de cette 
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transition (10~21 ä 10~22 s) qui empeche une action importante des forces de 
Coriolis. On suppose que les fragments de fission sont emis le long de l'axe 
de deformation principal du noyau. 

La section efficace differentielle de fission correspondant ä une voie de 
fission caracterisee par les nombres quantiques KJ7r est alors donnee par 
l'expression suivante: 

dot 2 J + 1 ТР*(Е*) 
1 (E* , JTTK,0 )= -dQ. ч ' ' 4тг Л 

\ TP7r(E*) + Nj r(E*) + NJ?r(E*) 

+ J K 

X 2^ ac(E*,J7rM). \dJ
MK(e)f 

M=-J 

Dans cette expression, E* est l'energie d'excitation du noyau compose, в definit 
Tangle d'emission des fragments de fission par rapport ä la direction des neutrons 
incidents; ac est la section efficace de formation du noyau compose; Tf est le 
coefficient de transmission ä travers la barriere de fission; Nn et N ,̂ sont les 
nombres de voies de sortie effectives respectivement associes ä remission d'un 
neutron et ä remission d'un rayonnement gamma; enfin les fonctions dĵ K W 
sont les fonctions d'onde de la toupie symetrique. 

a) La section efficace de formation du noyau compose est calculee en 
utilisant les coefficients de transmission pour les neutrons TJp1 /2 (En) obtenus 
par Perey et Buck [10] au moyen d'un potentiel optique non local. 

b) Pour calculer le coefficient de transmission Tf ä travers la barriere de 
fission V (/3), on ne considere que Penergie Eg, effectivement disponible dans le 
degre de liberie ß associe ä la fission: Eß = E* - E' ou E* est l'energie < internes­
disponible dans les autres degres de liberie du noyau parmi Iesquels on distingue 
la rotation du noyau autour d'un axe perpendiculaire ä son axe de deformation 
principal: 

E0 = E * - ( E i , + E ro t) 

avec 

E r o t " 2 / 
J ( J + 1 ) - K ( K + 1 ) + 5(K, l / 2 ) - a - ( - l ) J + 1 / 2 - ( J + l / 2 ) 
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ой £ est le moment d'inertie du noyau et a le parametre de decoupage. 
II s'agit done de resoudre l'equation de Schrödinger: 

h2 3V03) 
2ß dß2 + V(/3) - Eß *(ß) = o 

Dans Ie cas d'une barriere ä deux maxima, cette equation se resout 
numeriquement ou analytiquement dans le cadre de l'approximation WKB [11]. 
Cependant Cramer et Nix [12] ont propose une methode de resolution analytique 
sans aucune approximation pour une barriere representee par une suite de trois 
paraboles jointives. Le coefficient de transmission calcule par cette methode 
präsente des resonances aigues pour des energies Eß inferieures au plus bas des 
deux maxima de la barriere. Ces resonances correspondent aux etats de vibration 
du deuxieme puits. La position et la forme des resonances dependent des six 
parametres (EA , fuoA), (EB , rujB) , (EJJ, Ьозц) qui caracterisent respectivement 
les hauteurs et les courbures des 2 maxima et la profondeur et la courbure du 
puits intermediate. 

Dans le cas d'une barriere presentant 3 maxima, telle que l'ont suggeree 
Möller et Nix [13], on peut utiliser le calcul analytique generalise par Bhandari [14], 
mais comme dans cette hypothese le premier maximum est faible, on peut se 
ramener ä une double barriere constituee par le second et le troisieme maximum 
de hauteur comparable. 

Pour simuler un effet de damping au niveau du second puits, on ajoute, 
comme l'ont propose Back et al. [15] au potentiel reel V(ß) un terme imaginaire 
W(ß) localise dans le second puits. Le coefficient de transmission est alors la 
somme de deux termes: un terme correspondant ä la transmission directe sans 
amortissement Trj et un terme decrivant la redistribution du flux absorbe. On 
suppose que cette redistribution se fait independamment de la voie d'entree: 

J 

I rKJTT 

J K J T T = j K J w _|_ дК17г 

yTKj^+ yTKjw 

ой Тд et Tg sont les penetrabilites ä travers chaeun des maxima A et В calculees 
par la formule de Hill et Wheeler [16]. 

TKJTT 1 + exp 2тг(Е A3 Eß)/h, CO A 3 
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Dans le cas limite ou il у a amortissement complet dans le second puits, le flux 
transmis directement est nul et le flux absorbe est egal au flux transmis ä travers 
le premier maximum: 

I JKJTT 

TKJJT = T K J T T . K_ 
lA 

к к 

с) Les densites de niveaux utilisees dans le calcul sont obtenues a partir 
des densites d'etats copu etablies par Britt et al. [17] pour le 240Pu. Ces densites 
sont deduites directement des spectres theoriques des etats de particules inde-
pendantes calcules pour les differentes deformations [18]. Pour une deformation 
donnee, on a 

p(E*,J) = C-cop,, (E* + 6ДП + 6Др) • (2J + 1) exp ( J + l / 2 ) 2 

2a2 

Dans cette expression An et Др sont les corrections de pairing pour les neutrons 
et les protons; a est le spin cut-off pris egal a 5,45 MeV, et С est une constante 
qui est ajustee pour rendre compte de la densite de niveau mesuree pour le 
232 Pa au voisinage de l'energie de liaison du neutron. 

4. ANALYSE DES RESULTATS 

Le but de cette analyse consiste ä determiner les parametres qui permettent 
de reproduire simultanement la section efficace de fission et la forme des 
distributions angulaires des fragments de fission. Ces parametres sont: 
— la valeur de К et la parite 7r des structures internes correspondant aux voies 

de fission considerees; 
— le moment d'inertie .£ associe ä la bände de rotation construite sur chaque 

structure interne; 
— les hauteurs et les courbures (EA , hcoA), (En , licojj), (EB,ncoB) qui 

caracterisent la barriere de fission effective associee ä chaque structure 
interne. 

La comparaison de la forme tres caracteristique de la distribution angulaire 
mesuree vers En = 160 keV avec les distributions angulaires WKJ,r(ö) calculees 
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TABLEAU II. ENERGIES DES RESONANCES CORRESPONDANT AUX 
DIFFERENTS MEMBRES DE LA BANDE DE ROTATION ET SECTIONS 
EFFICACES DE FORMATION DU NOYAU COMPOSE POUR LES 
DEUX PARITES 

J 

3 
4 
5 

En (keV) 

160 
188 
223 

o^ (barns) 

1,220 
0,007 
0,006 

aJ
c (barns) 

0,055 
0,032 

pour differentes valeurs de К, J, 7r conduit ä attribuer la resonance tres etroite 
observee ä cette energie ä un etat de vibration pur (K, J, w) = (3, 3, ±). Le 
tableau II donne les energies auxquelles nous devrions trouver des resonances 
correspondant aux differents membres de la bände de rotation construite sur 
le meme etat de vibration (en donnant äu parametre h2 j2ß la valeur de 3,5 keV 
mesuree dans le second puits du 240Pu par Specht et al. [19]) ainsi que les 
sections efficaces de formation du noyau compose pour les 2 parites. Si on 
considere la parite negative, la contribution de 1^=4" ä En = 188 keV n'est 
pas negligeable, et la distribution angulaire ä cette energie devrait avoir une 
forme correspondant ä la forme theorique W34_(0), c'est-ä-dire piquee ä 55°; 
experimentalement nous n'observons pas une forme semblable. Nous avons done 
choisi la parite positive. 

En ce qui concerne les deux resonances ä En = 200 keV et En = 330 keV, 
pour lesquelles nous n'avons pas observe de sous-structure, il est plus difficile 
de les interpreter sans ambiguites. La forme des distributions angulaires qui 
leur correspondent ne permet pas de choisir nettement entre les differentes 
possibilites K" = 0+, 0", 2+ , 2~. Nous avons done essaye de reproduire la 
section efficace et la forme des distributions angulaires pour les differentes 
combinaisons possibles. Nous avons obtenu le meilleur accord avec les resultats 
experimentaux (fig. 7 et 8) en attribuant la resonance observee vers En = 200 keV 
ä un etat de vibration pur Kff = 0+ , et la resonance observee vers En = 330 keV 
ä un etat de vibration К" = 0" faiblement amorti. 

Les parametres des barrieres de fission effectives utilisees dans cette analyse 
sont donnes dans le tableau III; ils sont en bon accord avec les valeurs extraites 
de l'analyse de Failure generale de la fonction d'excitation [7], et avec les valeurs 
obtenues ä partir de la reaction 231Pa(d,pf) [20]. 
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FIG.8. Distribution angulaire pour En = 160 ke V. 
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TABLEAU III. PARAMETRES DES BARRIERES DE FISSION 

En (keV) 

160 

200 

330 

231Pa(n,f) 

^PaCd.pf) 

K" 

3 + 

0+ 

0" 

E A 

6,0 

5,85 

6,00 

5,95 

5,75 

h w A 

0,85 

0,9 

0,85 

0,9 

0,8 

EB 

6,15 

6,20 

6,15 

6,15 

6,10 

h w B 

0,4 

0,4 

0,5 

0,4 

0,45 

5. CONCLUSION 

La fonction d'excitation de la reaction 231Pa(n,f) a ete mesuree de 130 a 
450 keV avec un pas en energie et une resolution en energie de 5 keV, ce qui a 
permis de confirmer l'existence des deux structures resonantes observees vers 
200 keV et 330 keV et de mettre en evidence une resonance tres etroite a 
160 keV; une mesure complementaire effectuee avec une resolution en energie 
de 2 keV a montre que la largeur de cette resonance est inferieure ou egale ä 
2 keV. Les distributions angulaires des fragments de fission ont egalement ete 
mesurees au voisinage de ces trois structures avec une resolution en energie de 
5 keV. La fonction d'excitation ainsi que les distributions angulaires sont bien 
interpretees en considerant trois voies de fission caracterisees par K^ = 3 +, 0~ 
et 0+; les 3 resonances sont attributes ä des etats de vibration ß du puits de 
potentiel intermediate. La forme de la barriere de fission extraite de cette analyse 
est en bon accord avec la barriere de fission extraite de l'allure generale de la 
fonction d'excitation et avec la systematique de Los Alamos. Le resultat le plus 
interessant de ce travail concerns la resonance tres etroite observee a 160 keV, 
qui a toutes les caracteristiques d'une resonance de vibration pure (Кя = 3+). 
II s'agit d'une resonance de Vibration individuelle correspondant au moment 
angulaire J = 3. Les resonances associees aux autres membres de la bände de 
rotation construite sur l'etat de vibration Kw = 3 + ne sont pas observees car les 
etats du noyau compose presentant un moment angulaire superieur a 3 sont tres 
faiblement peuples par la capture de neutrons d'aussi faible energie. 

Comrae cette resonance est tres etroite, l'etat de vibration qui en est 
responsable doit presenter une faible energie d'excitation effective, et ceci 
d'autant plus que le noyau 232Pa est un noyau impair-impair. Une telle situation 
ne peut exister que si cet etat de vibration appartient ä un second puits de poten-
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tiel tres peu profond, ou au troisieme puits propose par Nix. Les calculs theoriques 
prevoient que cet eventuel troisieme puits presente une asymetrie de masse, aussi 
devrait-il exister dans cette hypothese un autre etat de vibration Kn = 3 ~ au 
voisinage de l'etat de vibration Kw = 3 + mis en evidence; malheureusement il 
n'est pas possible de l'observer en reaction (n,f) car les etats du noyau compose 
Jw = 3" sont tres peu peuples. II serait done particulierement interessant d'etudier 
la fission du 232Pa en utilisant une reaction directe pour obtenir une distribution 
des moments angulaires plus large; en effet une telle etude permettrait de mesurer 
le moment d'inertie du noyau dans l'etat de vibration Kn = 3 + , et de voir s'il 
existe bien deux bandes de rotation Kw = 3 + et 3~ constituant la signature d'un 
troisieme puits asymetrique dans la barriere de fission de ce noyau. 
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DISCUSSION 

R.H. IYER: You mentioned that you used a 2 mg • cm"2 thick 231Pa target 
in your cross-section and angular distribution measurements. This corresponds 
to ~ 15 — 20% of the effective range of the fission fragments and is, I think, too 
thick for good cross-section and angular distribution measurements unless you 
introduce corrections for self-absorption losses of fission fragments in the actual 
target. This is particularly true when you are detecting the fission fragments with 
a Makrofol track detector, and may affect both your cross-section and angular 
distribution data, particularly the latter. 

A. SICRE: In the experimental device that we used to measure the angular 
distributions, the 231Pa was deposited at two points in the centre and set in motion 
by rotation around the vertical axis of the cylinder formed by the detector. This 
movement was intended to average, in all horizontal directions, the angular distri­
bution effects due to slowing-down or absorption of grazing fission fragments in 
the deposited material. Vertically, possible effects of this kind are limited, since 
the detector records only the fragments with an emission angle less than 60° 
relative to the direction of the incident neutrons. 

S.S. KAPOOR (Chairman): To ensure that there are no systematic errors in 
the angular distribution measurements, you could also carry out the experiment 
by replacing the 231Pa target with a 23SU target of the same thickness and measur­
ing the angular distributions for thermal neutron fission. If the experiment is 
carried out with identical geometry, you will then get an isotropic distribution. 

A. SICRE: To evaluate the distortion of the shape of the angular distri­
butions due to the use of our method we designed a Monte-Carlo-type calculation 
to simulate the behaviour of the fission fragments between their emission and their 
recording by the detector. The calculation results show that the distortions are 
still very small. 

We also recorded the angular distribution of the fission fragments from a 
2s2Cf source and found, as expected, that the angular distribution was isotropic. 





IAEA-SM-241/B6 

BANDES DE ROTATION DANS 
LA STRUCTURE INTERMEDIATE 

D. PAYA 
DPh-N/MF, 
CEA, Centre d'etudes nucleaires de Saclay, 
Gif-sur-Yvette, 
France 

Abstract-Resume 

ROTATIONAL BANDS IN INTERMEDIATE STRUCTURE. 
The intermediate structure effects observed in the fission cross-section of a large number 

of isotopes have been attributed to the presence of vibrational states in the second well of the 
fission barrier. A new phenomenon appears with the isotopes of thorium where the inter­
mediate structure presents rotational bands. Investigation of these bands provides a number 
of arguments in favour of the existence of a third well, in which the nucleus would take an 
asymmetric form: the very presence of rotational bands suggests a potential well less deep 
than the second well, the moment of inertia is the same for the three rotational bands 
investigated and its value is three times greater than in the ground state, and finally each 
band is divided into two bands of positive and negative parities separated by 11 keV. The 
latter characteristic is typical of a nucleus in which the space symmetry inversion is not 
preserved; it provides information on the potential barrier separating two inverse states from 
each other. In one of the structures investigated the level [981] I can be identified from the 
value of the decoupling parameter. Little is known about the other structures but they could 
consist of rotational bands built on vibrational bands. Finally, the estimation of certain 
characteristic times — lifetime, rotation period and inversion period — provides the basis for 
some interesting comparisons. 

BANDES DE ROTATION DANS LA STRUCTURE INTERMEDIATE. 
Les effets des structures intermediaires observes dans la section efficace de fission d'un 

grand nombre d'isotopes ont ete attribues ä la presence d'etats de vibration dans le deuxieme 
puits de la barriere de fission. Un phenomene nouveau apparait avec les isotopes de thorium 
ой la structure intermediate present* des bandes de rotation. L'etude de ces bandes fournit 
un certain nombre d'arguments en faveur de l'existence d'un troisieme puits dans lequel le 
noyau prendrait une forme asymetrique: la presence meme de bandes de rotation suppose 
un puits de potentiel moins profond que ne Test le deuxieme puits, le moment d'inertie est 
le meme pour les trois bandes de rotation etudiees et sa valeur est trois fois plus grande que 
dans l'etat fondamental, enfin chaque bände est dedoublee en deux bandes de parites positive 
et negative decalees de 11 keV. Cette derniere propriete est caracteristique d'un noyau dans 
lequel la symetrie par inversion de l'espace n'est pas respectee; eile fournit des renseignements 
sur la barriere de potentiel qui separe deux etats inverses Tun de l'autre. Dans l'une des 
structures etudiees on peut identifier le niveau [981] A grace ä la valeur du parametre de 
decouplage. On possede encore peu de renseignements sur les autres structures mais elles 
pourraient etre constituees par des bandes de rotation construites sur des bandes de vibration. 
Enfin, l'estimation de certains temps caracteristiques — duree de vie, periode de rotation et 
Periode d'inversion — donne lieu ä des comparaisons interessantes. 

207 
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Les effets de structures intermediaires dans les sections efficaces de 
fission sont connus depuis plus de dix ans [ij et ü est maintenant bien eta-
bli que ce sont des effets de voie de sortie qui prennent naissance lors de 
la traversee de la barriere de fission. lis sont dus ä la presence de ni-
veaux situes dans un minimum secondaire de la barriere ou le noyau peut se-
journer dans un etat intermediaire metastable au cours de son chemin vers la 
fission. En principe, une structure intermediaire est constituee par un grou-
pe isole de resonances fines. Cependant, il arrive tres souvent que, pour 
des raisons experimentales, la structure fine ne soit pas resolue. Le groupe 
prend alors l'aspect d'une resonance large qui represente la variation de la 
valeur moyenne de la probabillte de fission le long de la structure. Ces re­
sonances sont d'une grande utilite dans la determination experimentale des 
principales caracteristiques de la barriere de fission. C'est ainsi qu'ä la 
suite de mesures extensives effectuees sur un grand nombre d'isotopes, on a 
pu dresser une systematique des maximums et des minimums en fonction du nom­
bre de protons et du nombre de neutrons [2J. 

Comme l'ont montre Möller et Nix [3J, les calculs effectues avec une 
double barriere sont en bon accord avec l'experience, sauf pour les thoriums 
ou le premier maximum et le second minimum sont bien plus bas que les valeurs 
mesurees. Cette "anomalie du thorium" pourrait etre resolue par le creuse-
ment d'un troisieme minimum peu profond, ä une deformation ou la symetrie 
de masse du noyau n'est pas respectee. Plusieurs experiences ont done ete 
entreprises sur les thoriums afin de determiner si ce resultat de calcul 
pouvait recevoir une confirmation experimentale ou si, au contraire, on de-
vait le considerer comme un effet artificiel resultant d'un choix trop res-
treint de parametres. 

Hierarchie des etats intermediaires 

La classification des etats qui interviennent dans la creation de struc­
tures intermediaires a ete donnee par Lynn [ft] puis par Back Q>] • Au depart, 
l'hamiltonien.total du noyau est developpe de maniere ä faire apparaitre ex-
plicitement un terme Hg associe ä la vibration qui permet seule au noyau de 
franchir la barriere de fission : 

H = Hß + Hi + H8i 

Dans ce developpement, H. contient tous les autres degres de liberte, que ce 
soient les autres parametres collectifs associes ä la forme du noyau ou ä sa 
rotation ou bien les excitations de particules dans le champ nucleaire moyen. 
L'interaction entre le degre de liberte ß et les autres degres de liberte 
est incluse dans le terme Hg£. En 1'absence d'interaction, les fonetions pro­
pres |ßi> de l'hamiltonien H = Hg + H. s'ecrivent comme des produits des 
fonetions propres |ß> et |i>. Quand la surface de potentiel a deux minimums 
on peut diviser les fonetions propres |ß>, done aussi les fonetions propres 
|ßi>, en deux classes appelees classe I et classe II suivant que l'amplitude 
est maximale dans le premier puits ou dans le second. 

L'observation de largeurs de fission non nulles montre l'existence d'un 
couplage entre le mouvement de vibration et les autres degres de liberte. 
L'importance du couplage depend de la densite d'etats ä l'energie consideree. 
Dans le premier puits, aux energies qui nous interessent, la densite est tres 
grande puisque l'espacement moyen est d'environ 1 eV. L'energie de vibration 
ne peut rester concentree sur un seul etat, eile se repartit rapidement sur 
les etats voisins. Dans ces conditions, on admet generalement que les compo-
santes de vibration dans le premier puits sont uniformement reparties sur les 
etats plus denses du noyau compose. Le mouvement de vibration dans le premier 
puits sera assimile ä une onde plane. Dans le deuxieme puits, une partie de 



IAEA-SM-241/B6 209 
l'energie est immobilisee sous forme d'energie potentielle. L'energie dispo­
nible sous forme d'energie d'excitation est d'autant plus petite que le mi­
nimum est plus eleve. La densite d'etats est environ cent fois moins. grande 
que dans le premier puits. Dans ces conditions, les etats de vibration se-
ront beaucoup moins dilues et n'auront, en fait, de composantes notables que 
sur les seuls etats voisins. Dans un modele ou les espacements sont constants, 
la force de la resonance de vibration est distribuee suivant une fonction de 
Lorentz : 

P(E) - ' ^ 
217 < E - E I I > 2 + { ^ 

ou E est l'energie de l'etat de vibration et Гтт represente la largeur de 
couplage de cet etat aux autres etats du deuxieme puits. 

Situation experimentale 

L'experience fournit des exemples de differents amortissements de la 
resonance de vibration dans les etats voisins. 

Dans un noyau comme 238Np la profondeur du deuxieme puits de potential 
est d'environ 3 MeV. L'espacement moyen des etats au voisinage des sommets 
de la barriere у est de quelques dizaines d'electronvolts. Le mouvement de 
vibration est done completement amorti et la composante de vibration est dis­
tribuee de maniere quasi uniforme sur tous les etats de classe II. С'est ce 
qui est observe dans la section efficace de fission induite par neutrons ou 
aucune resonance large n'est visible au voisinage du seuil [б]. On peut es-
timer la largeur de couplage Г _ ä plusieurs centaines de keV. Les etats de 
classe II apparaissent comme des resonances fines dont la largeur est d'en-
viron 10 eV ; leurs espacements obeissent ä la loi de Wigner. Les spins de 
ces etats sont distribues de maniere statistique suivant une dependence en 
2J + 1. Quand la resolution en energie devient meilleure que l'espacement 
des etats de classe I, on voit que la probabilite de fission ä travers un 
etat de classe II est en fait distribuee sur les etats de classe I qui ont 
le meme spin que lui et une energie voisine ]Y]. 

Quand la densite des etats de classe II diminue, le mouvement de vibra­
tion n'est plus que partiellement amorti dans le second puits. C'est ce qui 
est observe dans la reaction 239Pu(d,pf) [в] : entre 4,9 et 5,1 MeV la fonc­
tion d'excitation montre un groupe de resonances fines qui resultent du cou­
plage d'un etat de vibration aux etats de classe II. Comme dans le cas de 
238Np, les espacements sont distribues suivant la loi de Wigner mais l'espa­
cement moyen est plus grand ; il vaut 10,8 keV. II semble, par contre, que 
les spins soient tous identiques. Four expliquer ce resultat surprenant, on 
a emis l'hypothese d'un effet de voie d'entree. Un cas assez semblable a ete 
rapporte dans la reaction 23LfU(n,f) [9]. A une energie de neutron 300 keV, 
il apparait un groupe de resonances de classe II avec un espacement moyen de 
13 keV. Ce groupe a ete analyse en termes de couplage des etats de classe II 
avec un etat de vibration et la bände de rotation construite sur cet etat. 
L'analyse conduit ä des largeurs de couplage Гт = 800 ± 300 keV dans le pre­
mier puits et Г.- = 3 5 + 5 keV dans le deuxieme. Dans ce cas aussi, les dis­
tributions angutaires sont tres semblables d'une structure fine ä l'autre. 
Elles sont expliquees par un etat de vibration K^ = 1/2 avec des contribu­
tions de deux autres etats : К = 3/2 et К =1/2 situes ä des energies 
d'excitation un peu plus elevees. 

Pour les thoriums, les calculs, la systematlque et 1'analyse des don-
nees de photofission sous le seuil Qoj prevoient tous un deuxieme minimum 
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FIG.l. Section efficace de fission de Th. 
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FIG.2. Section efficace de fission de 232Th. 

compris entre 2 et 3 MeV au-dessus du premier, soit un puits au moins aussi 
profond que pour le neptunium. On s'attend done ä une densite de niveaux im-
portante et ä un amortissement complet de la resonance de vibration. Or, la 
section efficace de 230Th pour les neutrons de 720 keV presente une resonan­
ce isolee avec une largeur de 25 keV qui est citee comme le prototype d'une 
resonance de vibration peu ou pas amortie Q lj . Pour lever la contradiction, 
il faut admettre que cette resonance n'appartient pas au deuxieme puits mais 
plutot au troisieme qui, lui, est beaucoup moins profond. Un moyen de prou-
ver cette hypothese est de parvenir ä resoudre la structure fine. En effet, 
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si cette structure fine est causee par les tout premiers niveaux excites, on 
doit observer, en raison du caractere collectif de ces niveaux, des proprie-
tes fort differentes de Celles qui existent dans le second puits ou le ca­
ractere collectif s'est completement estompe. 

La section efficace de fission des thoriums-230 et 232 

La detection de niveaux dans un eventuel troisieme minimum necessite une 
bonne resolution en energie. C'est le cas des mesures qui ont ete effectuees 
aupres des accelerateurs lineaires de Saclay puis de Geel sur la section ef­
ficace de fission des thoriums-230 []2] et 232 [13] pour des neutrons d'ener­
gies comprises entre 0,5 MeV et 3 MeV. La mesure de la section efficace a 
ete completee, pour ce qui concerne 232Th, par deux mesures d'anisotropie 
dans lesquelles une grille placee contre la cible de thorium eliminait les 
fragments emis ä des angles superieurs respectivement ä 45° et 30° ; les an­
gles sont comptes par rapport ä la direction du faisceau de neutrons inci­
dent. Les principales caracteristiques de ces experiences sont indiquees dans 
la reference Q 4j • 

Les figures 1 et 2 montrent les sections efficaces de fission de 2^Th 
et 232Th. Des structures fines apparaissent clairement sur les resonances 
larges : a 720 keV pour 230Th, a 1,6 MeV et 1,7 MeV pour 232Th,et leur espa-
cement moyen est d'environ 10 keV. Cependant, cet effet est notablement dif­
ferent de ceux qui existent pour les autres noyaux et dont nous avons rappe­
le les principales proprietes. 

i) Ces resonances fines ne peuvent evidemment etre des etats de classe I 
dont l'espacement mesure a 1'energie de liaison d'un neutron est d'environ 
10 eV. Peuvent-elles etre des etats de classe II ? On a vu que le deuxieme 
minimum est situe entre 2 et 3 MeV au-dessus du premier. Dans ces conditions 
on peut evaluer l'espacement des etats de classe II ä une energie de neutrons 
de 1,6 MeV par exemple, par comparaison avec l'espacement connu des etats de 
classe I ä des energies de neutrons de quelques electronvolts. Par applica­
tion d'une relation de la forme 

DII r UIll 5 M r . r - r -

on trouve un espacement D_T = 5 eV pour un deuxieme minimum a 2 MeV et 
DTT = 38 eV pour un minimum ä 3 MeV. Avec de tels espacements, on ne peut 
certainement pas expliquer des "fluctuations statistiques" qui auraient un 
espacement observe de 10 keV. 

ii) Dans les structures intermediaires des autres noyaux, les espace­
ments obeissaient ä des lois statistiques (distribution de Wigner). Dans le 
cas des thoriums, on observe une regularite qui sera analysee en detail au 
paragraphe suivant. 

iii) Les mesures d'anisotropie et les mesures de distributions angulai-
res montrent que le spin ne reste pas constant pour tous les elements d'une 
meme structure mais, au contraire, augmente en fonction de l'energie. 

Ces arguments montrent qu'il n'est pas possible d'attribuer les struc­
tures intermediaires observees dans les thoriums ä des niveaux du deuxieme 
minimum de la barriere de fission, comme on l'a fait precedemment. 

Les bandes de rotation 

L'influence du second minimum sur la structure intermediaire etant ecar-
tee, on peut se tourner vers le troisieme minimum. Dans cette hypothese, ou 
l'energie d'excitation est tres faible, on ne peut atteindre que les tout 
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FIG.3. a) Section efficace de fission de 232Th integree sur tous les angles, b) Section efficace 
dans un angle inferieur ä 45°qui favorise les spins eleves. 

TABLEAU I. ENERGIES EXPERIMENTALES DES STRUCTURES FINES 

ET ENERGIES CALCULEES AVEC LE SPIN f 

230 T h 

(bände К = 1/2) 

232 T h 

(bände К = 3/2) 

232 T h 

(bände К = 1/2) 

J* 

1/2* 

3/2* 

5/2* 

7/2* 

3/2* 

5/2* 

7/2* 

9/2* 

1/2* 

3/2* 

5/2* 

7/2* 

Е (keV) exp4 ' 

708,6 ± 0,6 

701,6 ± 1 

733,0 ± 1 

715,5 + 1 

1568,9+ 1 

1581,5 ± 1 

1699,8 ± 1 

1620,5 + 1 

1690,1 ± 1 

1680,9+ 1 

1714,6 ± 1 

1693,5 ± 1 

Ecalc(keV> 

708,7 

701,4 

732,6 

715,6 

1569,3 

1581,6 

1598,8 

1621,0 

1689,9 

1680,7 

1715,0 

1693,6 

r 

1/2-

3/2" 

5/2" 

7/2" 

3/2" 

5/2" 

7/2" 

9 /2 ' 

11/2 -

1/2-

3/2" 

5/2" 

7/2" 

E (keV) expv 

719,8 ±0 ,4 

712,3 ± 1 

743,3 ± 1 

726,6 ± 1 

1579,8 ±0 ,5 

1591,8 ± 1 

1611 ± 1 

1631 ± 1 

1660 ± 2 

1702 ± 1 

1693 + 1 

1726 ± 1 

1706 ± 1 

Ecalc(keV> 

719,7 

712,4 

743,6 

726,6 

1579,7 

1592,1 

1609,4 

1631,6 

1658,8 

1702 

1693,2 

1726,2 

1705,9 
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premiers etats, tres peu denses. Le mouvement de rotation inclus dans le ter-
me H. de l'hamiltonien est faiblement couple au mouvement intrinseque et 
peut en etre separe. On s'attend done ä observer des bandes de rotation. 

Dans cette hypothese, Blons a cherche ä attribuer aux differentes struc­
tures fines un spin J et une parite IT en se basant sur les espacements et les 
intensites relatives. En effet, les etats qu'il est possible de former par 
capture d'un neutron de moment angulaire I ont le spin et la parite 
J" = (£ ± 1/2)( '£ ; О Г ) la section efficace de formation du noyau compose, 
tres sensible ä la valeur de Jt, determine generalement une valeur unique. II 
est certain que cette attribution constitue une base de travail qui demande 
ä etre confrontee aux mesures de distribution angulaire. Malheureusement, 
une comparaison detaillee s'avere difficile parce que ces mesures souffrent 
en general d'une resolution en energie insuffisante pour separer les struc­
tures fines. Toutefois, une mesure ä bonne resolution, effectuee recemment ä 
l'Universite de Bordeaux sur 230Th, n'est pas en desaccord avec 1'attribution 
qui a ete faite Q5]. Dans le cas de 232Th, la situation est compliquee par 
la presence, sous les resonances ä 1,6 MeV et 1,7 MeV, d'un fond important 
qui perturbe les distributions angulaires. Neanmoins, on constate une varia­
tion du rapport d'asymetrie le long de chaque resonance, en accord qualita-
tif avec l'hypothese d'une bände de rotation (figure 3). 

L'analyse de Blons montre la necessite de faire intervenir, pour chaque 
valeur de J, ä la fois la parite positive et la parite negative. Le tableau 
I donne, pour les trois groupes de resonances etudies, les energies et les 
attributions de spin et de parite. Les energies sont comparees aux energies 
calculees par la formule habituelle : 

E(J) = E 0 K + "|^ [̂ J(J + 1) - K(K + 1) + 6(K,l/2)a(-l)J+1/2(J + ±) 

L'accord observe entre les valeurs calculees et les valeurs mesurees est ex­
cellent. II montre l'existence d'une grande regularite dans la distribution 
des espacements (fig. 4). II faut noter aussi que les valeurs du parametre 
de rotation-fi2/29 sont tres voisines (1,9 ± 0,1 keV pour 230Th ä 720 keV, 
2,5 + 0,2 keV pour 232Th ä 1,6 MeV et 1,9 ± 0,1 keV pour 232Th ä 1,7 MeV), 
ce qui plaide en faveur des bandes de rotation. 

Le troisieme minimum 

L'existence de bandes de rotation indique la presence d'etats collec-
tifs purs ou presque purs. Leur faible largeur montre, d'autre part, que ces 
etats sont peu dilues. II faut en conclure qu'ä l'energie consideree la den-
site de niveaux est petite et done que cette energie est tres voisine de 
celle du minimum. Le deuxieme minimum, trop profond, ne remplit pas cette 
condition ; par contre, le troisieme minimum, avec une profondeur calculee 
voisine de I MeV, semble convenir. 

La valeur du moment d'inertie renforce cette interpretation : il est 
trois fois plus grand que dans l'etat fondamental alors qu'il n'est que 
deux fois plus grand ä la deformation du deuxieme minimum Q6J. Cette depen-
dance est conforme ä celle obtenue par le calcul \j7\. On remarque cependant 
que la valeur obtenue pour les bandes К = 1/2 (qui ont meme moment d'inertie 
et meme parametre de decouplage pour les deux isotopes) est legerement plus 
grande que celle de la bände К = 3/2. Cette difference ne permet pas, pour 
1'instant, de tirer des conclusions definitives concernant la forme de la 
force d'appariement : le moment d'inertie des bandes К = 1/2 semble indiquer 
une force d'appariement constante, alors que celui de la bände К = 3/2 sup-
poserait plutot une force d'appariement proportionnelle ä la surface. 
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FIG A. Spins et parties des structures fines de Th. 
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FIG.5. Differents chemins utilises pour le calcul de l'energie d'inversion. La surface d'inergie 
potentielle est tiree de [18]. 
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TABLEAU II. ENERGIE D'INVERSION POUR 
DIFFERENTS CHEMINS TRACES SUR LA 
FIGURE 5 

Trajet (k"eV) (unites 
S 
(u 
arbitraires) 

a 74 104 
a' 23 114 
b 5 201 
b' 0,4 155 
с 0,01 422 

Enfin, un argument de poids en faveur du troisieme minimum est le de-
doublement de parite. Le tableau I montre que, dans chaque cas, une bände de 
rotation de parite positive est accompagnee d'une bände de rotation de pari­
te negative identique, ä un decalage pres d'environ II keV. C'est une pro-
priete bien connue en spectroscopie moleculaire pour les molecules asymetri-
ques dont 1'ammoniac est le prototype. L'energie potentielle d'une telle mo­
lecule, tracee en fonction de la distance de l'atome N au plan H,, a un dou­
ble minimum correspondant aux deux configurations d'equilibre droite et gau­
che equivalentes. Les fonctions d'onde sont des combinaisons lineaires des 
fonctiöns d'onde de la molecule dans chacune de ces configurations : 

*-• ^%-v 

Dans la molecule de NH3> les etats de parite negative de la bände К = 0 sont 
decales vers le haut par rapport aux etats de parite positive, la frequence 
d'inversion etant de 23 GHz. 

L'energie potentielle U des noyaux de thorium, tracee en fonction du 
parametre d'asymetrie de masse e,, a le meme comportement au niveau du troi­
sieme minimum qui, en realite, se dedouble en deux minimums correspondant 
aux deux orientations possibles du noyau. Cet effe* n'existe pas pour le pre­
mier et le deuxieme minimum ou la symetrie de masse est respectee. 

L'energie d'inversion entre la bände de parite positive et la bände de 
parite negative depend de la penetrabilite de la barriere de potentiel qui 
separe les deux puits asymetriques. Dans le cas d'une barriere ä une dimen­
sion, et en supposant que le mouvement de vibration de masse est decouple 
des autres mouvements collectifs, on peut calculer cette energie d'inversion. 
Cela a ete fait pour differents chemins traces sur la carte d'energie poten­
tielle calculee par Möller QeJ (fig. 5). Les resultats sont rassembles dans 
le tableau II ainsi que la valeur correspondante de 1'integrale d'action : 

'2КЕ-П) [ 1 + ( | E _ j ] d e 3 
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FIG. 6. a) Section efficaee de fission de 232Th. b) Rapport d'anisotropie. 

Dans ces calculs on a suppose que le parametre d'inertie u etait constant : 
p = 0,0540 A^'3 -R2 MeV 1. L'examen du tableau II montre qu'il est possible 
d'obtenir un bon accord avec l'energie d'inversion mesuree de 11 keV ä con­
dition de ne pas choisir un chemin comme le chemin с qui passe tres pres du 
soimnet de la barriere et qui d'ailleurs est tres peu probable. En fait, on 
peut envisager deux chemins possibles qui passeraient de part et d'autre du 
sommet. 

L'observation, dans 231Th et 233Th, d'une bände de rotation К = 1/2 
avec un parametre de decouplage a = - 2,5 est interessante car eile permet 
de personnaliser le niveau sur lequel est construite la bände de rotation. 
D'apres des calculs effectues par le groupe de Silsson QsQ, on peut trou-
ver quatre niveaux de spin 1/2 dans un intervalle de 3 MeV autour de l'ener­
gie de Fermi des thoriums a la deformation correspondant au troisieme mini­
mum. Tous ces etats ont un parametre de decouplage positif ou nul sauf un : 
l'etat [98l] situe ä environ 700 keV au-dessus de l'energie de Fermi de 
231Th pour lequel a = - 2,2, valeur remarquablement voisine de la valeur ex-
perimentale. Outre cette bände К = 1/2, on doit trouver d'autres bandes de 
rotation associees aux differents etats possibles. La plus spectaculaire est 
celle qui se trouve ä 1,6 MeV dans la section efficaee de 232Th et pour la-
quelle К = 3/2. Mais il est vraisemblable qu'il en existe d'autres comme, 
par exemple, dans la section efficaee de 230Th au voisinage de 970 keV et de 
1100 keV (fig. 1) ; ä ces energies les structures apparaissent moins dis-
tinctement car elles se superposent ä l'ouverture de la voie de fission 
К = I/2 qui cree une contribution importante ä la section efficaee et qui 
perturbe la distribution angulaire. 
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L'etude et la classification des differentes structures peuvent etre fa-

cilitees par la remarque suivante : dans un puits de potentiel caracterise 
par une courbure GO, les etats de vibration sont espaces de •йш. Cela se tra-
duit dans le coefficient de transmission d'une barriere ä deux bosses par 
1'apparition de resonances ä l'energie de ces etats. La largeur de ces reso­
nances est : 

Г е ! * " > < Т А + ТВ> 

ой Тд et 1_ sont les coefficients de transmission ä travers chacune des deux 
bameres qui ancadrent le minimum ; eile diminue done au fur et ä mesure 
qu'on s'enfonce dans le puits. Si le troisieme puits de la barriere de fis­
sion a une profondeur d'environ 1 MeV pour une courbure -Kw =0,65 MeV, on 
peut у construire, sur chaque etat intrinseque, deux resonances de vibration 
separees de 0,65 MeV, la plus basse en energie ayant une intensite beaucoup 
plus petite que l'autre. Precisement, la section efficace de 232Th montre, 
au-dessous de 1,3 MeV, une serie de resonances larges qui ne depassent pas 
2 mb (contre plus de 50 mb au-dessus de 1,3 MeV). Ceci apparait clairement 
sur la figure 6 et a ete rapporte aussi par Androsenko et Smirenkin [20] . 
En particulier, il existe, ä 0,95 MeV et 1,05 MeV, deux resonances dont les 
mesures d'anisotropie indiquent qu'elles ont precisement les memes nombres 
quantiques К = 3/2 (ou 5/2) et К = 1/2 que les resonances a 1,6 MeV et 1,7 
MeV situees ä 0,65 MeV plus haut. De meme, on remarque deux resonances 
К = 1/2 ä 0,78 MeV et 1,25 MeV auxquelles pourraient correspondre les struc­
tures intermediaires К = 1/2 situees a 1,43 MeV et 1,90 MeV. 

Comparaison de quelques temps caracteristiques 

En ecrivant l'energie de rotation sous la forme : 

Erot= 1 | [ J ( J + ° "K(K+ '>] = l ^ 2 

il est possible d'evaluer la periode du mouvement collectif de rotation du 
noyau dans le troisieme puits. Dans la bände К = 1/2 ou le moment d'inertie 
est le plus grand on trouve, pour differentes valeurs du moment angulaire J : 

J 3/2K" 5/21Г 7/2ft 9/2K 1I/2K 
T _ x 1019s 6,28 3,85 2,81 2,22 1,84 rot ' 

(pour la tete de bände J = 1/2 le noyau n'a pas de mouvement de rotation col­
lectif) . II est interessant de comparer ces valeurs ä la duree de vie des 
etats estimee ä partir de la relation d'incertitude : 

AE.At =-11 

Pour une largeur ДЕ de 7 keV, la duree de vie At est de l'ordre de 
0,94 x 10 1 9s. On voit qu'elle est notablement plus petite que la periode de 
rotation. Neanmoins, on concoit qu'il n'est pas necessaire que le noyau ait 
fait un tour complet pour qu'on puisse definir un mouvement de rotation. D'une 
maniere plus precise, il existe une relation d'incertitude : 

AJ.Ae =-К" 

qui montre que, pour pouvoir definir le spin J ä une unite h pres, il suffit 
que le noyau ait tourne d'au moins 1 radian. Cette condition est verifiee me­
me dans le cas ou le noyau tourne le plus lentement. 
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Dans un noyau possedant la symetrie de resolution, la configuration re­
sultant de 1'inversion des coordonnees peut aussi bien etre obtenue par une 
rotation de тт autour d'un axe perpendiculaire ä l'axe de symetrie. Le dedou~ 
blement des niveaux en parites positive et negative ne se produit pas dans ce 
cas. S'il est malgre tout observe dans les thoriums c'est parce que, precise-
ment, le noyau n'a pas le temps de tourner d'un angle egal ou superieur ä тт. 
L1inversion ne peut done pas se faire au moyen d'une simple rotation tant que 
le spin est inferieur ä ll/2n'. Elle necessite une inversion effective des co­
ordonnees et, par consequent, le franchissement d'une barriere de potentiel 
qui est seul responsable du dedoublement de parite. II serait interessant 
d exciter la meme bände de rotation par une reaction de type (d,pf) qui ap-
porte plus de moment angulaire afin d'alimenter des spins superieurs ä 11 /3*1. 
On devrait alors observer la disparition du dedoublement. 

La periode d'inversion peut etre estimee ä partir de l'espacement de 
11 keV entre la bände de garite positive et la bände de parite negative. La 
valeur trouvee (3,76 x 10 19s) est, eile aussi, plus grande que la duree de 
vie. Cela signifie simplement que le noyau ne franchit pas effectivement la 
barriere qui separe les deux puits asymetriques. Au cours de son trajet vers 
la fission, il passe par un, et un seul, des deux puits. 

Conclusion 

Les structures intermediaires observees dans les sections efficaces de 
230Th et 232Th sont done interessantes ä plus d'un titre. Elles montrent la 
presence de bandes de rotation qui impliquent l'existence d'un troisieme puits 
de potentiel dans la barriere de fission. Les etats de rotation sont situes 
dans ce puits et c'est la premiere fois qu'on observe un noyau lourd dans un 
etat ou la symetrie de masse n'est pas respectee. L'analyse qui a ete limitee, 
jusqu'ä present, ä trois structures principales a dejä fourni un certain nom-
bre de renseignements. Nul doute que 1'etude des autres structures apportera 
plus de precisions et constituera le debut d'une veritable spectrometrie dans 
le troisieme puits. On sera alors en possession d'un ensemble de donnees ex-
perimentales capables d'eprouver les modeles theoriques. 

On peut penser que des effets semblables existent dans les noyaux voisins 
mais qu'ils sont passes inapergus jusqu'ä present ä cause du manque de reso­
lution en energie. Dejä, dans la fission de 231Pa par des neutrons de 160 keV, 
apparait une resonance dont la largeur est inferieure a 2 keV. II est possi­
ble qu'elle soit aussi une resonance de vibration pure dans le troisieme puits 
de la barriere de fission \2\~]. Malheureusement, eile serait la tete d'une 
bände К = 3 dont les autres composantes sont peu alimentees par des neutrons 
de 150 keV, ce qui rend difficile leur observation. 
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DISCUSSION 

J.W. BOLDEMAN: Let me preface my remarks by congratulating you, and 
also Dr. Blons, on a fine series of cross-section measurements for neutron fission 
of 230)232Th. Because of the difficulty of such measurements and the complexity 
of the analysis, there has been some debate as to whether the existence of a triple-
humped fission barrier has been proved conclusively for thorium isotopes. In the 
case of the cross-section data for 230Th, the essence of the argument in favour of 
the triple-hump has been an attempt to demonstrate that both positive and 
negative parity К = 1/2 bands are required to fit the experimental data in the 
vicinity of the large resonance at 715 keV. Blons and co-workers have presented 
a fit to this cross-section by using a table of parameters including the double-parity 
option. We have calculated the fission fragment angular distributions that would 
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CALCULATION 
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FIG.A. Ardsotropy versus neutron energy. 

result from the use of this set of parameters, and the anisotropics derived from 
these calculated angular distributions are shown in Fig.A. Leroux and co-workers 
have also calculated a similar dependence for the anisotropy, using Blons' 
parameters. 

We have recently completed a series of fission fragment angular-distribution 
measurements for neutron-induced fission of 230Th, covering the energy region 
around the 715 keV resonance, which was also extended to 1100 keV. The 
anisotropics derived from these measurements, together with data from previous 
experiments, namely, work by Yuen and co-workers, and James and co-workers, 
are shown in the figure. It is clear that the experimental data are in disagreement 
with the calculated anisotropy. This disagreement is most serious at 720 keV, 
where there is a large peak in the fission cross-section that has been associated 
with an isotropic channel (K, J, тг) = (1/2, 1/2, —). The disagreement is not 
particularly important at very low energies since the fission cross-section is very 
small in such cases and is probably dominated by the tails of the cross-sections 
through other fission bands that were not included in Blons' parameters. 

Faced with this disagreeement we have sought an alternative series of 
parameters providing a better fit to the experimental data. A set of parameters 
of this kind is shown in a paper that will be presented later in this Symposium 
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(see IAEA-SM-241/F6 in these Proceedings). The anisotropy derived by means of 
these parameters is compared with the experimental data in the figure. It is suggested 
that this set of parameters provides a better fit to the anisotropy in the vicinity 
of the 715 keV resonance. These parameters also reproduce all the details in the 
anisotropy up to 1100 keV and most, though perhaps not all, of the significant 
structure near 715 keV. The unfortunate feature of these parameters is that only 
one parity is required to fit the resonance at 715 keV. 

I personally assume that the fission barriers for the thorium isotopes do have 
a triple-humped shape. We are preparing a paper with an alternative set of 
double-parity parameters, which provide a slightly better overall fit. However, 
despite this improvement, the single-parity option does ensure a reasonable fit 
and so the argument for the triple-humped shape based on the double-parity 
requirement cannot be regarded as absolutely conclusive. 

J. BLONS: I would say in reply to your comments that the 230Th (n,f) 
cross-section was measured in two different runs and that the same fine structures 
were observed in both cases. Their spacing, number and relative intensities can 
only be fitted on the assumption of two rotational bands with positive and 
negative parities. The most probable spin assignment in this hypothesis is the 
one we propose. Unfortunately, direct comparison with angular distribution 
results is not very easy since the angular distributions are not measured with an 
energy resolution as good as ours — 1.7 keV FWHM. When the angular anisotropy 
is calculated with our parameters and different energy resolutions, the dip at 
720 keV diminishes and even disappears for an energy resolution of 8 keV. This 
is due to the presence of two 7/2 states on both sides of the 1/2 state in our 
scheme. 

Leroux's results, shown in Fig.A, are in agreement with the calculated data, 
provided that an energy resolution of 8 keV is used for the calculation. This value 
is larger than the one claimed by the author. On the other hand, Boldeman's 
results are also in agreement with the same calculation above 710 keV, but below 
710 keV they are lower. 

B. LEROUX: I would add to Dr. Blons' comments that we made two series 
of fission fragment angular distribution measurements in the vicinity of the 
715 keV resonance for the reaction 230Th (n,f). The first of these was made 
with an energy resolution and step of 5 keV, while the second had a step and 
resolution of 2.5 keV. The data obtained agree well if allowance is made for 
statistical fluctuations and rapid variation in anisotropy with the incident neutron 
energy. These angular distributions have been decomposed into Legendre 
polynomials to extract the fragment anisotropy and the excitation function. The 
shape of the resonance obtained has a half-height width that is intermediate 
between the width measured by Blons and that measured a few years ago at 
Harwell by James. 
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H.A.O. NIFENECKER: Isomeric shelves have been reported in the 
232Th(7,f) process, and have been interpreted as evidence of a rather deep second 
minimum and a thin second barrier. They appear to contradict the third-
minimum hypothesis. But perhaps Dr. Asghar has something to say on that point? 

M. ASGHAR: Yes, I can say that we have analysed the 232Th sub-barrier 
photofission data (ZHUCHKO, В., et al., JETP Lett. 22 4 (1975) 118) in terms 
of the predicted triple-humped barrier (ASGHAR, M., Z. Phys. A 286 (1978) 299). 
It was shown that these results, particularly the isomeric shelf itself seen in these 
data, cannot be explained by the second minimum. However, the data can be 
explained in terms of the third minimum if we assume that Ещ — the energy of 
the third minimum relative to the ground-state energy — is ~ 3 MeV instead of 
~ 4.5 MeV, as generally thought, and, further, that the isomeric state in this well 
is fed and decays in similar fashion to the heavier actinides with double-humped 
barriers. 

A.F. MICHAUDON: Dr. Asghar, I do not think that the isomeric plateau 
observed in thorium photofission you report is necessarily in contradiction to 
the interpretation of the thorium data proposed by Dr. Paya. If this plateau is 
located at 3 MeV at most, it means that the vibrational class-H states are strongly 
damped at the excitation energy reached in compound nucleus by the absorption 
of fast neutrons. So, these class-II vibrational states cannot cause the structural 
effects observed in the neutron-induced fission cross-sections for 230' 232Th, and 
another assumption is required — for example, the third well in the fission 
barrier — to explain these results. 

Furthermore, the situation with regard to the structural effects in 230> 232Th 
is still rather confusing, both from the theoretical and experimental points of 
view. I would therefore take a different view from that of Dr. Boldeman, namely 
I think we first need consistency between good experimental data (fission 
cross-section and angular distributions) before making sophisticated calculations. 
I know this is difficult and may not be possible for a long time, since the fine 
structure in the fission cross-sections is observed only when the resolution is very 
good and gives us low count rates and long accumulation times, for example, 
several weeks. The angular distribution data essential for J, К attribution are 
obtained at still lower count rates and are therefore available only with poorer 
resolution that partly smears out the fine structure effects. 

J.W. BOLDEMAN: While I would concur that there is some disagreement 
between our angular distribution measurements and those obtained by Leroux 
and co-workers at low energies, where measurement is difficult, at the peak in 
the cross-section near 720 keV, where count rates are high, the measurements are 
in agreement and both sets of data show very strong forward peaking. Conse­
quently, they disagree to a considerable extent with the location of a (K,J,7r) = 
(1/2, 1/2, —) channel at this energy. 
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I should also like to point out that there does appear to be some difference 
between the calculations of different groups based on the same set of parameters. 
Hence it is clearly of great importance to resolve this discrepancy as soon as 
we possibly can. 

H.J. SPECHT: I am afraid that we are all getting rather confused at this 
point. The situation seems to be that, disregarding for the moment the experi­
mental discrepancies, we have one group claiming that there is evidence for eight 
sub-structures in the 230Th resonance, while the opposing group is happy to have 
states with just one parity in order to obtain a perfect fit. Why can we not 
just agree then that the structure is not rotational, but simply due to class-II 
compound states? 

D. PAYA: Well, if the structures were due to such compound states, the 
angular distribution would vary statistically with energy and be identical on the 
average. As I stated, this is, in fact, observed in all structures where class-II 
compound states are involved. On the other hand, all thorium measurements 
show that angular distributions are not identical on the average, but that they 
show more forward peaking as the energy increases along the gross structure, 
as expected for the case of a rotational band. 

As far as the fit with one parity is concerned, we know, although we cannot 
prove it, that it is not quite so 'perfect', since most of the shoulders, namely those 
at 701, 733 and 743 keV, are disregarded. 

D.G. VASS: As a general comment on this unresolved issue, I would point 
out that the cross-section for fission and the anisotropy of the fission fragments 
depend on polarization of the neutrons inducing fission as well as on their energy. 
So discrepancies between the various experimental measurements obtained by 
different groups may arise through differences in the state of polarization of the 
incident neutron beam, especially at resonances. 

Yu.M. TSIPENYUK: Dr. Paya, I have a question on a different theme. 
What was the third well depth required to ensure the observed resonance width, 
and how does the figure agree with the theoretical calculations? 

D. PAYA: The observed widths of the fine structures are reproduced with a 
third minimum, the depth of which ranges from 0.8 to l.MeV. This value accords 
with the theoretical data. 

P. ARMBRUSTER: Is the decoupling parameter that you have obtained 
able to reproduce both the level sequence and the feeding and intensities of 
the different partial cross-sections, especially the increased intensity of the 
l/2+ states? 

D. PAYA: The relative intensities of the different partial cross-sections 
are governed by the entrance channels. The relative positions of the different 
lines are given by the moment of inertia and the decoupling parameter. We 
are able to reproduce, with our own parameters, both the detailed shape and the 
intensity of the broad resonance at 720 keV fairly well. 
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Abstract 

STATIC DEFORMATION ENERGY CALCULATIONS: FROM MICROSCOPICAL TO 
SEMICLASSICAL THEORIES. 

Various methods of calculating static potential energy surfaces are reviewed. Their 
uncertainties and limitations for the prediction of fission barriers of heavy nuclei are evaluated. 
The relations of the Strutinsky shell-correction method to the microscopical Hartree-Fock 
theory, on the one hand, and to semiclassical approaches, on the other hand, are discussed. 
Some representative experimental results are compared with the theoretical predictions, and 
the differences are related to the uncertainties in the theoretical results themselves. 

1. INTRODUCTION AND SYNOPSIS 

It was forty years ago that the fission process was qualita­
tively understood in terms of a barrier in the static deformation energy 
surface of the nucleus. The theoretical model which was underlying this 
interpretation and used in the classical papers by Bohr and Wheeler [1] 
and Frenkel [2], is the liquid drop model (LDM), familiar to every nuc­
lear physicist. However only thirty years later, the first quantitative 
agreement between experimental and theoretical fission barrier heights 
could be achieved due to the shell-correction method (SCM) proposed by 
Strutinsky [3]. Since then, important progress has been made in the under­
standing of shell structure effects, especially in heavy deformed nuclei. 
The SCM has been confirmed by purely microscopical Hartree-Fock calcula­
tions with various effective interactions. Some promising progress has al­
so been made in the refinement of semiclassical theories which are close­
ly related to the Strutinsky method. 

The aim of this paper is a comparison of the different methods used 
for the calculation of static deformation energy surfaces of heavy nuc­
lei. In particular we try to give a critical evaluation of their suitabi­
lity and their limitations for the theoretical prediction of fission bar­
riers. As the title is indicating, we shall not follow the historical de­
velopment of the theory, but rather start at a purely microscopical level. 

In Section 2, microscopical calculations are reviewed. We discuss the 
constrained Hartree-Fock (CHF) method, its physical and technical limita­
tions, and a recently improved time-saving approximation to it. The semi-
microscopical shell-correction method (SCM) still being the most powerful 
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tool for systematic calculations of deformation energy surfaces, it is na­
tural that an entire Section 3 is devoted to it. Here we first discuss 
the theoretical and numerical justification of the SCM within the HF frame­
work. Some possible uncertainties inherent in the practical SC-approach, 
using phenomenological shell model potentials and LDM parameters, are eva­
luated. Then some extensions of the method applicable to excited nuclei 
and the possible inclusion of correlations through the Migdal theory 
are shortly summarized. Finally, the most important practical ingredient 
of the SCM, namely the Strutinsky energy averaging procedure, is discuss­
ed. Though a technical detail, it is essential and has provoked repeated 
criticism especially in connection with the use of finite depth potentials. 
Its uncertainties are carefully studied and several alternative methods 
and recent improvements are reviewed. In particular, we shall emphasize 
the complete equivalence between the (traditional) Strutinsky energy aver­
aging and the extended Thomas-Fermi (ETF) model. Finally, with the help of 
some recent experimental results for actinide fission barriers, we shall 
establish the kind of agreement that is obtained by the most typical shell-
correction calculations. The discrepancies are then compared to the uncer­
tainties presented in the theoretical results themselves. The two most per­
sisting cases where the disagreement with experiment clearly exceeds the 
theoretically expected error limits, namely the so-called Pb-and Th-anomalies, 
are discussed. We emphasize in particular the connection between the Pb-
anomaly and the apparent lack of selfconsistency between the commonly used 
finite depth shell model potentials and LDM parameters. 

In the final section 4 we shall summarize our conclusions and shortly 
mention some recent progress in the development of semiclassical methods which 
are very useful in determining average nuclear properties. We will outline an 
iteration procedure with which it should soon be possible to determine 
average potentials and deformation energies selfconsistently in a purely 
semiclassical way. 

2. MICROSCOPICAL METHODS 

2.1 Selfconsistent (CHF) calculations 

The only practically feasible ways of describing heavy deformed nuc­
lei on a purely microscopical level are using the indpendent particle 
(Hartree-Fock, HF) approximation or - when including pairing correla­
tions - the independent quasiparticle (HF-Bogolyubov, HFB) approximation. 
Even in the HF framework, the technical problems are rather immense due 
to the non-linearity and the (in general) integro-differential character 
of the HF-equations. It is therefore only the development of fast computers 
on one hand and of mathematically sufficiently simple effective nucleon-
nucleon interactions on the other hand, that made selfconsistent microsco­
pical calculations possible for heavy deformed nuclei. For an extensive ge­
neral review of HF-calculations of nuclear properties with phenomenological 
effective forces, we refer to a recent article of Quentin and Flocard [4]. 

An important development was initiated some ten years ago with the 
revival of the effective interaction of Skyrme by Vautherin and Brink [5]. 
The simplicity of this interaction consists in a zero-range expansion, 
where the finite range of the force is expressed through gradient depen­
dent terms. The parametrization of the Skyrme force and its application to 
constrained Hartree-Fock (CHF) calculations was further developed by the 
Orsay group [6,7,19] and resulted in the first selfconsistently calcula­
ted fission barrier of 240pu [7]. Although the agreement with the experi­
ment was not too good - several reasons for this will be discussed below 
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FIG.l. Fission barrier of the hypothetical super-heavy nucleus 29i114, obtained with the 
Skyrme force, SHI, and the CHF method [8]. Q is the (mass) quadrupole moment. 
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FIG.2. Fission barrier of U, obtained with the self-consistent K-matrix model [12]. Mass 
asymmetry is included at and beyond the second saddle. Only four points have been calculated. 
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in sect. 2.2 - it was quite exciting to see the familiar double-humped 
shape emerging from a purely microscopical calculation. Due to the large 
computer times needed for these calculations, no systematical CHF-in-
vestigation of actinide fission barriers has been performed up to date. 
However, some selected calculations were done for the barriers of hypo­
thetical superheavy nuclei [8,9]. As an illustration, we show in Fi­
gure 1 the barrier of 298ц4 obtained with the Skyrme III force [8]. In 
refs. [7,9], the dependence of the barrier heights on the force parame­
ters has also been investigated (for some results, see the discussion be­
low). 

In another group, a selfconsistent K-matrix model [10] initiated by 
Meldner [11] was applied to a CHF-calculation for the asymmetric fission 
of 236u by Kolb et al. [12]. In this case, the deformation energy curve 
was continued from the saddle point down to the scission region, see 
Figure 2. One notes here that two sets of parameters, which give similar 
results for spherical nuclei [12], lead to different predictions of the 
barrier heights and, especially, of the deformation energy curve near 
scission. 

In both these sets of calculations, a quadratic constraint was used 
to obtain points of the deformation energy curves away from local minima. 
Pairing correlations were included in the BCS approximation using a pheono-
menological gap parameter Д or an average pairing matrix element G. This 
is a rather severe restriction of the consistency of these models: The 
paring matrix element is added ad hoc, and not calculated from the same 
effective interaction which determines the average (HF) field of the nuc­
leus. As a consequence, the familiar dilemma concerning the deformation 
dependence of G (or the average gap Д) arises, which already caused a lot 
of discussion and uncertainties in the shell-correction calculations of 
fission barriers (see Sect. 3 below). Indeed, a drastic dependence of 
the barrier height on constant or surface-pairing was demonstrated in the 
CHF-calculations [7], too (see also 2.2.d below). 

The right thing to do - but a lot more complicated - is to use an ef­
fective interaction which allows to perform true HFB calculations. With 
the present-day Skyrme forces [6] this is not possible due to their unrea­
listic behaviour at high momentum transfer. (This defect can, however, be 
removed by adding a few more exchange terms [13].)Recently, Gogny succeeded 
in designing a phenomenalogical finite range force (with a zero-range den­
sity dependent term) which is suited for HFB-calculations [14,15] in spite 
of the rather enormous technical problems involved. The results obtained 
in ref. [15] show a remarkable agreement between theoretical and experimen­
tal pairing properties of Sn-isotopes and various rare-earth nuclei. Simul­
taneously, the total binding energies and density distributions obtained 
in these calculations for spherical nuclei are at least of the same quality 
as those of the best earlier HF-calculations with effective forces. The 
first fission barrier calculations with the Gogny force will be presented 
in the subsequent paper at this Symposium [16]. 

2.2 Discussion of error sources and limitations 
When comparing the fission barriers obtained in CHF calculations to 

experimental ones, one should consider several restrictions made in the 
models discussed above. Let us first discuss the physical restrictions. 
a) Spurious energies. 

"A well-known deficiency of the HF-approximation is the fact that Slater 
determinants (or BCS wavefunctions) are neither good eigenstates of the 
total centre of mass momentum P nor of the total angular momentum J. As a 



IAEA-SM-241/C1 231 
consequence, the HF energy contains spurious kinetic energy contributions 
of translational and rotational motion. The former can reasonably well be 
taken care of (at least in heavy nuclei) by the direct part of 

ДЕГМ =< Р*>/2тА 
см 

leading to a slight rescaling of the total single-particle kinetic energy 
[6,19]. Since this correction is very little deformation dependent (even 
including the exchange part [17]), it leads to no serious errors in de­
formation energies. The spurious rotational energy, however, is harder 
to determine. Exact angular momentum projection being much too cumber­
some in heavy nuclei, one often approximates its contribution by the ex­
pectation value (see, e.g. [20]): 
where "} is the moment of inertia. In heavy deformed nuclei, AErot easily 
amounts to ~ 3-6 MeV at the ground state [17,19,21] and further increases 
with increasing deformation. It thus leads to an overestimation of the 
fission barriers. Since in the above expression, the moment of inertia is 
needed, it is cumbersome to calculate and can only approximately be esti­
mated. Using the cranking model values, one obtains for typical actinides 
a correction of ~ 1 MeV to the inner (Ед) and ~ 2-3 MeV or more to the 
outer barriers (Eg). The safest estimate is perhaps possible for the cor­
rection to the isomer excitation energy ( Е ц ) , using the experimental 
values of } , and amounting here to ~ 1 MeV. (All these corrections are 
relative to the ground state energy Ej). We anticipate here that the cor­
rection AErot (as well аэДЕс.М.) plays no important role in the shell-correction approach, since it can be argued there [21] that only its -
safely negligible - fluctuating part must be considered. 
Coulomb exchange energy. 
Since an exact calculation of the Coulomb exchange energy EcEX is very 
time-consuming, it has in most cases been taken into account only ap­
proximately. In ref. [12] e.g., the statistical estimate 

с » . i f l ^ F 
was used,, where ECD is the direct Coulomb energy. A somewhat more re­
fined (local density) Slater approximation is [22,23] 

pp(r) being the proton density, and was used in most of the Skyrme-HF 
calculations [5-9]. Both these approximations (and others) were checked 
against exact calculations and found to be satisfactory at ground state 
deformations [24, 19]. More recent investigations of ECEX using analy­
tical deformed harmonic oscillator results [25] indicate, however, that 
the Slater approximation may have the wrong deformation dependence in 
some cases (namely practically none), whereas the statistical approxi­
mation (where EQ^X is proportional to EQQ) seems more justified. For 
the Skyrme-HF results, this would lead to a positive correction at the 
second barrier of ~ 0.5 - 1 MeV for actinides and ~ 1-1.5 MeV for su­
per-heavy nuclei [9]. 
Dependence of barriers on the force parameters 
In most phenomenological effective interactions, there is some freedom 
left in the choice of the parameters, if one restricts oneself to 
ground-state properties only. In the case of the Skyrme-forces there 
is, in fact, an infinite choice of parameters (see Beiner et al. [6]) 
in the sense that any value of the density dependent term (t3) may be 
chosen. The rest of the parameters can then still be chosen such as to 
give reasonably good fits to ground state properties of all spherical 
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nuclei; hereby, the forces with a larger density-dependent term t3 turn 
out to have a larger effective nucleon mass m*(r). It is thus impor­
tant to know how the properties at large deformations depend upon this 
variation of parameters. 

In the thesis of Flocard [7] (p. 37), a comparison is made of the 
barriers of 240pu obtained with the Skyrme forces SIII and SIV. Both 
barrier heigths are larger by ~ 5-6 MeV with S IV than with S III. A 
similar difference (6 MeV) was found for the inner barrier of the 
super-heavy candidate 354126 with the same forces [9]. One may argue 
that the S III force has to be preferred because of its more realistic 
value of the effective nucleon mass in the interior of the nucleus 
(m*/m = 0.75 for S III and 0.5 for S IV) and its better single-particle 
spectra of deformed nuclei [19, 26]. Still, the sensitivity of the fis­
sion barriers to the force parameters is rather severe. These results 
are substantiated by independent investigations of the liquid drop pa­
rameters inherent in the Skyrme interaction. It was found, indeed, 
that the surface and surface asymmetry parameters of the different 
Skyrme forces do vary appreciably, those of S III being very close to 
the standard LDM values. This is illustrated in Fig. 3. 

A similar variation of barrier heights was observed in the calcu­
lations of Kolb et al. [12] reported already in Fig. 2 above. In parti­
cular, the difference obtained near scission is rather drastic. Note, 
however, that only four points were calculated along these curves. A 
more recent calculation, using a newer version of the K-matrix model [27], 
is reported in ref. [4] (see fig. 11 there). It seems to substanciate 
the curve labeled "Set III" in Fig. 2, although with a second barrier of 
more than ~ 15 MeV (as estimated from that figure). 

So far, we have been discussing the freedom in the parameters for 
the central parts of the effective interactions used. An even more dras­
tic - and actually alarming - dependence of the results is found, when 
it comes to varying the spin-orbit force. The latter has, in all HF (and 
HFB) calculations mentioned above, been added purely phenomenologically 
and adjusted such as to give the spin-orbit splittings of the single-
particle levels observed experimentally in spherical nuclei. Note that 
the central part of the Skyrme forces has been linked back to density 
dependent Brückner-HF calculations with the Reid soft core nucleon-nuc-
leon potential [23], and can therefore be said - as well as the K-matrix 
models - to be one degree less phenomenological than the spin-orbit 
force which, in this respect, is to be put at the same level as the 
simple shell model. 

In Figure 4 we show three fission barrier curves for the superheavy 
nucleus 354126, obtained with the same force Skyrme III, but with three 
different values of the spin-orbit parameter W0 [9]. These curves are 
not obtained fully selfconsistently, but with the expectation value me­
thod [18] to be discussed below. The lack of self-consistency leads to 
an uncertainty of ~ 1-2 MeV up to the second minimum and does in any case 
not affect the dramatic variation of the barrier heights with W . Note 
that for W0 = 120.MeV fm

5 (the standard value for S III) and W0 = 140 
MeV fm5, the nucleus is spherical in the ground state, whereas for 
W0 = 100 MeV fm

5 it becomes deformed. The height of the first barrier 
varies from 5 to 15 MeV in the three cases. Of course, it is no sur­
prise that the spin-orbit force plays an important - if not the decisive -
role for the magnitude and the phase of the shell effects. However, a 
variation of ± 10 % of the constant W0 could easily be absorbed by a re­
adjustment of the other Skyrme parameters without spoiling the nice re­
sults for ground-state properties. And its determination by fitting the 
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HF-levels to experimental single-particle (or hole) states in magic nuc­
lei may be disputed, since the latter are known to receive appreciable 
contributions from couplings to vibrational modes, which are missing in 
the HF approach, and which are especially large in spherical closed-shell 
nuclei (see, e.g. ref. [28]). It is therefore no large overstatement to 
say that one can obtain almost any barrier one wants by exploiting the 
freedom in determining the spin-orbit parameter. Taken together with the 
ambiguities in the rest of the force, uncertainties of many MeV are pre­
sent in the heights of fission barriers. 

In future HF-calculations, fission barriers must definitely be taken 
into account in pinning down the force parameters. Furthermore, a better 
understanding of the spin-orbit force is highly desirable. In this re­
spect we refer to an interesting recent attempt to link the spin-orbit 
force back to simple model nucleon-nucleon potentials by fully relativis-
tic Hartree-calculations [29]. 

d) Treatment of pairing correlations 
We have already discussed the lack of consistency of HF plus BCS calcu­
lations as performed by the Orsay group [5-9] and Kolb et al. [10,12]. 
Of course, for the ground-states this is no severe restriction since 
their pairing properties can usually be fitted reasonably well by the 
phenomenological constants Д or G. The deformation dependence of д 
and G is, however, not known well enough. We may deduce some hints from 
the result of the Gogny group [15]. There, a deformation energy curve 
of ib'Sm was obtained in a full HFB-calculation (using a linear con­
straint) and compared to two approximate (HF plus BCS) calculations. At 
large deformations, the prescription of a constant gap Д clearly gave a 
better agreement with the HFB result than a pairing interaction G pro­
portional to the surface. If this trend persists for heavy nuclei, it 
might have very interesting consequences for fission barriers. Note that 
in the Skyrme-HF-BCS calculations of Flocard et al. [7], the constant A 
prescription led to a second barrier of 240pu which was ~ 8 MeV higher than the one obtained with the other prescription. The newest HFB-results 
with the Gogny force seem to confirm, indeed, the trend of a constant 
average pairing gap Д [16]. We also remark here that some interesting 
attempts have been made to treat the pairing correlation in a classical 
(Thomas-Fermi) approximation [30]. When applied to deformed nuclei, 
this approach might also provide some valuable information. 

Let us now turn to some technical limitations of the CHF calcula­
tions, which are mainly due to their time consuming character. 

e) Truncation effects from finite basis expansion. 
For spherical nuclei, the HF-equation can be solved directly and rela­
tively fast in coordinate space (i.e. in the radial variable) with stan­
dard numerical procedures [5,6,10,14,23]. In deformed nuclei, however, 
the two-or three-dimensional, nonlinear partial (integro-) differential 
equations pose severe numerical problems. The standard way out is pro­
jection on a deformed harmonic oscillator basis and diagonalization of 
the hamiltonian matrix. We need not explain this method which is well-
known from shell-correction calculations (see, e.g. ref. [31]). So far, 
all CHF calculations for fission barriers with realistic interactions 
have been performed by this projection method, recently renewed attempts 
in coordinate space [32] not withstanding. The difference to the SCM is 
that the truncation effects are present in the total HF-energies with 
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their full weight. The time and space limitations of computer calcula­
tions set lower bounds on the induced errors. For spherical nuclei, they 
can be studied carefully by comparison to the exact (r-space) results 
(see, e.g. ref. [19]) and extrapolated to small deformations. At large 
deformations one has to content oneself with observing the convergence of 
the (relative) deformation energies under variations of the size (number 
N of major oscillator shells) and the parameters (oscillator strength 
+>ю and ratio q of principal axes) of the deformed basis. In the fission 
direction (symmetry axis), a single oscillator well (with NQ=* 13 to 15) is just about sufficient for deformations up to the second saddle point of 
actinide nuclei. In ref. [7l, the remaining truncation error was estimat­
ed to be ~ 1-2 MeV at the second barrier of 240pu_ ^en going beyond the 
outer barrier, a two-center basis of some kind becomes indispensable 
f8,12,163 (see also refs. [33,34]). 

f) Restrictions on symmetries and degrees of freedom 
Even with projection on a finite basis, the computer time and space limi­
tations force one to keep some symmetries of the variational space. 
Whereas left-right (mass) asymmetry can be allowed for at a relatively 
low cost [12,16], the abandonment of axial symmetry is still too expen­
sive in HF-applications to heavy nuclei. (For triaxial HF-calculations 
in light nuclei see, e.g. ref. [35].) The corresponding errors in the 
deformation energies can only be estimated from comparison with the re­
sults of SCM-calculations. Thus, in the 240pu results of Flocard et al. [7], the first and second barrier heights may be reduced by ~ 1 MeV and 
~ 4 to 5 MeV due to the lack of non-axial and left-right asymmetric de­
grees of freedom, respectively. 

For the same practical reasons, more than one constraint can hardly 
ever be included in full CHF calculations for heavy nuclei. Mainly two 
physical quantities have been constrained: 1) the quadrupole moment Q2 
[6-9, 15,16] which may be a reasonable fission mode up to the second 
barrier, and 2) the distance r between the two halves of the nucleus 
(i.e. the "nascent fragments") [12] which certainly is more appropriate 
beyond the saddle and especially around scission. Thus, real deforma­
tion energy surfaces have not been obtained with the CHF method, but ra­
ther their projections along a one dimensional path which is hoped to be 
close enough to some adiabatic fission trajectory. The question which 
constraint to choose in which portion of the deformation space can only 
be (approximately) answered using a lot of intuition and experience; its 
ultimate answer can, of course, only be given in the framework of dynami­
cal calculations where the inertial mass tensor is taken into account [36]. 

g) Final remarks 
To conclude this discussion of CHF calculations, we compile in Table I 
the various corrections, estimated according to a) - f) above, which have 
to be added to the fission barriers of 240pu obtained by Flocard et al. [7]. We see that after these corrections and ignoring the uncertainties 
in the force parameters themselves, the agreement with experiment is not 
too bad, if the prescription of an average pairing matrix element G pro­
portional to the surface is used. With the constant gap Д prescription, 
much too high barriers would result. 

As to the results of Kolb et al. [12] shown in Figure 2, the correc­
tions b) and f) do not apply (mass assymmetry was included and the 
Coulomb exchange energy taken in the statistical approximation). The 
truncation error should also be smaller here since a two-center basis 
was used. Thus, subtracting the spurious rotational energy of ~ 2-3 MeV, 
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TABLE I. FISSION BARRIERS OF 240Pb OBTAINED BY FLOCARD ET AL. 
[7] AND SEVERAL ERROR ESTIMATES (ALL QUANTITIES IN MeV). 
EXPERIMENTAL RESULTS FROM Ref. [37]. RESULTS IN PARANTHESES 
ARE OBTAINED WITH A CONSTANT AVERAGE PAIRING GAP Д 

a) 
b) 
e) 
f) 
c) 

CHF, S III, Gccsurf. (Дconst.) 

spur, rotat. energy corr. 
Coulomb-exch. energy corr. 
truncation error 
у- and mass asymmetry energy 
uncertainty in force parameters 

resulting barriers with S III 

experimental barriers 

EA 
9 (11) 

- 1 
< + 0.5 
< - 0.5 
- 1 

several MeV 

7 (9) 

6.0 ± 0.3 

EB 
13 (21) 

-2 to -3 
+0.5 to +1 

-2 
-4 to -5 
several MeV 

4-6 (12-14) 

5.35 ± 0.2 

a second barrier of ~ 4 to 7 MeV results, depending on the set of para­
meters. Note that a constant (average) gap was used in this caluclation, 
which thus leads to a lower result than the corresponding one of Flocard 
et al. [7]. The more recent result of Cusson and Kolb quoted in ref. [4] 
(Fig. 11), however, would also lead to a barrier of EB of ~ 13-14 MeV. 
A similar result has now also been obtained in the newest Gogny-HFB cal­
culations С16J. Together with the other results, this might indicate that 
an essential component is missing in the large-deformation behaviour of 
the effective forces in use. 

Our conclusions should not be taken from a too pessimistic side: It 
is true that the experimental fission barriers are not yet well repro­
duced. On the other hand one should not forget that these CHF calcula­
tions represent a completely parameter-free (apart from the pairing 
problem) extrapolation from calculations where many ground-state pro­
perties of most stable nuclei are explained consistently with very few 
parameters of the effective interaction. As such, and considering the 
technical problems involved, they represent a remarkable progress. 

We have clearly demonstrated that there is by far enough freedom in 
the force parameters to allow for a simultaneous inclusion of the correct 
barrier heights in a fit of the ground-state properties. It is also clear 
that this has to be done in the future - as well as it was necessary in 
the more phenomenological LDM plus shell-correction calculations. Such 
new fits in HF-calculations will, of course, require a lot of calcula­
tion time. It is therefore important to realize that some much more ra­
pid, but still reasonably accurate approximations to the CHF method 
exist or are being developed, and will be valuable for the inclusion of 
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the large deformation behaviour in the seifconsistent description of nuc­
lei with effective interactions. One purely microscopical approximation 
is discussed in the following subsection, others that make use of semi-
classical methods will be presented in Sect. 4 . 

Finally we should also mention the merit of the CHF calculations to 
have provided a purely microscopically based quantitative confirmation 
of the shell-correction approach. This aspect will be discussed in Sect. 
3.1 below. 

2.3. The Expectation-Value Method (EVM) 
At the same time as the CHF calculations with Skyrme forces were de­

veloped, a non-selfconsistent, but microscopical approach was studied by 
Ко et al. [17]. This method consists in approximating the total binding en­
ergy by the expectation value of the two-body Skyrme Hamiltonian between 
Slater determinants built of eigenstates of a deformed Woods-Saxon (WS) po­
tential. Practically it corresponds thus exactly to one iteration of a HF-
calculation, using a suitably chosen (deformed) potential. In ref. [17], 
this potential was taken from a standard shell-correction calculation [38] 
with the generalized WS-Potential of ref. [31], using a two-dimensional 
(axially and left-right symmetric) family of nuclear shapes (c,h). (For de­
tails, see ref. [38].) The deformation parameters (c,h) play in this method 
the role of the constraint. The deformation energy surfaces obtained this 
way in ref. [17] for heavy nuclei had the correct shell structure (two sadd­
le points, second isomer minimum). However, the mean part of the deformation 
energies was increasing too fast, leading to far too high fission barriers. 

Recently, we proposed a new version of the EVM [18]. Two essential im­
provements over ref. [17] were made: 1) An effective mass m*(r) was included 
in the diagonalization of the WS-potential (it was put equal to the free 
nucleon mass in ref. [17]). 2) The parameters of the WS-potential (as well 
as effective mass and spin-orbit potential) were fitted to reproduce as well 
as possible the results of spherical HF calculations. (In this way no free 
parameters are left, those of the Skyrme force remaining fixed.) Thirdly, an 
improved relation was used to determine the basis deformation parameter q at 
each point (c,h) instead of the prescription of refs. [31,38]. 
The method thus consists of the following steps: 
1) Fit the central nuclear potentials V(r), the effective masses m*(r) and 

the spin-orbit potentials W(r) obtained in a spherical HF-calculation by 
Woods-Saxon functions, such as to reproduce the correct half-value radii, 
surface thicknesses and mean values in the interior of the nucleus (in­
dependently for protons and neutrons). 

2) Deform these WS-functions according to the prescription of ref. [31] 
along a suitable path in deformation space (c,h) (or any other given 
shape parametrization). 

3) Diagonalize the one body-Hamiltonian (for each kind of nucleons) 
H =-V -ĵ sc?, V *V(?)-i 7 WCF) •($*?) 

compute the densities p(r) and т(г) and from them the total Skyrme energy. 
Minimize it with respect to the basis size parameter Ни at each deforma­
tion. (This can be done analytically, see Vautherin, (1973), ref. [5].) 
In order to compare the results to CHF calculations, the quadrupole 

moment Qg is easily computed at each point. We show such a comparison for 240Pu in Figure 5 , taken from ref. [18]. The EVM curve was here obtained by 
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E [MeV] 
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FIG.5. Fission barriers of™°Pu obtained with the EVM (above) and the CHF method (below) 
using the force Skyrme HI. A constant average pairing gap was used (from Ref. [J8]). 

minimizing the energy for each Q2 with respect to the deformation parameters 
с and h. (The lowest path is not far from h=0 as in the results of shell-
correction calculations [38].) 

We see that up to the second barrier, the deformation energy obtained 
with this method reproduces the ,selfconsi stent CHF result within ~ 1-2 MeV. 
(A constant average pairing gap Д was used here.) Hereby, a factor of at 
least ~ 5 to 10 was saved in computation time. Similar results were ob­
tained for other nuclei, too [18]. The lack of selfconsistency leads main­
ly to an almost constant shift of the deformation energy (here of ~ 20 MeV), 
the local minima and maxima being unaffected. 

The error of ~ 1-2 MeV in the EVM results as compared to the CHF re­
sults is reasonably small in view of the various overall uncertain­
ties,which we discussed above. (For the Skyrme force S IV, where the nuc­
lear HF-potential has much larger oscillations in the interior than with 
S III, the discrepancies are larger, ~ 3-5 MeV 191.) The EVM is therefore 
an efficient tool for exploratory calculations in unknown regions of nuc­
lei. It has been applied for an investigation of super-heavy nuclei [91, a 
result of which was shown in Figure 4 above. 

Of course, this method requires some knowledge of the most important 
deformation degrees of freedom relevant for the desired application. It is 
therefore especially well suited in connection with a shell-correction cal­
culation. If full self consistency is required, the EVM provides an excel­
lent starting point for CHF-iterations. (As a rule, only ~ 2-5 iterations 
were required to obtain a well-converged energy.) 
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Note that in ref. [18], the Coulomb potential was not included in the 
diagonalization of the proton Hamiltonian ftp. The Coulomb energy was thus treated fully in lowest order perturbation. Including a reasonable (e.g. 
LDM-) guess for the Coulomb potential in flp should improve the method and might, in fact, remove most of the remaining smooth error. 

The step 1) described above - although it is simple and straight for­
ward - might be a little cumbersome, in particular if many different nuc­
lei and force parameters are investigated.lt is hoped that the potentials 
V(r), W(r) and m*(r) may soon be obtained in semiclassical variational cal­
culations. In fact, for spherical nuclei such investigations have already 
been performed [39,40] and the EVM was applied there with a similar suc­
cess. 

3. THE SHELL-CORRECTION METHOD (SCM) 

Swiatecki and Myers [41, 42] emphasized the close connection between 
the shell-effects in the nuclear binding energies and the non-uniformi­
ties of the single-particle spectra of the shell model. In the LDM fits of 
ref. [42], the energy shell-corrections were phenomenologically parame­
trized as functions of nucleon masses and deformation. 

Strutinsky [3] gave the first microscopical definition of the shell-
correction 6E, pointing out that it can be extracted from the sum of occu­
pied levels e-jSM of the (deformed) shell model (separately for neutrons and 
protons): 

Ka) , м(г> 
6Enp =x & S M -< i : t\ 

Here, the second term is a suitably averaged part (see Sect. 3.3) of the 
single-part ic le sum. The ansatz 

E«-E L D M +6E (6E-6En+6Zp) (3.2) 
was justified by Strutinsky [3] from HF-theory using a (formal) decompo­
sition of the HF density matrix p™ into a smooth part p, which is res­
ponsible for the averag (LDM) energy, and a fluctuating part 6p, which to 
lowest order is contained in 6E: 

?
HF x £ +<S ? (3.3) 

(For simplicity we omit indices for neutrons and protons and consider only 
one kind of nucleons.) 

The shell-correction method (SCM) [3] - on the other side of the 
Atlantic Ocean also called "microscopic-macroscopic method" - is based on 
eqs. (3.1,3.2) and the use of phenomenological LD models (e.g. ref. [42]) 
and deformed shell-model potentials (e.g. of Nilsson [43]). It has initi­
ated a revolutionary development in the understanding of the shell struc­
ture in deformed nuclei. In particular, it led to the first qualitative 
and quantitative explanation of the fission isomers [44] in terms of the 
by now famous double-humped fission barrier (see also refs. [45, 46]). It 
is not our aim here to review the numerous calculations made using the SCM 
with different macroscopic and microscopic ingredients; for that we refer to 
some representative review articles [38, 47] where many details and appli­
cations can be found. 

X a i \ 
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Presently, we shall rather be concerned with the numerical verification 
of what has been termed the "Strutinsky energy theorem" [48]. Later in this 
section, some extensions of the method and the technical ways of performing 
the averaging in eq. (3.1) shall be discussed. 

3.1 Numerical tests of the SCM within the HF-framework 
a) The Strutinsky energy theorem 
The original derivation of eq. (3.2) from HF-theory by Strutinsky [3] 

has been discussed and reformulated by numerous authors [38,48-52]. Expan­
ding the HF-energy (in matrix notation) 

EHF = t r V P + ^ t r ? H P ( t r ? H F ^ ) (3-4) 

where v i s the (antisymmetrized) two-body matrix element of the effective 
interaction, into a Taylor series around the average part p in eq. (3.3), 
one can easily show using perturbation theory arguments that 

where 
E Cf ] « t rT j +4 t r ? ( t r ? "W) (3-6) 

and 6Ei is the first-order shell-correction, which can be written as in eq. 
(3.1). Using the occupation numbers щ"? and fu (see Sect. 3.3), it reads 

(5Е„ - X l- nf ~ Z £.; П; - Z 1 cfn- (3.7) 
Hereby s, are the eigenvalues of the averaged HF-Hamiltonian H defined by 

Э Е ^ (3.8) H- HwCf3 D? 

The point is that the term 6Ei in eq. (3.5), and with it the sum of occu­
pied levels е.,-, contains all contributions of first order in 6p. This is 
true for any density dependent effective interaction, in contrast to the 
findings of ref. t48l where the rearrangement terms were not correctly in­
cluded in the definition of the average field (see the detailed discussions 
in refs. [51,53]). 

The practical shell-correction approach consists in the following basic 
assumptions (see also refs.[3,52]): 
1. The average HF energy Efp] (3.6) can be approximated by a phenomenologi-

cal LDM energy E|_QM: 
E C f ] ==> FLDM (3.9) 

s Е- of the averaged HF-Hamiltonian H eq. (3.8) can be approxi-
shell-model levels e.jSM: 

Х&.6П; = > I e S M 6 n ; (3-Ю) 
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3. The "shell-correction expansion" eq. (3.5) is converging fast enough, so 
that the terms of second and higher order in <Sp can be neglected. 

4. In the points 1. and 2. it is assumed that p and the corresponding ave­
rage quantities derived from it are smooth as functions of nucleon num­
bers and of deformation. 

As a particular point of criticism, the argument was made [54] that in 
the identification (3.10), a constraint should be added to the shell-model 
potential, since a constraint is also necessary in the HF-calculation to 
obtain points away from local minima. It was shown, however, in refs. [49, 
52,53,55] that this is not true. This misunderstanding was based, in fact, 
upon the erroneous assumption that all first-order shell-effects should be 
contained in the sum of occupied Hartree-Fock levels e]W [50,54] (which 
led to much too negative conclusions about the validity of the SCM 
[50,54,56]). That this is not so, is easily seen noting that 

d C -I £HVF -Iet
HFn. (3.11) 

HF 
does contain all first-order contributions in 6p. (6Ei differs from sEi 
(3.7) only to second order in 6p.) Since the second sum in eq. (3.11) also 
contains an oscillating term linear in 6p (which was actually observed in 
ref. [50]!), this term is missing - or rather double-counted - in the sum 
of the occupied HF-levels c-\"^. 

Before turning to numerical tests of the energy theorem (3.5), we re­
mark that pairing effects are usually included in the BCS-approximation in 
the SCM (see, e.g. refs. [3,38]). A derivation of the energy theorem within 
the HFB-theory was given by Kolomietz [57]. 

b) Numerical tests. 

At the time when the SCM was developed, no reliable HF-calculations 
were available to test the above assumptions. Bunatian et al. [51] exploited 
the fact that the second-order shell-correction 6E2 (containing all terms 
quadratic in <sp in the expansion (3.5)) can be expressed explicitly in terms 
of the two-body interaction or the scattering amplitude (see also ref. [38]). 
They calculated the term 6E2 in perturbation, using different parameter sets 
of Migdal's universal quasiparticle amplitude [58] and Woods-Saxon single-
particle wavefuntions. In their results for a series of spherical nuclei 
around 208pD) ^ne quantity 6E2 did not vary more than by ± ~1 MeV around a 
mean value of ~2 MeV. 

Another preliminary test was performed by Bassichis et al. [59], com­
paring first-order CHF-results for *°%и [50] obtained with the Tabakin po­
tential [60] to some ad hoc fits of Nilsson levels and LDM parameters. Their 
conclusions cannot be taken on their face values due to the lack of self-
consistency and the omission of pairing effects in these investigations. 

The first consistent test of the energy theorem (3.5) was presented at 
the Rochester fission symposium by Brack and Quentin [55]. There, CHF-calcu-
lations were performed mainly for rare-earth nuclei with the Skyrme force 
S III. Later, these tests were extended in refs. [61-63] for light and heavy 
nuclei, using also the Skyrme force S II and the Negele-DME force [23] (see_ 
also refs. [4,19,53]). In these calculations, the average density matrices p 
were calculated with the Strutinsky averaging procedure, using everywhere 
the local plateau condition (see Sect. 3.3), so that no single free parame­
ter was used. The averaging of p was done either once on top of the con­
verged CHF results [55,61] or self-consistently in each iteration [62,63]. 
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FIG.6. First-order (SEi) and sum of higher-order shell-corrections (8E2) obtained for 16SYb 
with the forces S III and Negele-DME using the shell-correction expansion (3.5) of the HF 
energy [62]. The shell-correction 8Et obtained from a Woods-Saxon potential is shown for 
comparison. Note that the scale for 8E'2 is twice as large as that for 6Я,. 

FIG. 7. Deformation energies for wCa obtained with the force S III [61 ]. Thin solid line: 
HF energy. Heavy solid line: self-consistently averaged energy. Heavy dashed line: energy, 
averaged once after HF-iteration. Thin dashed line: 'Strutinsky' approximation to HF energy, 
differing everywhere less than by 0.5 MeV from the latter. 
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The quantities E[p] and бЕ^ were then calculated directly according to eqs. 
(3.6), (3.7), and the sum of all second and higher order terms was obtained 
inclusively by the difference 

6Е'г -E w-E[f]-<$£< (3-12) 
Pairing correlations were included consistently in the BCS-um'form gap me­
thod [3,38]. For details of the calculations, see refs. [55,62]. 

The main results of these investigations can be summarized as follows: 
1. The shell-correction series (3.5) indeed converges very rapidly; the sum 

6E'2 of higher order corrections is (for A £ 100) of the order ~ 1-2 MeV 
and does not oscillate by more than ~ ± 1 MeV (both as function of de­
formation and nucleon number). 

2. The first-order shell-correction 6Ej depends little on the effective in­
teraction used1 (this need not be so for E[p]!). It is furthermore well 
reproduced (within ~ 1-2 MeV) by a phenomenological (Woods-Saxon) poten­
tial. (See Fig. 6 below.) 

3. The average energy E[P] (3.6) has the properties required for a LDM en­
ergy: it is smooth and has its minimum at spherical symmetry. If spurious 
energies and truncation errors are subtracted (see Sect. 2.2), it can 
well be fitted with suitably chosen LDM parameters. (In particular, the 
results extracted from the Skyrme III force were closely reproduced by 
the 1966 parameters of Myers and Swiatecki [42]), see refs. [55,61].) 
These results may also be viewed as a microscopical derivation of the 
LDM, which in itself is interesting. 

4. An optimal convergence of the series (3.5) is reached, if the average 
densities p are determined selfconsistently. (This has been suggested in­
dependently by Tyapin [66] and further discussed by Strutinsky [52,67].) 
It was achieved in refs. [61-63]by averaging p in each step of the ite­
ration, so that the quantities p, E[p] and H after convergence became 
seifconsistent. It was found, then, that 6E'2 is less than ~ 0.6 MeV in 
magnitude at all deformations, even in such light nuclei as 16rj and 40r,a. 
(See also Fig. 7 below.) 

5. In light nuclei (A £ 40), if the averaging of p is not done selfconsis-
tently, sE'2 is up to ̂  3-4 MeV and of the same order as 6E-,. 

6. The sum of all oscillating terms is also reasonably well reproduced (to 
within л, 1 MeV) by the shell-correction «EiHF eq. (3.11) [62]. This had 
also been noted by Krieger and Wong [64]. 
We illustrate these results in Figs. 6 and 7. The first-order shell-

correction 6Ej and the sum of all higher-order terms бЕ'2 are shown for 
168уь in Figure 6(from ref. [62], Trieste 1975). The forces Skyrme III and 
Negele-DME were used. They lead to almost identical results (within ~ 1-2 
MeV), although the total energy E [p] is different by several MeV at larger 
deformations for these two forces [61]. We see also that the resulting ÖEJ 
is well reproduced by the shell-correction obtained from a Woods-Saxon po­
tential with the same Qo-deformation [38]. (No adjustment was made of the 
W-S parameters!) Note trie correlations between the oscillations in бЕ^ and 
6E'2, which seem to suggest that neglecting бЕ'2 would affect differences between stationary points of the total energy surface (e.g. barrier heights) 
only by ~ 1 MeV. 40 

In Figure 7, deformation energies are shown for the nucleus_ Ca (from 
ref. [61], Paris 1975), obtained with S III. The once averaged (Ё) and self-
consistently averaged(E) energies are shown to differ by ~ 1-2 MeV; they 

1 Apart from the spin-orbit force, see Section 2.2c and Fig. 4. 
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are both perfectly smooth. The approximation t + 6Efe.j), where the shell -
correction (3.7) is now evaluated in terms of the eigenvalues of the self-
consistent average field, is very close ot the HF energy E at all defor­
mations. This implies that the sum 6E'2 of higher order corrections is 
everywhere smaller than ~ 0.5 MeV. The same was found also for medium and 
heavy nuclei [62,63]. We show the result for 40Ca here because it demon­
strates that the decomposition of the HF energy into a LD and a shell-cor­
rection part works even for very light nuclei (including 160 [62]), which 
might not have been expected a priori. 

Similar investigations were made by Bassichis et a]. [65] along a pro­
gram outlined in ref [50] and using the earlier HF-results for 108Ru [50] 
mentioned above. However, they used an inconsistent averaging of the density 
matrix (without curvature-corrections) which, in fact, includes some exci­
tation energy. Consequently, their results depend strongly on the averaging 
width. Disregarding this fact, they can be said to agree well with our above 
results. 

c) Discussion of results and conclusions 

We shouTd not forget that the above investigations only can test the 
validity of the SCM within the HF-framework, i.e. to the extent that nature 
can be replaced by HF-claculations. The effects of correlations are there­
fore not included, or only as far as they can be mocked up by the effective 
force used in the HF-approximation. (For extensions beyond HF, see Sect. 
3.2 below.). 

As we have said in Sect. 2, however, the groundstate energies of most 
nuclei are very well described in the HF-approximation using the present-
day effective interactions. We have also seen that, at least in principle, 
the deformation energies are reasonably well described. Hereby we emphasize 
that some of the most pertinent uncertainties of the CHF method discussed 
in Sect. 2.2, namely the spurious energy contributions and the truncation 
effects, essentally cancel out in the shell-correction 6E].. As to the un­
certainties in the parameters of the (central) force, they are mostly taken 
care of in the SCM by the LDM parameters which are adjusted to fit experimen­
tal results. (The uncertainties in the spin-orbit force and the deformation 
dependence of the pairing parameters, however, mainly persist in the SCM.) 

Keeping this in mind, we may draw the following conclusions from the 
above HF-tests of the SCM: 
1. The rapid convergence of the shell-correction expansion (3.5) has been 

established. The second and higher-order terms which are neglected in 
the practical SCM, oscillate not more than ~ ± 1 MeV. Their mean value 
depends somewhat on the definition of the average part p of the density 
matrix and is minimized if the averaging is done selfconsistently. 

2. In transitional nuclei, where the first-order shell-correction 6Ei is 
small, the higher order terms might not be negligible, especially if 
finer details such as e.g. prolate-oblate energy differences are con­
sidered. The same is true in light nuclei if LDM and shell-model para­
meters are not determined selfconsistently. 

3. The first-order shell-correction 6Ei is a rather stable quantity. It is 
little sensitive to the effective forces used (apart from the spin-
orbit part!) and depends also not much on the selfconsistency of the 
treatment (see also Sect. 2.3). 

4. The average part of the HF-energy is mainly determined by the proper­
ties of the force; hereby the selfconsistency is important. 

5. Phenomenological LD models can in principle fit the average HF-energies 
well. For the validity of the SCM, it is essential how good such a fit 
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is and whether the average (shell-model) potential is consistent with 
the LDM parameters. This is, however, not easily checked in actual 
cases. 

6. A particular case of an inconsistency between shell-model potential and 
LD-energy may be the Pb-anomaly. Since the (seifconsistent) shell-cor­
rection 6E1 extracted from Skyrme-HF calculations for 208рь is in agree­
ment with the value found from a Woods-Saxon potential [38] (~ -18 to-20 
MeV), the anomaly must be due to the LDM parameters used in the SCM 
calculations. (See also Sect. 3.5.) 

7. We may invert the content of the points 3 and 4 above and state: A self-
consistent treatment using effective forces is only necessary for oF1 
taining the average parts of deformation or binding energies. Shell ef­
fects can be treated in perturbation, if selfconsistent LD and shell-
models are used. (This may be done either with the SCM or with the EVM 
discussed in sect. 2.3). This gives a strong renewed motivation for the 
improvement of semiclassical methods, as will be discussed in Sect. 4. 

8. The possibilities of improving the phenomenological shell-model poten­
tials towards seifconsistency in the above average (statistical) sense 
was discussed by Strutinsky in ref. [52], where also explicit correction 
formulae were derived. (See also Strutinsky's review talk [67].) These 
have, however, not yet been used in numerical calculations. 

3.2 Extensions of the SCM 
So far, all our considerations concerned nuclei without excitations. 

Two extensions of the SCM have been developed which allow to include exci­
tations. 

One of them is the treatment of intrinsic excitations within the sta­
tistical model [68,69]. It has been widely used in calculations of entro­
pies and level density parameters [70]. The Strutinsky-renormalization 
eq. (3.2) is thereby usually made at temperature T = 0. The assumption im­
plicitly made is then that both LDM and shell-model parameters do not de­
pend on the excitation (temperature) of the nucleus. The temperature-de­
pendence of the LDM parameters has been studied [71] and found to be rather 
weak. The effect of a finite temperature on the (selfconsistent) shell-mo­
del potential was investigated in HF-calculations using Skyrme forces by 
two groups [72,73]. Hereby not the intrinsic energy, but the thermodynami-
cal potential 

П - <H> -TS -A<N> 
is minimized. The main result of these calculations is that, indeed, chan­
ges in the selfconsistent potential are negligible. The HF-energies e^HF de­
pend very little on the temperature up to T ~ 5-6 MeV. In particular, the 
physically relevant quantity, namely the entropy S as a function of the ex­
citation energy E*, is extremely well reproduced when calculated from the 
"cold " spectrum (evaluated at T=0). (This result is qualitatively under­
stood by extending the energy theorem (3.5) to finite temperatures, see 
ref. [72].) Together with the results quoted above in Sect. 3.1, this 
shows that the usual, non-selfconsistent thermodynamical-statistical ap­
proach [70] is well justified. (Strictly speaking, the conclusions of 
refs. [72,73] are only valid to the extent that the parameters of the ef­
fective interaction themselves do not depend on the temperature. As long 
as T is much sma.ller than the Fermi energy, this assumption should how­
ever be well fulfilled.) 
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The idea of renormalizing the grand canonical partition function Ф, 
from which all thermodynamical quantities can be derived consistently, was 
put forward by Gottschalk and Ledergerber [74]. They derived a shell-cor­
rection expansion of Ф which is of the same spirit as that of the HF-energy 
in eq. (3.5). The problem here is how to determine the "empirical" Фщщ by 
which the average part of the shell-model quantity is replaced. In ref. [74] 
this was done in terms of an average level density which, however, cannot 
be determined uniquely. 

Another extension is that for nuclei with large angular momentum, 
which is done by minimizing the expectation value of the cranking Hamil-
tonian Hu : 

H 0 • H - coJ, 
for a rotation about, say, the x-axis. We do not need to give references 
to the extensive high-spin studies done by several groups over the past 
five years; they will be reviewed and discussed in the paper of the Lund 
group [75]. The selfconsistency of these calculations has not been tested 
so far. Due to the loss of time reversal symmetry of the cranking Hamilto-
nian, the corresponding HF-calculations become extremely time consuming for 
heavy nuclei. (For some cranked HF-calculations for 20ще, see e.g. ref. [76].) The problem of selfconsistency should, however, be kept in mind 
when using cranked shell-correction calculations for the prediction of 
yrast traps, which might depend rather crucially on the shell-model and 
LDM parameters. 

We finally mention an important extension of the SCM which allows to go 
beyond the HF framework. Bunatian et al. [51] showed that in the Fermi liquid 
theories of Landau and Migdal (see ref. [58]), the first-order shell correc­
tion to the total nuclear binding energy can be cast in the same form as eq. 
(3.7), where this time e-j are the quasiparticle energies. This has, however, 
not been used for actual shell-correction calculations so far 2 (apart 
from the estimation of the second-order terms in ref. [51]), although this 
would be interesting because it allows the inclusion of correlations (cf. al­
so Dietrich's summary talk of the Rochester conference [77]). 

3.3 The energy averaging method and alternative suggestions 
a) Strutinsky energy averaging and the plateau condition 
A lot has been published about the method which Strutinsky originally 

proposed in ref. [3] for the definition of the average part of the single-
particle energy sum in eq. (3.1). This method of energy averaging was re­
formulated in various ways [38,49-51, 78-80] and repeatedly criticized 
[81] in connection with the so-called plateau-problem. Due to the abundant 
literature, we will be brief in discussing the method and emphasize those 
aspects from which new insight has been gained over the past six years. 

According to the original prescription [3], the smooth part of the 
single-particle energy sum is expressed in the following way (for one kind 
of nucleons, say neutrons): 
<£.£;> -E -/EjCE)dE (3.13) 

- <*° /̂  
The average level density g(E) in eq. (3.13) is obtained by folding the 
level spectrum ej over an energy range y: 

2 See, however, Werner, E., et al., paper IAEA-SM-241/C26, these Proceedings. 
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5(E)-^f(-^)P M(^)/ J?(E)dE = N (3.14) 
The (symmetric) folding function f(x) - usually taken as a Gaussian - may be of a rather general form, provided that it falls off sufficiently fast for large x [80]. The so-called curvature-correction polynomial PM(x) en­sures that any smooth component of the level density, which is equal to a polynomial of order M in energy,is identically reproduced by the averaging procedure (3.14) independently of the value of т and the precise shape of the averaging function f(x). Introducing occupation numbers ?и by 

"i - J fix) Рм Ы)dx - I K - N (3-15) 
- в о I ^ 

one can rewrite the average energy E (3.13) in the form [80,38] 
? v ЭЕ (3.16) 

For a harmonic oscillator potential, where the true average level den­sity is a parabola (for E > 0), the energy E (3.16) is independent of у for M ä 4 as soon as у is somewhat larger than hw , the level spacing, pro­vided that h » hw and sufficiently many levels are included above the Fermi energy X. The curve P(Y ) thus shows an ideal "plateau". This also works approximately for the Nilsson-potential [46,78]. In more realistic potential wells, however, the average part of the level density is no longer a poly­nomial in E. Then the infinitesimal plateau conditions must be fulfilled 

1£ = 0 (ЗЛ7) 
Mo 

which corresponds to fitting the (true) average level density locally by an optimal Taylor expansion up to order M0 [80]. In most cases, the condi­tions (3.17) can be fulfilled with values of the order 
у * H.2-4.6)fcu • M » 6-40 (3-18) 

where hfl is the average distance of the main shells in the spectrum e.j. 
Most of the trouble reported [81] was due to neglecting the simulta­neous fulfilment of both conditions in eq. (3.17). Another problem is that of the contributions from states in the continuum for the case of finite depth potentials. The usual praxis of including the discrete levels obtained by diagonalisation of these potentials in a harmonic oscillator basis [38,79,80] is rediscussed in the review paper of Strutinsky [67]; we need therefore not discuss it here. We just mention that Ross and Bhaduri [82] showed that rather good plateaux can be obtained for a spherical Woods-Saxon potential, when sufficiently many resonances are included in the con­tinuum region. On the other hand, the discrete states obtained with a typical restricted basis in the lower continuum (up to ~ 10 - 15 MeV in heavy nuclei) rather closely reproduce the positions of the resonances (see, e.g., ref. [72]). 
With the plateau conditions (3.17) approximately fulfilled, the second term in eq. (3.16) can be omitted and the shell-correction 6E then takes the form of eq. (3.7). 
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FIG. 8. Shell-correction 8E in a situation of high local level density (spherical Woods-Saxon 
potential without spin-orbit term, large positive value ofSE), plotted versus averaging range 
у for various orders 2M of the curvature-correction polynomial. Note that for 2M > 12, a 
rather well-defined value 8E = (17 ± 0.15) MeV is found. The insert shows the stationary 
points (or points of deflection) SE(y0) versus 2M. Using a typical standard value у ~ 1.2 hQ, 
and M = 4 or 6, the error made is still less than 1 MeV (from Ref. [83]). 

In ref. [83], the plateau conditions (3.17) were carefully studied for 
a spherical Woods-Saxon potential (without spin-orbit term). The main re­
sults found there may be summarized as follows: 
1. For medium and heavy nuclei, A - 100,_the conditions (3.17) can usually 

be fulfilled up to an uncertainty in Ё of ДЁ" ̂  1 MeV. 
2. For smaller particle numbers (N * 50) and in cases where the distance 

of the Fermi level л from the continuum is smaller than ha, the uncer­
tainty may be as large as ДЁ « 1-2 MeV. 

3. Difficulties are sometimes met in situations where the local level den­
sity at the Fermi energy is large, i.e. when бЕ is maximal (see also refs. 
[80,81]). In these cases it may help to go to rather large values of the 
curvature-correction order M (~ 14 - 16) to obtain a unique value of E. 
This is illustrated in Figure 8-

4. The optimal values Y 0 and M0 are not necessarily smooth functions of the nucleon numbers N,Z. The error made in t is thus discontinuous and rather 
random. The safest procedure is to determine т 0 and M0 for a couple of cases in a given region and then to fit a smooth interpolation formula 
?o (N or Z) for systematic shell-correction calculations (see also ref. 
[803). 
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5. In realistic cases, especially when deformations and spin-orbit terra are 
included which tend to remove the largest degeneracies_of the spectra 
e-j, the uncertainty in Ё should never be larger than ДЁ » 1-1.5 MeV, 
even if fixed standard values such as т 0

 и 1.2 пй and M0 = 6 are used. 

b) Alternative methods 
Mainly with the intention of overcoming the above-mentioned continuum 

and plateau problems, several alternative methods have been suggested to 
extract the smooth part of the sum of occupied levels. We shall here only 
discuss those methods which are of practical use or which have been studied 
in sufficient detail. 

A modified energy averaging procedure with asymmetric smoothing func­
tions, proposed by Bunatian et al. £511, turned out not to lead to unique 
values of £ [84]. 

The so-called temperature-method, proposed by Ramamurthy et al. [85], 
makes use of the fact that shell effects disappear at large temperatures. 
The idea is thus to calculate the (intrinsic) energy E(T) and the entropy 
S(T) as function of temperature T using the thermodynamical-statistical 
model. (For details see refs. [85-88].) For temperatures larger than 
T 0 ~ 2-3 MeV (k=l), the shell effects disappear (seejilso refs. [72,73]); 
E(T) and S(T) then__become smooth functions E(T) and S(T), respectively. 
Thus, calculating Ё and S at same finite temperatures 

T0< T« IA-VJ 
and extrapolating these functions back to zero temperature, one may iso­
late the energy shell effect at T = 0: 

AE o=l£;-E(0) (3.19) 

It was numerically verified that ДЕр is practically equal to the Strutinsky 
shell-correction 6E (3.7) [85,87,88]. One important detail was to realize 
[85] that corrections to the asymptotic expansions of Ё(Т) and §(T), con­
taining the local derivatives of the average level density at the Fermi 
energy g"'(x)> §"(x)> •••» must be included in order to obtain unique 
values of AEQ. Ignoring these corrections, one just obtains the "back-shifted Fermi gas model" results [86] (see also the discussion in the con­
tribution of Junker et al. to this conference [89]). Including the terms 
containing derivatives of g(E) corresponds exactly to the curvature-correc­
tion in. the Strutinsky averaging method, as shown analytically in refs. 
[57,90]. We see this also by comparing the equation (3.16) for the Stru-
tinsky-averaged energy Ё with the equation for the free energy F : 

Both equations are identical in their form. The important physical diffe­
rence is, however, that in the thermodynamical equation, -8F/aT = S > 0 
for T > 0, whereas ЭЁ/Эу is always zero (see eq. 3.17). Due to the curva­
ture-corrections built into the n-j, the Strutinsky averaging is thus a 
"cold-averaging" (with zero "entropy" ЭЁ/Эу ), in contrast to the temperature 
averaging which brings excitation energy into the system. 
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We see'thus that the backward-extragolated value E(0) in eq. (3.19) is 
equal to the Strutinsky averaged energy E of eqs. (3.13, 3.16), and the two 
methods are completely identical - at least in principle. Practically, some 
minor differences occur due to the different technical ways of obtaining Ё 
resp. E*(0). In some cases the Strutinsky I* is found less accurately than 
£(0) with the temperature method, and vice versa [91]. Both methods do 
depend on the continuum contributions for finite potentials. Their results 
agree within the overall uncertainty of S 1 - 1.5 MeV quoted above. A com­
bination of the two methods which diminuishes somewhat the influence of the 
continuum states was recently proposed by Ofengenden et al. С92]. 

A different approach is replacing in eq. (3.13) the averaged level den­
sity g(E) by an asymptotic expression 9д$(Е) valid for large values of E, 
i.e. for large nucleon numbers. The problem of finding gAS(E) for a given 
potential goes back to Weyl in 1911 [93] and has repeatedly been taken up 
again [78,94]. The use of 9дз(Е) for calculating the shell-correction was 
proposed in 1969 by Gaudin and Sajot [95] and applied for finite and in­
finite square-well potentials. In ref. [80], the case of an infinite box 
of cubic shape was investigated. It was found that with a careful use of 
the conditions (3.17) in the Strutinsky averaging (see point 4 in sect. 
3.3a), the values for бЕ obtained by both methods agree within < 0.2 MeV 
for N > 40. 

Bohr and Mottelson [69] proposed the direct asymptotic expansion of 
the single-particle sum: 

£ £ = Eu< (N) + <$E 

(3.20) 

EAS(N) = a v N +asN* / b ^ a c N " 3
 + a0+-

This is completely equivalent to the use of дд$(Е) 1П еЯ- (3.13), but de­
monstrates the analogy with the LDM-expansion of binding energies more 
readily. The coefficients in Едс(М) are not easily evaluated in general. 
The volume term av is given in the Thomas-Fermi model [69], and the sur­
face coefficient as can be related to the phase shifts of the bound state wave functions (due to the surface) in case of a local potential (no spin-
orbit term!) [96]. The remaining coefficients must, however, be determined 
numerically by fitting E A S ( N ) to the exact sums of occupied e-j for large 
values of N. This method was carefully investigated by Sobicewski et al. 
[83] for a local, spherical Woods-Saxon potential. The asymptotic series 
was found not to converge fast enough to allow for a unique determination 
of Eßs(N) for realistic particle numbers. When chosen to fit the Strutinsky-
averaged values E"(N) for very large N, however, agreement of EAS and E with­
in й 1 MeV was found for N i 40. Fulfilment of the stationary conditions 
(3.17) for E was important here, too (see also the discussion in sect. 3.3a 
above). This result is interesting because Едэ оп^У depends on occupied 
states, thus demonstrating the correctness of the continuum treatment 
in the Strutinsky averaging. The method of the asymptotic expansion in it­
self is not able to give unique values of shell-corrections; in particular 
for potentials with spin-orbit terms and deformed shapes, where the phase 
shifts cannot be given analytically, it is not practically applicable. 

The most successful alternative to the Strutinsky averaging, which is 
free from contributions of unoccupied states and is applicable for realis­
tic deformed potentials, is the semiclassical partition function method 
proposed by Bhaduri and Ross [97] and further developed by Jennings and 
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Bhaduri [98,99]. It makes use of a semiclassical expansion of the partition 
function which goes back to Wigner and Kirkwood [100]: 

ZCfS) =2CL(fb){^^((b)^\4(ß)+...) (3.21) 

In eq. (3.21), ß is the inverse temperature (here simply treated as a 
mathematical variable); xn(B) are coefficients which depend on the po­
tential and its first n gradients; and Zci_(ß) is the classical partition 
function. By inverse Laplace transforming term by term of eq. (3.21), one 
obtains the smooth part of the level density g(E); the first (classical) 
term yielding the Thomas-Fermi result gjp(E). Correspondingly one obtains 
the particle number and the average single particle energy sum in the form 

N = N T F + N 2 + N4 + ... 

EETF = E T F + E 2 + E 4 + . 
(3.22) 

where the indices refer to the order of the corresponding terms in eq. 
(3.21) (EJF = E Q L , etc.). For details of this method, we refer to refs. 
198 - 101]. Since semiclassical corrections to the Thomas-Fermi expressions 
are evaluated here, the method is also referred to as the extended Thomas-
Fermi (ETF) model ; identical results can also be derived by other techniques 
llO2,103J. The series for Egyp (3.22) was shown in ref. [101] to converge 
very rapidly for realistic Woods-Saxon potentials; the term E4 is of order 
~ 1 MeV (for each kind of particles). The energy E^TF can tnus easily be 
evaluated to at least the same accuracy as the Strutinsky-averaged quantity 
Ё". Hereby, the spectrum e^ need not be known and only the classically al­
lowed region V(r) < A is used to evaluate E£Tp. 

The close connection between the Strutinsky energy averaging and WKB-
or ETF-like methods was pointed out early [3,38,103]. In ref. [80] it was 
shown analytically that for a (deformed) harmonic oscillator potential, 
Е п т and Eare identical (independently of the exact shape of the averaging 
function f(x) in eq. (3.14)). Jennings [98,99] demonstrated the equivalence 
of the two methods for any (smooth) infinite potential, provided that a 
plateau can be found in the Strutinsky averaging. For realistic Woods-Saxon 
potentials, including spin-orbit term and deformations relevant for fission, 
the two methods have been compared carefully in ref. [101]. In all cases, 
Erjp and Ё agree within s 1 - 1.5 MeV, thus within the overall uncertainty 
of either method. This result not only demonstrates the complete equiva­
lence of the two methods in the most general case; it also confirms the 
standard practice of including unbound discrete states in the lower conti­
nuum region. (In fact, using the results of ref. [82] where the resonances 
in the continuum were included and unique plateau values could be found 
in the Strutinsky energy E, its agreement with E^jp is within 0.25 MeV when 
EE7P is evaluated to that accuracy.) 

We finally mention very shortly a new averaging technique developed 
recently by Ivanyuk and Strutinsky [104,105] which makes use only of bound 
states and is derived directly from a least-square fit of the single-
particle energy sum in powers of N"^ (similar to eq. (3.20)). In the 
newest version of this method [105], perfect plateaux are found for the 
shell-corrections as functions of the number of (bound) levels included. 
This is illustrated in Figure 9. The method is discussed in the review paper 
by Strutinsky [67], to which we refer for details. It is important to note 
that this new method leads to some systematic differences in 6E to the 
standard energy averaging results (see the arrows in Fig. 9). For deformed 
Woods-Saxon potentials, the difference in 6E is roughly constant, ~ 1-2 MeV, 
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FIG.9. Shell-corrections obtained for deformed Woods-Saxon potentials with the new 
number-averaging method of Ivanyuk and Strutinsky [105], shown by the thin lines versus 
twice the number N2 of the highest level included (see details in Ref. [105]). Fat lines are 
results from an earlier version [104]; arrows mark the values obtained with the standard 
energy-averaging technique. Note that in the caption of the original figure (Fig. 3 of Ref. 
[105]), the role of thin and fat lines was interchanged by mistake (private communication 
by F.A. Ivanyuk). 

and affects re lat ive barrier heights of actim'des by less than ~ 1 MeV. For 
spherical nuclei , however, the difference amounts to several MeV, which 
has consequences for the so-called Pb-anomaly. (See ref . [67] for a de­
tai led discussion.) 

3.4 Summary of uncertainties in the SCM 

Before turning to a comparison with experiments, le t us now br ie f l y 
recollect the sources and magnitudes of the main uncertainties in the 
shell-correction method, as discussed in this section. 

a) Due to the numerical energy averaging: 

- in i n f i n i t e potentials (Nilsson e tc . ) : |A £\ ;£ 0.5 MeV. 
- i n f i n i t e depth potentials (Woods-Saxon, folded Yukawa): 

IAE j < 1 - 1.5 MeV for A £100. 
However, larger uncertainties may arise in l i gh t nuclei or when the 
separation energy is small compared to ho (e.g. in nuclei far of f the 
ß-stabi l i ty l i ne ) . 

b) From the shell-correction expansion of the HF-energy: 

- missing higher order terms: |u<5E| £ 1 MeV for A £ 100. 
This error depends on the selfconsistency of the potential and the LD 
(droplet) model used; i t may easily be several MeV in l i gh t nuclei. 



IAEA-SM-241/C1 253 

- "quality" of commonly used potentials: 1Д6Е1 £ 1 - 2 MeV. 
This is merely an estimate, taken from comparisons of different cal­
culations with both phenomenological and selfconsistent (HF) poten­
tials. 

- "quality" of liquid drop(let) models: 
an error of up to several MeV may be present, in particular in spheri­
cal cases. (Pb-anomalyJ - see sect. 3.1c above and the discussion in 
ref. [67].)In contrast to the other uncertainties, this error should 
show up as a smooth function of N,Z and deformation! 

(Note that in the last two items, the word "quality" is to be understood 
relative to the application in SCM calculations, as judged from the HF point 
of view. Nothing is said here against the merits and suitability of the 
phenomenological models in reproducing single-particle properties or average 
nuclear binding energies.) 

Since it appears that most of the above errors or uncertainties are un­
corrected and rather random, one should not expect them to add up. As a 
rule, we may thus expect an overall uncertainty in SCM results of not much 
more than ~ 1 - 2 MeV. We emphasize that this should account for the rea­
listic calculations as they were performed in particular for fission bar­
riers, and neither for possible idealized cases where the errors could be 
somewhat smaller, nor for applications to extreme situations where much 
larger errors may occur (like e.g. in superheavy predictions [8,9] or heavy 
ion calculations [106]). 

3.5 Comparison with experiment 

It would lead beyond the scope of this paper to give an extended re­
view of SCM calculations, which are well covered up to 1973 in refs. [38,47]. 
In the mean time, not many extended compilations were done. One new feature 
in the results of fission barrier calculations is the appearance of a 
"second second" saddle which is mass symmetric, but y-deformed and lies some 
~ 1 - 2 MeV higher than the usual mass asymmetric but axially symmetric outer 
saddle. It was reported in one case by Gavron et al. [107] and, independently, 
studied systematically over the whole actinide region by Junker and Hader-
mann [108]. The schematic picture of a typical mid-actinide fission barrier 
and the role of symmetries is now that shown in Figure 10. The structure at 
the mass-asymmetric outer saddle, reported for the first time by Möller and 
Nix at Rochester [47], is now confirmed by other results [109, 67]. It de­
velops to a real third minimum especially for the lighter actinides and may 
have interesting consequences for the Th-anomaly (see below). 

Besides fission barriers, the SCM can, of course, also be applied to 
(and tested against experimental) ground-state masses [47], moments [110], 
fission life times [111], fission fragment distributions [112] and other 
properties, most of which are dealt with at this conference. For a review 
of fission isomer properties, see especially the paper by Metag [113]. We 
shall content ourselves here with a short discussion of the two chief appli­
cations, where also the two chief discrepancies with experiment have been 
found, and try to find out whether we can attribute these discrepancies to 
any of the uncertainties of the SCM discussed above. 

a) Fission barrier heights and the "Th-anomaly" 

The most recent experimental fission barriers have been compiled and 
compared to shell-correction calculations in the review by Britt [114]. The 
overall agreement between experiment and theory is essentially unchanged 
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since Rochester (see, e.g., Möller and Nix [47]). In Figure 11, we show a 
comparison of fission barriers, taken from a recent article by Habs et al. 
[115]. For the outer barriers (Eg), the agreement between experimental and 
three different sets of theoretical results is in all cases within ~ 1-2 
MeV. The same holds for the inner Barriers (Ед) of actinides with neutron 
numbers N Ъ 140. However, there is a clear tendency of the theoretical inner 
barriers to be too low. This trend gets stronger for the lighter actinides 
with N < 140. In the lightest Th-isotopes, the discrepancy reaches up to 
~ 4 MeV, which gave rise to the name "Th-anomaly" [38,47]. We see, however, 
clearly from Fig. 11,that this anomaly is not restricted to Thorium; there 
is a clear trend for all theoretical barriers Ea with N £ 144 to decrease 
with decreasing N, whereas all measured values stay constant around 
~ 5 - 6.5 MeV. This was emphasized in ref. [115] with the newly measured 
barriers of 232pu ancj 234pu. т п е former "Th-anomaly" is thus now a clear systematic discrepancy for all actinides (at least up to Pu) with neutron 
numbers N ;S 140. 

For all the other cases, the agreement within ~ 1-2 MeV is very satis­
factory. As we have summarized in sect. 3.4, the total of uncertainties in 
the SCM can hardly be expected to be smaller than ~ 1-2 MeV; the general 
agreement with experiment is thus the optimal one. 

There have been proposed several explanations for the Th-anomaly 
(see, e.g., Möller and Nix [47], Pauli and Ledergerber [111], Larsson 
et al. [116]). The most popular is the one using the third minimum found 
by Möller and Nix [47] and will be much discussed at this conference. We 
do not want to comment on the possible experimental evidence for this 
third minimum, which is discussed extensively in several papers [117]. 
We note, however, that some care should be taken on the theoretical side 
with the quantitative interpretation of a (third) well with a depth of~i 
MeV, in view of the above uncertainty limits of the SCM itself. This is 
not meant to doubt the qualitative existence of a third minimum, which 
now seems well established [109,67]. On the other hand, when considering 
experimental conseguences of the existence of this third well, one should 
not only think of 230ih and 2 3 2Th, where the original "Th-anomaly" was 
found, but one should look seriously at all those actinides where a third 
well is predicted (although this might not be easy experimentally). 

In turn, from our point of view taken in this paper, we do not ex­
clude an explanation of the systematic discrepancy in Ед of the actinides 
with N ;$ 140 due to the uncertainty in the SCM alone (and thus compatible 
with the old double-humped picture also for the Th-isotopes!). As we 
stated in sect. 3.4 above, systematic smooth errors larger than ~ 1-2 MeV 
may arise in the SCM from a lack of selfconsistency of the shell-model 
potentials and liquid drop(-let) models employed. In fact, we shall see 
instantly that this explains the so-called "Pb-anomaly". And indeed, what 
started out as the Th-anomaly is an error in Ед which systematically in­
creases as one approaches the Pb-region. To further substanciate - or 
disprove - this suspicion, it is therefore of great importance to investi­
gate barrier heights of pre-actinide nuclei all the way dwon to 208рь 
(or even below), both theoretically and experimentally [118]. 

b) Ground state masses and the "Pb-anomaly" 
We have now already several times touched upon the other-and largest-

discrepancy between experimental data and results calculated with the SCM: 
a total binding energy of 208рь too low by ~ 4-7 MeV as found with the 
shell-correction 6E in finite depth potentials. Nothing has changed in this 
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since 8 years (see the details in the reviews [38,47]), and no satisfac­
tory explanation has been given. Our conclusions reached in sect. 3.3 
clearly rule out an error of 4-7 MeV in 6E due to the Strutinsky averaging 
method (also in finite depth potentials), as it was sometimes suspected. 

We claim (see also ref. [119]) that the material presented in sect. 
3.1 above gives a clear (not necessarily unique!) explanation of the Pb-
anomaly: namely the fact that no such anomaly exists in the selfconsistent 
results of ref. [62] using the Strutinsky-smoothed HF-calculations. The 
"Pb-anomaly" appears thus as due to a lack of selfconsistency in the cor­
responding SCM calculations. Since the Skyrme-HF results support the value 
6E at - (18-20) MeV of the shell-correction in 208pD, found with a Woods-Saxon potential [38],, the lack of self consistency must be sought in the LD 
model parameters used in ref. [38]. 

We note that Strutinsky [67] arrives essentially at the same result; 
we refer to his review for a further discussion of the LD model. A seemingly 
different explanation of the Pb-anomaly is given in the paper by Werner et 
al. [120] using Migdal theory. However, in as far as a large part of their 
effect is equivalent to the rearrangement in HF, their conclusions agree at 
least qualitatively with ours. 

With the above explanation we have of course not yet given any remedy 
of the Pb-anomaly. Clearly, better selfconsistent sets of shell model and 
LD or droplet model parameters should be constructed. For that, more self-
consistent (and preferentially semiclassical) calculations with realistic 
effective forces are needed. Since we argued above, that the old "Th-anomaly" 
also might be connected with the same effect, more than one problem might 
be cured in the event of a positive outcome, so that renewed efforts in 
these directions are certainly justified. 

9 no 
Apart from the region around "uoPb, the theoretical binding energies 

obtained with the SCM agree generally with the experimental ones within 
~ 1-2 MeV; we thus have here the same satisfactory result as for most of the 
actinide fission barriers. 

4. SUMMARY, CONCLUSIONS AND OUTLOOK 

We have examined several methods of calculating nuclear deformation 
energies, with emphasis on fission barriers of actinides, and compared 
their results to experiment. We first discussed the constrained Hartree-
Fock (CHF) method which makes use of effective nucleon-nucleon interactions 
fitted to nuclear ground-state properties. Without changing or adding any 
parameter, the total binding energy is then calculated at large deformations 
using a constraining external field. That double-humped fission barriers are 
obtained even qualitatively, is rather remarkable, since they represent only 
a permille effect in the total binding energy. With the results of HFB cal­
culations by Berger et al. [16], confirming that the average pairing gap д 
is roughly constant up to the second barrier, three independent groups now 
have consistently obtained too high barriers Eg of 240pu or 236u t>y roughly 
a factor of two. This need not be alarming. On one hand, we saw that the 
freedom in fitting the force parameters (in particular for the case of the 
Skyrme interaction) leaves enough room for quite appreciable variations in 
the barrier heights. Especially the spin-orbit force is too little known 
and leads to large uncertainties. On the other hand it is quite possible 
that an essential feature of the effective forces in use is generally mis­
sing and shows up only at large deformations. This problem in any case pre­
sents an interesting challenge for the next future. Clearly, in forthcoming 
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improvements of the effective interactions, the barrier heights should be 
carefully watched and incorporated in any adjustment of parameters. It may 
turn out that the long-range part of the forces needs to be essentially im­
proved. Qualitatively, the inclusion of a second order tensor force should 
lower the binding energy; whether it brings the desired effect on the fis­
sion barriers remains to be investigated. 

We have seen that the lengthy HF iterations are not always needed if one 
only relaxes the required accuracy by a couple of MeV. If carefully deformed 
realistic potentials are used, one can already in the first step (i.e. by 
solving the Schrödinger equation once only) obtain deformation energies which 
locally deviate from the exact CHF results only by a few MeV. This approxi­
mate ("expectation value" EV) method should be useful for large scale in­
vestigations and rough first-order determinations of force parameters to be 
used in CHF calculations. 

We next discussed several aspects of the shell-correction method (SCM). 
We have seen that numerical investigations have given an excellent overall 
verification of the basic assumptions of the SCM within the HF framework. 
But we also saw that the selfconsistency of nuclear potentials, densities 
and average (LD) deformation energies play an essential role for the Stru-
tinsky theorem to be accurately fulfilled. Future improvements of the SCM 
should thus aim at selfconsistent determinations of shell model and droplet 
model parameters. We showed that this should remove the old Pb-anomaly and 
argued that it might also improve the inner barriers of the lighter actinides 
(Th-anomaly). Whether the overall uncertainties of the SCM ever can be 
brought significantly below a ~ 1 MeV limit, is doubtful even if the ingre­
dients are determined more consistently. When it comes to investigating the 
"fine structures" of fission barriers [114], we may thus definitely have 
reached the limits of this method. 

One uf our conclusions reached in Sect. 3.1 was that shell effects may 
be treated in perturbation (like in the EVM or the SCM), and that selfcon­
sistency is important mainly for the average potentials and deformation en­
ergies. To obtain the latter, semi classical methods can be applied. Let us 
briefly outline some recent progress and some plans for the near future 
along these lines. We have already mentioned in Sect. 3.3 the refinements 
made in the extended Thomas-Fermi (ETF) method, which was seen to be com­
pletely equivalent to the Strutinsky energy averaging and allowed a quanti­
tative confirmation of the latter method also in finite depth potentials. 
The ETF method cannot be used directly to determine selfconsistent deforma­
tion energies, because it leads to densities p(r) which diverge at the 
classical turning point and are not defined outside. It yields, however, a 
kinetic energy density functional т[р] [122] which has been used quite suc­
cessfully together with the Skyrme force in variational calculations of ave­
rage binding energies for spherical nuclei [39,40,123]. The first application 
of this formalism to calculate average fission barriers will be presented by 
Bengtsson [124] at this conference. 

An important step was reached when it was realized [125] that a partial 
resummation of the -fi-power series (used to derive the ETF expressions, see 
eq. 3.21) solves the turning point problem, leading to semiclassical densities 
which are smooth everywhere and fall off exponentially in the tail. With this 
method, which is still being further developed and tested [126], it is now 
possible to obtain average densities т(г) and p(r) directly from a given po­
tential V(r) without the need to evaluate any wavefunctions. This is, however, 
the most "expensive" step in a HF iteration. The step from p and т to a new 
(and more selfconsistent) potential is usually done by a simple integration; 



258 BRACK 

in the case of the Skyrme force even by a few algebraic manipulations (inclu­
ding derivatives of p). Thus, it will shortly be possible to do "short cut" 
HF iterations semiclassically, which should lead to selfconsistent average 
potentials and deformation energies at a rather low cost. It remains to be 
seen numerically to which accuracy this method can be pushed. But we express 
here the definite hope that most of the calculated fission barriers presented 
at the next IAEA fission symposium will be evaluated using this method to ob­
tain the average part of the deformation energy. 
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DISCUSSION 

K.W. GOEKE: At the beginning of your paper you discuss some of the 
shortcomings of the Hartree-Fock and constrained Hartree-Fock (CHF) methods 
at the present time. I would like to add two further problems which, in my 
view, have prevented CHF from being applied to heavy nuclei on a large scale. 
One of these shortcomings is conceptual in nature. In CHF one uses a given 
constraining operator, usually the quadrupole moment, which, although correct 
near the Hartree-Fock minimum, is not necessarily so, for example, at the 
second barrier. Another shortcoming is the fact that the Hartree-Fock method 
is basically an iterative one. Each point on the potential energy surface has to 
be evaluated separately on the basis of a large number of iterations. P.G. Reinhard 
and I have tried to find methods of evaluating the potential energy surface 'in one 
go'. Indeed, within the framework of time-dependent Hartree-Fock, and in 
particular the adiabatic time-dependent Hartree-Fock method, one can derive a 
differential equation for the potential energy surface that can be solved by simple 
step-by-step methods. It determines, in addition, the collective mass parameters. 
These techniques are currently under investigation and although not yet fully 
studied, they certainly seem likely to be able to evaluate potential energy surfaces 
and masses under fully microscopic conditions, and are also much faster than the 
Hartree-Fock method. 
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M. BRACK: I completely agree with your comments. As far as the 
quadrupole constraint is concerned, there is a great deal of support from 
Strutinsky's calculations showing that Q is certainly a reasonably good fission 
mode up to the second barrier. 

A. FAESSLER: You have told us that by using the Hartree-Fock method 
one gets a value for the second barrier that is too high on account of the finite 
basis (1—2 MeV) and also because of spurious effects from rotations (2-3 MeV). 
You also showed that the second barriers agree, within the limits of this error, 
if the pairing is taken as proportional to the surface. But I heard recently from 
Kneissl at Giessen that photofission in the rare-earth nuclei indicates that the 
data can be explained in this way only if G is constant. In such a case there is a 
discrepancy of 15 MeV for the second barrier. How do you explain this large 
difference? 

I would also like to make a comment. You have mentioned the dependence 
of the shell correction plateau on the order of the correction polynomial. At high 
angular momenta it is no longer possible to obtain such a good plateau. The 
value of у depends, further, on the angular momentum. In addition, we have to 
distinguish between the optimal values for the protons and neutrons, as calculations 
made here in Jülich have shown. 

M. BRACK: In reply to your question, if G « const, is confirmed by the 
Hartree-Fock-Bogolyubov results, then I can only say there is something basically 
wrong with these effective forces (Skyrme forces and K-matrix model) at large 
deformations. It is even more contradictory in view of the fact that the surface 
energy coefficient a^°) determined for the force Skyrme III in spherical nuclei is 
not too large, as I have shown. 
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Abstract-Resume 

CALCULATION OF POTENTIAL ENERGY SURFACES BY THE HARTREE-FOCK-
BOGOLYUBOV METHOD. 

The fission barrier of ^ P u was calculated by the Hartree-Fock-Bogolyubov method 
with constrained mass quadrupole moment. The interaction used was the density-dependent 
finite-range interaction Dl. The quasiparticle states are developed on the basis of an axially 
symmetric deformed oscillator including 13 major shells. One-centre and two-centre bases 
were used for small and large deformations respectively. To begin with, right-left symmetry 
is imposed on the system. A double-humped potential energy surface is obtained. The 
zero-point energies associated with rotational, vibrational and centre-of-mass spurious motion 
were subtracted from this potential energy. The fission barrier of 240Pu thus obtained is 
compared with the experimental results and with the results of other theoretical studies. 
The variation of the pairing correlations as a function of deformation and their influence on 
the inertial parameters are also shown. Finally, the preliminary result of a calculation in which 
right-left symmetry is no longer imposed is presented. The height of the second hump is 
reduced by ~ 4 MeV. 

CALCULS DE SURFACES D'ENERGIE POTENTIELLE PAR LA METHODE 
HARTREE-FOCK-BOGOLYUBOV. 

La barriere de fission de 240Pu a ete calculee par la methode Hartree-Fock-Bogolyubov 
avec contrainte sur le moment quadrupolaire de masse. L'interaction utilisee est l'interaction 
de portee finie Dl dependante de la densite. Les etats de quasi-particules sont developpes 
sur la base de l'oscillateur deforme к symetrie axiale incluant 13 couches majeures. Des bases 
ä un centre et ä deux centres ont ete utilisees respectivement pour les petites et les grandes 
deformations. Dans un premier temps, on impose la symetrie droite-gauche au Systeme. On 
obtient une surface d'energie potentielle ä deux bosses. On a extrait de cette energie poten­
tielle les energies de point zero associees aux mouvements parasites rotationnel et vibrationnel 
et du centre de masse. On obtient ainsi la barriere de fission de 240Pu que Ton compare aux 
resultats experimentaux et aux resultats d'autres etudes theoriques. On donne aussi la 
variation des correlations d'appariement en fonction de la deformation et leur influence sur 
les parametres d'inertie. Enfin, on presente le resultat preliminaire d'un calcul oil la symetrie 
droite-gauche n'est plus imposee. La hauteur de la deuxieme bosse est abaissee d'environ 
4 MeV. 
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L'extension ä la fission des modeles collectifs fondes sur les 

approches microscopiques "self-consistantes" du type Hartree-Fock semble 

constituer l'une des voies pouvant conduire ä une description fondamen-

tale de ce phenomene. En effet, la fission d'un noyau apparait essentiel-

lement сошпе un mouvement collectif de grande amplitude que l'on peut 
caracteriser par un nombre restreint de parametres collectifs {q}, le 
plus important etant la deformation totale du Systeme. II semble done 
naturel d'appliquer ä ce phenomene le formalisme developpe pour la des­
cription des oscillations collectives des noyaux mous [1]. Le principe 

consiste ä reproduire toutes les configurations possibles du Systeme en 

cours de fission ä l'aide d'un calcul Hartree-Fock-Bogolyubov sous con-

traintes (HFBC). L'ensemble des etats de quasiparticules independantes 

|<t>{q}> ainsi obtenus peut Stre alors considere comme une base d'etats 

servant ä developper les etats stationnaires des voies de fission sous la 

forme |*> =/х({ч1) |ф{<5}• > d{q}. Les functions poids x({q}) determinent 
le chemin collectif et peuvent etre calculees en appliquant un principe 
variationel ä la fonction d'onde |¥ >. Elles sont alors solutions d'une 
equation integrale du type de GRIFFIN-HILL-WHEELER [2]. Sous certaines 

conditions equivalent ä l'hypothese adiabatique, cette equation peut etre 

transformed en une equation differentielle du type de BOHR [3,4]. Celle-

ci depend de deux parametres : le tenseur des masses collectives M..({q}) 

et le potentiel collectif U({q}) qui sont toüs deux calculables ä partir 

des etats |(|>{q}>. L'approche ainsi decrite est done, dans son principe, 

completement microscopique. 

Nous presentons dans ce travail les resultats d'un calcul repre-

sentant la premiere etape du programme esquisse ci-dessus, e'est-a-dire 

la determination des etats |<|>{q}> et des parametres collectifs M..({q}) et 

U({q}). Le noyau choisi est le Pu qui est bien connu experimentalement 

et qui a deja donne lieu ä de nombreux calculs phenomenologiques [S] et 

microscopique [6]. Nous avons utilise la methode HFBC decrite. dans le 

premier paragraphe avec 1'interaction de portee finie,dependant de la den-

site appelee Dl [7]. Cette interaction a permis de reproduire correctement 

non seulement les proprietes globales de la plupart des noyaux stables 

mais egalement leurs proprietes de deformation et d'appariement [8]. Elle 

apparait done bien adaptee ä un calcul HFBC du type de celui presente ici. 

Dans notre approche, le champ d'appariement est, en effet, determine d'une 

facon completement consistante ä partir de 1'interaction ä deux corps elle-

meme. Pour des raisons liees ä la taille du calcul, nous n'avons contraint 
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qu'une seule variable collective : le moment quadrupolaire de masse 

q = < Qj >, et nous avons impose la symetrie axiale et l'invariance par 

renversement du temps. De meme nous n'avons pas calcule la contribution 

de 1'interaction coulombienne au terme d'echange du champ moyen et au 

champ d'appariement. La majeure partie du calcul a ete effectuee en impo­

sant une parite donnee aux etats de quasiparticules, c'est-ä-dire en sup-

posant la symetrie droite - gauche. Nous donnerons cependant dans le troi-

sieme paragraphe les resultats preliminaires d'un calcul ou cette symetrie 

a ete abandonnee. 

Nous avons determine la masse M(q) au moyen du modele "du cran­

king" [9]. Quant au potentiel collectif U(q), il s'obtient en soustrayant 

ä l'energie potentielle V(q) = <H> du Systeme la contribution des ener­

gies de point zero associees aux mouvements parasites contenus dans les 

etats intrinseques |<|i{q}> [3]. L'evaluation et la discussion de ces quan-

tites seront developpees dans le second paragraphe. Le troisieme paragra­

phe sera consacre ä la discussion des courbes d'energie potentielles et ä 

la comparaison du potentiel collectif avec l'experience. 

I. LE CALCUL "SELF-CONSISTANT" 

Conformement ä la methode HFBC, nous avons pris pour etats 

intrinseques du Systeme ä chaque deformation les vides de quasiparticules 
., .л, 
|(fq> = 5 n.(q) 0> solutions du probleme variationel : j J 

А л j A 
Dans cette expression H - £ t. + -s- ]T v.. est l'hamiltonien effectif 

-»2 i = ' i * j = l 1J 

des A nucleons et P /2Am est l'energie cinetique du centre de masse du 

Systeme (nous avpns tenu compte des termes ä un et ä deux corps). La con-

trainte - X Q? permet d'imposer la deformation < Q~ > = q au noyau. Les 

deux autres contraintes assurent simplement la conservation en moyenne 

des nombres de neutrons et de protons. 

Partant de l'expression (1), on obtient les equations non line-

aires que doivent verifier les etats individuels n (q). Ces equations önt 

ete resolues par iterations, les л (q) etant developpes sur des bases fi-
nies. Dans le calcul presente ici, deux types de base ont ete employes. 
Pour des deformations inferieures ä q = 140 barns nous avons utilise le 
developpement 
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n t n - T (и?! ч C* + V?7 v C, ^ (2) 
A \ i ( a ) (a) i (a ) (a) J (a) 

sur les etats C, 4de l'oscillateur harmonique deforme axialement (OHDA). (a) 
Les indices (a) = (т,п|5п ) reperent les etats de l'oscillateur, Я est la 
projection du moment angulaire individuel sur l'axe Oz et ir la parite de 
l'etat. La sommation est etendue ä tous les etats de l'oscillateur tels 
que 

(2n + |m| + 1) Ъш х + (nz + 1/2) "Ц, « (N + 2) ktaQ (3) 

avec N = 12.-Dans (3) les parametres ш. et w sont les frequences radiale 
5/4 1/3 et longitudinale de l'oscillateur et ш0 = ш. ' ш 

Pour les deformations plus grandes que q = 140 barns nous avons 
utilise un developpement sur une base a deux centres. Ceci est necessaire 
pour obtenir une description convenable de la deuxieme barriere de fission 
et une fragmentation possible du Systeme. Cette base a deux centres est 
constituee de deux ensembles d'etats de l'OHDA, centres respectlvement en 
- d/2 et + d/2 sur l'axe Oz. Les etats de quasiparticules sont alors ex-
primes sous la forme : 

Л*о =1 W ? < .(-d/2) + V ? ^ C. ,(-d/2)) 

(a)V X 
(2)Ш С*., <+ d/2) + V#>?* C,., <+ d/2)) (4) (a) ^ ( a ) ^ " " ^ Yi(a) ^ a ) ' 

Dans les Summations, le nombre de termes est ajus.te de facon ä obtenir une 
base equivalente ä la base N = 12 de 1'expression (3). Ceci conduit ä pren­

dre N = 9 dans 1'expression (3) pour chacune des deux bases decentrees. 

(Nous avons, par ailleurs, constate que nous obtenions des resultats sem-

blables avec les deux types de base entre 125 et 140 barns). Cette valeur 

de N montre que la representation a deux centres reduit la taille des ba­

ses de l'oscillateur ä manipuler tout en rendant possible la description 

d'etats ayant un grand nombre de noeuds sur l'axe Oz. Ceci explique en 

partie la faisabilite de nos calculs aux tres grandes deformations. Pour 

obtenir ces avantages nous avons cependant dfi introduire dans 1'expression 

(4) des etats de l'oscillateur qui ne sont pas tous orthogonaux entre eux. 

Afin d'eviter des difficultes numeriques, nous procedons, avant tout cal-

cul HFB, ä l'orthogonalisation de la base ä deux centres. Nous utilisons 
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pour cela une methode rapide et precise qui permet d'eliminer correctement 

les etats redondants eventuels [10]. II est ä noter que les deux types de 

base envisages sont compatibles avec l'emploi de la methode de separation 

des variables dans les potentiels ä deux corps [11]. Ce point est essentiel 

car, sans cette methode, l'utilisation de l'interaction de portee finie Dl 

dans le present calcul serait techniquement inaccessible. 

Les parametres de LAGRANGE correspondent aux trois contraintes 

sont, dans nos calculs, reajustes ä chaque iteration au moyen d'une me­

thode de perturbation [7,8]. Apres convergence, l'energie potentielle du 

Systeme est definie par : 

V(q) = < ^ q | H--^|<l> q> (5) 

Les parametres de l'oscillateur intervenant dans les bases uti-

lisees ont ete determines en minimisant ä chaque deformation l'energie 

totale (5) du Systeme. Dans le cas de la base ä deux centres nous avons 

effectue le calcul en prenant ä chaque deformation differentes valeurs de 

la distance d. Puis nous avons trace la courbe de contrainte V(q) en pre­

nant l'enveloppe des courbes de deformation calculees ä distance d cons-

tante. Le resultat obtenu est la courbe en trait plein de la figure 1. 

2. CORRECTIONS A LA COURBE D'ENERGIE POTENTIELLE 

2.1. Energie cinetique relative du Systeme scissione 

Ainsi que nous l'avons mentionne dans l'introduction, la courbe 

d'energie potentielle V(q) n'est pas assimilable au potentiel collectif 

U(q). Ceci est particulierement net lorsque l'on examine l'energie totale 

du Systeme completement scissione. En effet, le calcul HFB defini par 

l'eq.(l) ne permet pas de retrouver asymptotiquement la quantite 

E(q) = Z xE 0(
1 2 0Ag) + (Ze)2/R (6) 

120 

obtenue en ajoutant ä l'energie de deux noyaux Ag, dans leur fundamen­

tal, leur energie d'interaction coulombienne. La difference V(q)-E(q)qui 

vaut 6,80 MeV pour une deformation q = 385 barns, represente en fait l'ener­

gie cinetique du mouvement relatif des fragments contenu dans les etats de 

quasiparticules independantes |((> >. 
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_L 
100 200 300 qlbarns) 

FIG.l. Courbes d'inergie potentielle et corrections effectuees. La courbe en trait plein (EHVf.) 
est le resultat du calcul Hartree-Fock-Bogolyubov avec contrainte sur le moment quadrupolaire 
de masse. Les deux autres courbes ont iti obtenues en ötant l'energie cinetique du mouvement 
relatifdes prefragments (AER) puis les energies parasites de rotation-vibration (&EQ) representees 
au bas de la figure. Les deux fleches indiquent les corrections apporties par un calcul pre-
liminaire permettant l'asymetrie de masse. La bände foncee verticale indique la position du 
point de scission. 

Pour le v e r i f i e r nous avons repete l e calcul HFBC dans ce t t e 

region de deformation en remplacant l 'hamil tonien intr inseque du noyau 
240_ Pu 

2Ы (7 ) 

intervenant dans l'eq.(4), par l'hamiltonien 

2 A.m 2A„ (8) 

representant la somme des hamiltoniens intrinseques des deux noyaux Ag. 
Dans l'eq.(8), A, = A., = A/2, ? = £ ? et ?, = f P..L'energie poten-

i=l i=A.+l X 

tielle V2(q) = <ф^2) |н2 | (jr > correspondante a gte trouvee egale ä E(q) а 
moins de 600 keV pres. Par ailleurs, il est facile de montrer que 
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(V2 

H, - Н. = ~ - (9) 
- Р , - Р 2 ой и est la masse reduite (A/4) du Systeme et P_ = x 1'impulsion rela-

tive des fragments. II en resulte que la difference ДЕ_ = V(q) - E(q) est 
bien egale ä l'energie cinetique relative des deux noyaux '^"Ag. 

II est clair que l'energie cinetique AE„ doit etre Stee de l'ener-

gie potentielle V(q) lorsque le Systeme est constitue de fragments separes. 

Par ailleurs, il apparait que 1'extraction d'une telle quantite lorsque le 

240 

noyau Pu est spherique n'a pas de sens. En fait, il semble que la cor­

rection ä effectuer doit etre nulle pour q = 0, puis augmente avec la 

deformation suivant une loi qui depend du degre de prefragmentation du Sys­

teme. Lorsque la fragmentation complete est realisee, la correction atteint 

la valeur AE_ = V(q) - E(q). II est aise de montrer que cette correction 

devient ensuite independante de la deformation. 

Nous n'avons pas trouve de methode praticable permettant de cal-

culer la correction AE_(q) dans la region precedant la scission. Aussi к 
avons nous fait l'hypothese d'une correction lineaire depuis le point sphe­
rique jusqu'au point de scission. Cette prescription empirique qu'il serait 
difficile de justifier, donne cependant une idee du type de barriere que 
fournirait la vraie correction. Nous avons represents en pointille sur la 
figure 1 la correction ДЕ (q) et la courbe d'energie potentielle corrigee 
EHFB " UER-

2.2. Energie de rotation-vibration 

Les etats de quasiparticule independantes j <j) > ne sont pas des 
etats propres de 1'Operateur Q°. U s ne sont pas non plus invariants par 
rotation. lis contiennent done une energie de point zero associee aux 
mouvements parasites de vibration et de rotation qu'il est necessaire 
d'oter. En fait, ces deux types de mouvements ne sont independants que 
pour les grandes deformations du noyau. Afin de disposer d'une methode de 
calcul valable quelle que soit la deformation, il s'avere preferable de trai-
ter globalement les cinq degres de liberte de rotation-vibration. Pour 
cela nous considerons les cinq Operateurs quadrupolaires (ff et nous extra-
yons les energies de point zero associees aux cinq modes engendres par les 
Operateurs 

О! = Q2, Qfl = Q' ± Q-l et Q±2 „ Q2 ± £-2 
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Une expression dormant la valeur de l'energie de point zero rela­

tive ä un degre de liberte q~ = < Q:, > peut etre obtenue ä partir de la 

theorie generale du mouvement collectif [3]. Elle s'ecrit dans le cas de la 

symetrie axiale : 

Д Е ( ф =i2(2 а* м^)" 1 (10) 

ou a est la largeur, dans la direction de la variable "qF = <Q~>, du pa-
quet d'onde suppose gaussien qui represente l'etat |ф > dans l'espace col­
lectif, et M est la masse diagonale associee. Pour calculer les masses 
M nous nous sommes servis de 1'expression dite "du cranking" [9]. 

M = iL J3R_ сю 
W 2 (S I y )2 

ou les quant i tes S sont donnees par 

s I < a ß I Qa 1 Ф П > 
ny ~ 

,2 
(12) 

a < g (E a + Eg)1! 

les etats |aß > sont les etats ä deux quasiparticules construits sur les 
vides | ф > et E est l'energie de quasiparticule associee ä л . L'expres-
sion (11) de la masse n'etant pas exacte (eile ne contient pas les termes de 
rearrangement du champ self-consistant en presence d'une vitesse collec­
tive), nous avons calcule la largeur a ügalement ä 1'approximation "du 

cranking" au moyen de la formule [12] 

(tf)"2 = S 2 y , (13) 
w 4 (V 

L'energie de point гёго (10) s'exprime done simplement par 

ЛЕ(ф = 4- |2M_ (14) 
c ч s3p 

c'est-ä-dire comme le rapport de deux quantites du type (12). Cette parti-

cularite permet de penser que 3,'influence de 1'omission des termes de 

rearrangement est moins importante dans (14) que dans (12). En effet, la 
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FIG.2. Variations de la masse collective M0 et du moment d'inertie Ix avec la deformation. 
La masse collective est associee au moment quadrupolaire total Q° qui a eti mis en contrainte. 
Les deux quantites ont eti calculees ä l'approximation du cranking. 

sous-estimation de la valeur du numerateur de (14) est approximativement 

compensee par une sous-estimation de celle du denominateur. 

Avant de discuter de la correction (14), il est interessant 

d'examiner les valeurs obtenues pour les masses collectives avec 1'expres­

sion (11). A titre d'exemple, nous avons represents sur la figure 2, la 

masse collective M associee ä la deformation totale qZ du Systeme. Sa va­

riation apparait tres reguliere, les effets de couche ne se manifestant 

que sous forme de legers changements de courbure. Une telle regularite est 

essentiellement due ä la prise en compte des correlations d'appariement. 

En effet, celles-ci interviennent ä la fagon d'un terme residuel prevenant 

l'apparition de valeurs petites dans les denominateurs de l'expression (11) 

et, done, de valeurs excessivement grandes pour la masse. Ceci montre, en 

particulier, que les parametres d'inertie. calcules ä partir d'une expres­

sion du type (11) sont dans certaines regions de deformation tres sensibles 

ä la valeur de l'energie de quasiparticule la plus faible, c'est-ä-dire, en 

premiere approximation au "gap"d'appariement. 

Les memes remarques s'appliquent au moment d'inertie I repre­

sents egalement sur la figure 2. Nous 1'avons calcule par la formule "du 

cranking" [9] qui s'ecrit, avec les memes notations que l'eq.(12) 

,2 

(15) 
|<a6| J х|ф >|' 

I = 2 "FT £ - 3 
X aß E_. + E„ 

a 
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La descente observee entre q = 260 et q = 290 barns correspond ä 

la region de scission. En ce qui concerne les valeurs trouvees au niveau 

du premier et du deuxieme puits elles apparaissent plus faibles que celles 

derivees des spectres rotationels experimentaux [13]. On obtient, en effet, 

les valeurs 42,9 n2 et 119,1 n au lieu de 69,87 ti et 150,06 n respecti-

vement. Ce desaccord est sans doute du ä l'omission des termes de rearran­

gement dans 1'expression (15). 

II est ä noter que 1'influence de cette omission est probablement 

plus faible dans le cas des masses collectives. En effet, celles-ci sont 

calculees comme le rapport de deux quantites du type (12). La remarque 

faite ä propos de la formule (14) s'applique done aussi ä 1'expression 

( П ) . 
5 . 

La correction totale ДЕ = £ AE(q!J) a ete tracee dans le bas de 
4 V-l 

la figure 1. On constate qu'elle augmente regulierement de 5 ä 9 MeV jus-

qu'au point de scission, puis subit une legere diminution avant de crottre 

de nouveau lorsque les fragments sont separes. La courbe semble tendre 

asymptotiquement vers 10 MeV, valeur egale au double de la correction de 
- • 120 

point zero rotationnelle-vibrationnelle relative ä un noyau Ag. La 

courbe d'energie potentielle obtenue apres soustraction de la contribution 

AEQ est notee Ещ,. - AER - AEQ sur la figure 1. 

3. DISCUSSION 
Nous commencerons par analyser les trois courbes d'energie poten­

tielle de la figure 1. La premiere de ces courbes (courbe E™,) est compa­
rable aux resultats obtenus par FLOCARD et coll. avec 1'interaction de 
SKYRME S III [6]". Le fundamental du noyau a un moment quadrupolaire de 

2 charge q =11,08 barns et un moment hexadecapolaire h = 1,02 (barns) . 
Ces chiffres sont ä la fois tres proches des valeurs trouvees par ces au-
teurs et des valeurs experimentales (q = 11,58 ± 0,06 barns, h = 1,15 ± 

2 c 

0,28 (barns) ). La hauteur de la barriere spherique est egalement compa­

rable au calcul de la ref.[6] effectue avec une constante G d'appariement 

proportionnelle ä la surface. Au-delä de la premiere barriere de fission, 

cependant la courbe E„,_ se rapproche du resultat obtenu en ref.[6], avec 

un "gap" d'appariement constant. Au niveau de la premiere barriere de fis­

sion, nos resultats se situent de fagon intermediaire entre les deux pres­

criptions adoptees par FLOCARD et coll. Au voisinage du second minimum, la 
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forme du noyau s'apparente ä un ellipsoide dont les axes sont dans un rap­

port 1,90. Cette valeur est en bon accord avec les estimations tirees de 

l'experience [14]. Ces observations semblent montrer (i) que les interac­

tions S III et Dl decrivent correctement la deformation du noyau dans son 

fondamental et dans l'etat isomerique ;(il) que la prescription G propor-

tionnelle ä la surface reproduit blen les correlations d'appariement aux 

falbles deformations mais que 1'approximation d'un "gap" constant est plus 

realiste aux grandes deformations!(iii) que la hauteur excessive de la 

premiere et de la seconde barriere dans la courbe d'energie potentielle 

E „ n'a pas pour origine une mesestimation des correlations d'appariement. 

On peut voir sur la figure 1 que la seconde barriere de fission 

subit un ressaut au voisinage de q = 260 barns. L'examen des densites de 

particules montre que cette region de deformation correspond ä la forma­

tion des fragments de scission. La forme exterieure du noyau varie peu, 

tandis qu'une masse de plus en plus importante de matiere se regroupe de 

part et d'autre du centre de masse du noyau. 

Nous avons represents sur la figure 3 les variations de l'ener-

gie d'appariement et Celles de l'energie de quasiparticule la plus basse 

pour les protons et les neutrons. Alors que l'energie d'appariement des 

protons varie peu autour de 15 MeV, celle des neutrons oscille fortement, 

en etroite correlation avec l'energie de deformation du Systeme. Се compor-
tement met particulierement bien en lumiere la variation des effets de 
couche avec la deformation, leur influence sur la formation des minima de 
l'energie potentielle et leur origine essentiellement neutronique dans le 

240 cas du Pu. Les energies de quasiparticule tracees sur la meme figure 
peuvent etre assimilees, en premiere approximation,aux "gaps" d'apparie­
ment neutron Д et proton Д . Les valeurs obtenues aux faibles deformations 

n r p 
sont proches de Celles trouvees par FLOCARD et coll. [6]. Au-delä de q= 150 

barns, les resultats de la ref. [6] montrent une augmentation reguliere de 

Д et Д . Les valeurs que nous trouvons restent au contraire toujours in-
ferieures ä 1,7 MeV avant de rejoindre Celles correspondant ä un noyau 
120 

Ag. Ces resultats confirment les remarques faites plus haut concernant 

le type de prescription reproduisant le mieux l'appariement aux grandes 

deformations. 

On voit sur la figure I que la position des deux premiers minima 

de la courbe E n'est pratiquement pas affectee par 1'extraction des 

corrections ДЕ„ et ДЕ_. Les principales modifications concernent, en fait, 
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FIG.3. Variations en function de la deformation de l'energie d'appariement E et de la plus 
petite energie de quasiparticule л pour les protons (tiretsj et les neutrons (trait plein). 

TABLEAU I. HAUTEURS DE LA BARRIERE SPHERIQUE (E0), DE LA 
PREMIERE (EA),DE LA DEUXIEME (EB) BARRIERE DE FISSION ET DU 
PUITS ISOMERIQUE (En) PAR RAPPORT AU PREMIER PUITS (E,) 

EHFB 

E H F B " A E R 

E H F B - A E R - % 

Calcul asymetrique 
prel iminaire 

Experience [13] 

E o " E i 

11,8 

11,3 

13,5 

EA - E I 

10,7 

9,2 

9 

6 

23,2 

18,8 

17,2 

% 13 

5 ,4 

E I I " E I 

6 ,9 

4 , 6 

3 ,7 

2 

Les quatre premiers jeux de valeurs correspondent aux trois courbes de la figure 1 et 
ä l'estimation donnee par le calcul asymetrique. Les valeurs experimentales de la derniere 
ligne ont 6te threes de la Ref. [13]. 

E„ MeV 2 i 0 
K E paire proton P u 

л MeV 

J I I 
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les hauteurs relatives des differents extrema. Ces quantites sont regrou-

pees dans le tableau I. Lorsqu'on passe de la courbe E ä la courbe 
rir a 

completement corrigee, on remarque que (i) la barriere spherique augmente 

de 1,7 MeV;(ii) les deux maxima s'abaissent ;(iii) la difference de hauteurs 

entre les deux premiers puits diminuej(iiii) le ressaut situe au voisinage 

du point de scission s'estompe. Les corrections s'effectuent done dans un 

sens favorisant la reduction des structures de la courbe de deformation; 

le tableau I montre cependant que les chiffres correspondant ä la courbe 

corrigee sont nettement plus grands que les estimations tirees des resul-

tats experimentaux [12]. La premiere barriere apparait trop haute de 3 MeV, 

la seconde de 11,8 MeV et le puits isomerique est situe 1,7 MeV au-dessus 

de la valeur attendue. 

II semble que l'origine de ces differences soit d'abord ä recher­

cher dans les approximations effectuees dans notre calcul. En effet celles-

ci ont souvent pour consequence une surestimation de l'energie intrinseque 

du Systeme le long du chemin de fission. Ce sont essentiellement : 

3.1. La symetrie axiale 

II semble que cette approximation soit assez bien justifiee ex-

cepte au voisinage de la premiere barriere,on estime generalement que 1'in­

clusion de deformations triaxiales abaisse cette barriere de pres de 1 MeV 

[15]. 

3.2. La symetrie droite-gauche 

240 
Cette hypothese conduit ä une fragmentation symetrique du Pu 

que l'on sait Stre moins probable que la fragmentation asymetrique. Elle 

n'est done certainement pas justifiee au moins pour les grandes deforma­

tions. Des calculs utilisant la prescription de STRUTINSKI ont montre que 

la prise en compte de l'asymetrie de masse abaissait la seconde barriere 

d'environ 3 MeV dans le cas du noyau Pu et produisait l'apparition d'un 

minimum supplementaire peu profond [16,17]. Afin de voir si notre approche 

preVoyait un effet analogue, nous avons effectue un calcul preliminaire 

dans lequel nous cessons d'imposer une parite donnee aux etats de quasi-

particules n.0 de l'expression (4). Etant donne la taille du calcul, nous 

n'avons pas introduit de contrainte sur l'asymetrie de masse. Notre but a 

ete de rechercher un eventuel minimum dans la direction asymetrique. Afin 

de simplifier ce premier calcul, nous avons utilise une base d'etats plus 
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reduite (N = 8 au lieu de N = 9 dans 1'expression (3) pour chacune des ba­

ses de l'oscillateur decentrees) et nous avons tenu compte des correlations 

d'appariement ä 1'approximation de "gaps" proton et neutron constants. Les 

resultats obtenus ont ensuite ete compares avec ceux d'un calcul symetrique 

realise exactement dans les memes conditions (meme taille de la base, meme 

approximation pour l'appariement et memes valeurs pour les "gaps" proton 

et neutron). Pour les "gaps" proton et neutron nous avons repris les va­

leurs obtenues par le calcul HFBC complet aux deformations correspondantes. 

Les deux deformations q = 180 barns (peu apres le sommet de la seconde 

barriere) et q = 260 barns ont ete envisagees. Les modifications en ener-

gie obtenues sont celles indiquees par des fleches sur la figure 1. On 

constate que l'energie du point q = 180 barns descend de 4,7 MeV. Par cen­

tre le point ä q = 260 barns subit une remontee de 2,8 MeV. Ce comporte-

ment peut s'expliquer de la facon suivante: pour les deux deformations, 

nous avons initialise le calcul iteratif en prenant une asymetrie de de­

part correspondant a des fragments de fission (Z., N.) = (40,60) et(Z-,N„) 

= (54,86) experimentalement observes. II semble que dans le cas q = 260 

barns, cette asymetrie de depart conduise, apres convergence, vers un mini­

mum relatif dans la direction asymetrique qui se trouve ä une energie plus 

elevee que le point symetrique. Le Systeme symetrique devrait done Stre 

localement stable dans la direction asymetrique ä cette deformation. II 

est ä noter qu'un tel comportement a ete observe dans les resultats de 

calculs "macroscopique-microscopique" [5]. Les asymetries obtenues apres 

convergence apparaissent cependant plus faibles que celles attendues ; 

elles correspondent ä des rapports de masses x = A2/A. valant 1,16 et 1,12 

ä q = 180 et 260 barns respectivement, au lieu de 1,30 ä 1,40 [16]. Се 
desaccord semble s'expliquer par le fait que notre calcul favorise 1'appa­
rition d'un nombre Z„ = 50 pour le nombre de protons du prefragment lourd. 
II est egalement possible qu'il existe un (ou plusieurs) autre minimum 
relatif dans la direction asymetrique. Cette question ne pourra etre tran-
chee que par un calcul complet avec contrainte sur l'asymetrie de masse. 

En tenant compte des pentes obtenues aux deux deformations envi­
sagees il est possible d'avoir une idee de la seconde barriere deduite 
d'un calcul asymetrique. La hauteur de barriere qui en resulte est alors 
ramenee ä environ 13 MeV. 
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3.3. L'omission des energies de point zero 

Associees ä des observables non conserves a 1'approximation HFB, 

telles que les nombres de protons et de neutrons, les corrections corres-

pöndantes, qu'il est difficile de chiffrer, pourraient aller dans le sens 

d'une reduction de la hauteur du maxima dans les courbes d'energie poten­

tielle. De meme, les etats |<|> > ne sont pas etäts propres de l'isospin 

total T du noyau (тёте en l'absence d'interaction coulombienne). Une ener-
gie de point zero associee ä la violation de T par les etats de quasipar-
ticules independantes est done incluse dans nos energies potentielles. A 

elles seules ces trois types de correction ne suffisent pas ä reduire la 

hauteur excessive de nos barrieres de fission de тёте que les incertitudes 
propres ä nos calculs (comme par exemple l'erreur due ä la troncation de 
la base ou les approximations faites dans 1'evaluation des energies de 

point zero prises en compte). 

240 
En conclusion cette etude du Pu montre qu'il est actuellement 

possible d'effectuer des calculs self-consistants relativement sophistiques 

тёте pour des noyaux tres lourds. Rappalons en effet ce qui fait l'origina-
lite de ее travail : 

i) l'interaction Dl utilisee est de portee finie, 
ii) le champ moyen et le champ d'appariement sont calcules de fa-

con consistante avec la тёте interaction, 
iii) une base d'etat ä deux centres est utilisee pour les grandes 

deformations. 

L'extension de ее type de calcul ä des formes de noyau asymetriques appa-
rait egalement realisable. Ces nouvelles possibilites des calculs micros-

copiques permettent de mieux situer l'origine des desaecords observes entre 

les predictions theoriques et l'experience. A notre avis, notre traitement 

des effets d'appariement nous semble suffisamment realiste pour ne pas 

etre mis en cause. En particulier nos calculs ne confirment pas l'hypothese 

d'une force d'appariement proportionnelle ä la surface. Par contre il sem-

blerait que l'origine des desaecords provienne d'une estimation incomplete 

des correlations de longue portee.Le recensement des differents modes d'ex-

citation et 1'evaluation complete des energies de point zero associees 

demeurent un probleme tres delicat. 
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DISCUSSION 

P. SCHUK: How large are your uncertainties in the barrier heights deriving 
from truncation of the basis? 
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J.F. BERGER: Tests have indicated that they could not exceed 1 or 2 MeV. 
The error seems to be maximum in the region of the scission point. 

P. SCHUK: Thank you. Have I also understood correctly that you consider 
the unduly high barriers to result from the fact that you did not project to a 
satisfactory particle number, or to satisfactory angular momentum? 

J.F. BERGER: As far as the angular momentum is concerned, we believe the 
correction that we made is satisfactory. But I agree that we should project to 
better particle numbers. 

M. BRACK: Do you think the inclusion of a tensor force or a deformation-
dependent spin orbit force might improve the situation? 

J.F. BERGER: The main point for the moment is to extract all spurious 
contributions. When we have done that, we may have to improve the two-body 
interaction in order to obtain agreement with the experimental barriers. 
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Abstract 

MACROSCOPIC-MICROSCOPIC CALCULATION OF FISSION BARRIERS AND MASSES 
FOR HEAVY ELEMENTS WITH A YUKAWA-PLUS-EXPONENTIAL MODEL FOR THE 
MACROSCOPIC ENERGY. 

For elements with Z in the range 90 to 104 fission barriers, nuclear ground-state masses 
and, for a few nuclei, ground-state Q2 and Q4 moments are calculated by the use of the 
macroscopic-microscopic method. The macroscopic energy includes a recently proposed 
generalized surface-energy term, calculated in terms of a double volume integral of a Yukawa-
plus-exponential folding function. The microscopic shell and pairing corrections are calculated 
by use of Strutinsky's method from the single-particle levels of a modified-oscillator single-
particle potential. The calculated energy quantities agree with experimental quantities to 
within the expected accuracy of about lMeV of the macroscopic-microscopic method. In the 
discussion of the results it is pointed out that some of the deviations between calculated and 
experimental quantities may be removed by an improved adjustment of the constants of the 
Yukawa-plus-exponential term, by an improved shape parametrization and by an improved 
treatment of the microscopic term. 

1. INTRODUCTION 

At the last IAEA meeting six years ago in Rochester, we were able to 

explain many experimental properties of fissioning nuclei in terms of 

potential-energy surfaces calculated as functions of various deformation 

parameters. In most calculations the potential energy was calculated as 

the sum of a macroscopic term and a microscopic term. The macroscopic 

term is usually a few MeV in magnitude and fluctuates rapidly as a 

function of deformation and particle number. For a highly bound nucleus 

283 
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the magnitude of the microscopic correction may be as large as 10 MeV or 

even slightly larger. The remainder of the total potential energy, which 

for instance varies by about 200 MeV during fission of a heavy nucleus, 

is described by the macroscopic term. 

The microscopic term arises because nuclei consist of a relatively 

small number of individual particles. It is calculated by use of the 

Strutinsky prescription [ 1 ] on single-particle energies generated by 

single-particle potentials such as a modified oscillator potential or a 

Woods-Saxon type of potential [ 2-k ] . The macroscopic term is usually 

calculated by use of the liquid-drop model [5] or the droplet model 

[ 6 , 7]. At the last IAEA meeting it was shown that macroscopic-

microscopic calculations employing the droplet model were particularly,-

successful in reproducing experimentally determined fission barrier 

heights [ 8 ] . 

It has been pointed out [ 9-11] » however, that the liquid-drop and 

droplet model expressions for the nuclear macroscopic energy, which are 
-1/3 . . . 

asymptotic expansions in powers of A , become invalid for shapes with 

curvature radii comparable to the surface thickness. The models also 

fail to describe the interaction energy of two nuclear surfaces at 

distances smaller than the surface thickness. 

To avoid the above difficulties Krappe and Nix, at the last IAEA-

meeting, suggested a modification of the liquid-drop model. The 

modification consists in doubly folding a short-range single-Yukawa 

function over a sharp-surface density distribution [8 ] . This model has 

been used in the study of heavy-ion reactions Ql2-llT] and to calculate 

fission barriers £15] and nuclear ground state masses |J15,16]. 

However, the interaction energy per unit area e(£) between two 

parallel semi-infinite slabs of nuclear matter, where 5 is the separation 

between their equivalent sharp surfaces, should have a minimum at 5=0. 

The model above, containing a single-Yukawa function, does not fulfill 

this condition. A generalization to correct for this deficiency is to use 

a folding function that contains two Yukawa functions [17,18]. Such a 

generalization has been investigated by Krappe, Nix and Sierk [10,11]. 

They have also determined a preliminary set of model parameters. We use 

this model for the macroscopic term in the macroscopic-microscopic model 

and calculate ground state masses and fission barriers for elements in 

the actinide region. 
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2. DETAILS OF THE CALCULATIONS 

By varying the ranges of the two Yukawa functions and imposing the 
saturation condition, while keeping fixed the effective surface energy, 
Krappe, Nix and Sierk [lo] found that the two ranges should be 
approximatively equal. In the limit that the two ranges are equal the 
two strengths of the Yukawa functions go to infinity while their 
difference remains finite. This leads to the following expression for 
the generalized nuclear surface energy 

n о 2 б r 8тга о 
(8^)2 jj ( £ _ 2 ) exp(-p/a) d 3 r d 3 r , 

p/a 

where p = |r-r'| and с = а {1-к |(N-z)/A|}. The determination of the 
four constants of the above expression is discussed in refs. [10,11J. 
One determined from this preliminary study, that 

r = 1.18 fm, 
a =0.65 fm, 
ag = 21.7 MeV and 
K S = 3.00. 

The complete expression for the macroscopic contribution to the mass 
excess of a nucleus is £l ij 

Mmacro(def) = Mn N + \ Z ~ \ О-^А + Vdef) 

+ < 

L 

3 e2 Z2 

+ W( 111 + d) - ael Z' 

3ei П 
~ 5 r b 

5 /b ,2 Zz 

J> {r > A h{ 
о u о 

a.,2/3 HI] 
^ A1/3j 

2.39 

Д - -r & , N and Z odd 

j 6 , N or Z odd 

-U- |<5), N and Z 

The additional constants in this expression are discussed in ref. [ll], 
which gives 
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8.071^31 MeV, 

7.28903i» MeV, 

16.012 MeV, 

2.0H 

1.1*39976** MeV fm, 

О.99 fm, 

30 MeV, 

1.1*33 x 10~5 MeV, 

12 MeV//Ä, 

20 MeV/A, 

| 1/A, N and Z odd and e q u a l 

I 0 o t h e r w i s e . 

In the above expression g(def) is the ratio between the Coulomb 

energy for the deformed nucleus and the spherical nucleus. The Coulomb 

energy is calculated as the electrostatic energy for a homogeneously 

charged sharp-surface body. The expression for the macroscopic 

contribution to the mass excess includes surface-diffuseness and exchange 

corrections to the Coulomb energy and a Wigner term. 

OR URANIUM 228 

-.30 0.00 .50 1.00 
EPS2 

FIG.la. Potential energy surface for 2MUas a function of the elongation co-ordinate e2 and 
the necking co-ordinate e4. The value e\=0 gives approximatively the locus of liquid-drop-
model saddle-point shapes. The energy is the sum of a Yukawa-plus-exponential macroscopic 
energy (relative to the sphere) and a modified-oscillator single-particle microscopic energy. 
This sum is sometimes called "single-particle correction", see Section 2. The presence of two 
"second" minima is indicated by dashed contours. The distance between solid contour lines 
is 1 MeV. 

M = 
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.08 URRNIUH 236 

- . 3 0 0.00 .50 1.00 

EPS2 

FIG.lb. Same as Fig. la but for 236U. Note change in location of second minimum. 

n R URRNIUN 260 

0.00 

- . 0 8 
0 . 0 0 1.00 

EPS2 

FIG.lc. Same as Fig. la but for 260U. This surface has three minima of approximately equal 
depth. The deepest is at €2 - 0.75. Also note the very low inner barriers. The outer barrier is 
reduced by 5.5 MeV if mass-asymmetric distortions are included. 

We obtain the t o t a l mass excess by adding a microscopic correc t ion 

due to s ing le p a r t i c l e e f fec t s t o the macroscopic mass excess . Thus 

E. . , (def) = E (def) + E . (def) 
t o t a l macr micr 

By the expression " s i n g l e - p a r t i c l e cor rec t ion" one means, for deformed 

shapes the sum of E . (def) and the changes of the Coulomb and micr 



TABLE I. GROUND-STATE DEFORMATION PARAMETERS FOR 228U AND Щ]. EXPERIMENTAL VALUES ARE & 
TAKEN FROM Ref. [23] °° 

2 2 8u 

Model EPS2 EPSU o | i c r (b) Q f C r (b2) о |*С Г (b) Q ^ (b2) 

Mod. Ose. and 0.155 -O.076 7-77 2.92 7.62 2.52 
Yukawa-plus-exp. 

Mod. Ose. and 0.150 -0.079 7.61 2.95 7.U1 2.55 
single-Yukawa 

n 1R-5 - n m l i Л o5 1 £7 < on 1 •э-з 

r и s» 

Mod. Ose. and 0.153 -0.031* 6.93 1.67 6.90 1.33 
Droplet 

2.92 

2.95 

1.67 

236Ц 

7.62 

7.U1 

6.90 

Model EPS2 EPS«. qfcr (b) QfСГ (b2) о | а С Г (b) Q g a C r (b2) Qf P (b) Q ^ P (b2) 

Mod. Ose. and 0.198 -0.056 9.^0 2.98 9.78 2.60 10.80 3.07 
Yukawa-plus-exp. 

Mod. Ose. and 0.200 -O.O62 9.59 3-20 10.01 2.81* 
single-Yukawa 

Mod. Ose. and 0.197 -0.03U 9.00 2.27 9.35 1.89 
Droplet 
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generalized surface energies from their spherical values. Thus, 

E (def) = E (def) - E (sphere) + E . (def) s.p. macr macr * micr 

We now determine ground state masses and fission barrier heights by 
calculating total potential-energy surfaces as discussed in ref. [19] 
with the difference that we here for the macroscopic energy mostly use 
the Yukawa-plus-exponential model and that we only consider the case of 
a constant surface-independent pairing strength G = const. 

3. RESULTS OF THE CALCULATIONS 

We calculate two sets of potential-energy surfaces. 
The first set is calculated by considering the elongation coordinate 

e„ and the necking coordinate e< . Positive values of e, generate shapes 
with a small neck radius, negative values of e. result in "diamond-like" 
shapes with a large neck radius [2j. In figs. 1a-1c we display a few 
representative potential-energy surfaces. The figures are contour plots 
of the energy as a function of e„ and ei' for the nuclei U, U and 
260 

U. For с < 0.25 we have the relation 

and for e„ > 0.25 the relation 

% = ek + с2/3 ~ 0 , ° 5 

This choice of coordinates for the grid is convenient, because for 
heavy nuclei liquid-drop model saddle-point shapes correspond 
approximatively to е£ = 0 . 

The contour plots of the three actinide nuclei display several 

minima and saddle points. For the two nuclei U and U we tabulate, 
л. -ui i J.1. 1 *• „micr .micr „macr , „macr , ,, 

in table 1, the values of e„, e. Q„ , Q. , Q„ and Q. at the ground state obtained in three different calculations. The quantities 
Q^ and Qy are the expectation values of 2r Pv(cos6) calculated 
from the proton single particle wave-functions (with inclusion of 
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pairing) and from a homogeneous charge distribution, respectively [20] . 

More extensive discussions of calculated ground state deformations and 

experimental data in the actinide region are found in refs. [21-23]. 

Here we will only point out a few characteristics of the finite-range 

models for the nuclear macroscopic energy. 

We note that the Yukawa-plus-exponential and the single-Yukawa 

results for the ground state deformations are equal to within the 

accuracy in the determination of e„ (±0.005) and e, (±0.005). The 

results from these two models are, on the other hand, significantly 

different from the calculation with the droplet model. This is due to 

the smaller stiffness of the finite-range models with respect to higher 

multipole distortions as compared to the droplet or liquid-drop model 

[9,lf]. The experimental values of Q and Q. for the ground state of 
2 3 6U are [23] : 

Q2 = 10.80 b and 

% = 3.07 b 2 . 

Thus,as also noted previously [22], a finite-range model for the 

macroscopic energy may give better agreement between calculated and 

experimental ground state Qi moments in the light actinide region. The 

reason that the calculated value of Q„ is somewhat lower (although the 

calculated value is larger with the finite-range models than in the 

calculation with the droplet model) than the experimental value may be, 

according to ref. [21], that the Coulomb field is not explicitly 

included in the modified oscillator single-particle potential. 

In the limit a ->• 0 the finite-range models yield exactly the 

surface energy of the liquid drop model. One might therefore have 

expected the Yukawa-plus-exponential model with its range a = 0.65 fm 

to yield ground state distortions somewhat intermediate between the 

single-Yukawa model with a range a = l.k fm and the droplet model 

results. As we have seen this is not the case; the folding function and 

the range of the Yukawa-plus-exponential model combine to give results, 

for the nuclear ground state deformations, similar to those of the 

single-Yukawa model, with its different folding function and different 

range. 
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FIG.2. Difference between experimental and calculated ground-state masses. 

We note from figures 1a-1c that the appearence of the nuclear 
potential energy surface varies considerably from nucleus to nucleus. 
Actually,it is only for actinide elements close to the line of ß-
stability that the potential energy surface corresponds to the 

conventional picture,with a nuclear ground state at around e„ = 0.2, a 

second isomeric minimum and a first and a second barrier peak. From figs. 

1a and 1b we see a shift in e0 of the second minimum from a smaller value 

of around 0.U for U, which nucleus actually has two "secondary" 

minima, to a larger value of around 0.6 for U. This shift in 

deformation is associated with the shift in deformation of the nuclear 

ground state from a spherical shape to a deformed shape which in the 
221*, 

calculations occurs around 'U. 

For the very neutron rich nucleus U the potential energy surface 

looks quite different, with three pronounced minima of approximatively 

equal depth. The two inner barriers are very low and the outer barrier is 

lowered by 5-5 MeV by mass-asymmetric distortions. The consequence is a 

very short fission half-life for this nucleus. The potential energy 

surfaces for other neutron-rich actinide nuclei look very similar. The 

low fission barriers and short fission half-lives of these nuclei are 

of consequence for the synthesis of new elements in the r-process. More 

detailed studies of these neutron rich nuclei, with somewhat different 

macroscopic-microscopic models, are found in refs. [2lt,25], for example. 
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THORIUM 234 

EPS2 

FIG. 3a. Same as Fig. labutfor2MTh. 

1.00 

THORIUM 234 

.80 .85 
EPS2+4 

FIG.3b. Potential energy surface for2mTh as a function of symmetric shapes (€2 and e^) and 
asymmetric shapes (e3 and e5). The line EPS3+5 = 0 corresponds approximatively to the line 
EPS4P = 0 in Fig. 3a. The precise definition of the shape co-ordinates is found in Ref. [19]. 
The distance between contour lines is here 0.5 Me V. As in Fig. la we have plotted the energy 
relative to the spherical Yukawa-plus-exponential model. Note that the symmetric saddle point 
at 9.5 MeVis lowered by 4 MeVby mass-asymmetric shape distortions. The symmetric saddle 
is actually split up into two asymmetric saddle points separated by a shallow "third" minimum. 



IAEA-SM-241/C3 293 

Fig. 2 displays a comparison of calculated and experimental [26] 
nuclear ground state masses. A 0.5 MeV zero point energy was added to the 
calculated ground state potential energy in the mass calculation. The 
discrepancy is much smaller than could Ъе expected in a comparison over a 
wider range of nuclei, for which one usually has a root-mean-square 
deviation in excess of 1 MeV [11]. The discrepancy at H = 152 for nuclei 
in the vicinity of Fm would be decreased Ъу the consideration of P,-
distortions at the nuclear ground state [22] . 

23I+ Figs. 3a and 3b show calculated potential-energy surfaces for Th. 
In fig. 3a, which like figs. 1a-1c represents the first set of potential-
energy surfaces, we have calculated the energy as a function of the 
symmetric shape coordinates discussed above. The second set of surfaces 
we have calculated is represented by fig. 3b. Here the energy in the 
region of the second saddle point is displayed as a function of symmetric 
shape coordinates (along the horisontal axis) and mass-asymmetric shape 
coordinates (along the vertical axis). The parametrisation is identical 
to the parametrisation used for the similar surfaces in ref. [J9] • From 
fig. 3b we see that the introduction of mass-asymmetric shape degrees 
of freedom lowers the height of the second saddle considerably, a fact 
known earlier (27,19]. Actually, for this nucleus, the introduction of 
mass-asymmetric shape degrees of freedom splits the second symmetric 
saddle into two asymmetric saddles, separated by a shallow minimum. It 
was suggested at the last IAEA meeting [8] that some experimental data 
on light actinides indicated such a structure, namely two asymmetric 
saddle points, separated by a shallow "third minimum". Later, new 
experimental data gave some additional support to this interpretation 
[28,293- I* is of interest to note that with the Yukawa-plus-exponential 
model the third minimum is deeper than in calculations employing the 

23U 
droplet model. For example, we find for Th that with the Yukawa-plus-
exponential model the third minimum is some 1.2 MeV deep relative the 
lower of the two asymmetric saddle points. With the droplet model the 
depth is only 0.6 MeV relative the lower of the asymmetric saddle points 
[30З. In these numbers no zero-point energies were included. 

From the two sets of potential energy surfaces we determine the 
heights of saddle points and minima relative to the ground state. A 0,5 
MeV zero-point energy has been added at the ground state and at the 
second minimum. The results are displayed and compared to experimental 
data [31З in figs. 1+a-l+c. We see that there is rough agreement between 
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calculated values and experimental data to within the estimated accuracy 
of 1 MeV [32] of the macroscopic-microscopic method. 

The largest difference between the calculated values and 
experimental data occurs for the second minimum, for neutron numbers 
around 152. To improve the agreement here may require changes in the 
single-particle potential. Also, for the lighter actinides the calculated 
second barrier height is a little higher than the experimental data. The 
reason for the latter discrepancy is probably that, in the determination 
[1Л of a and к , the ground state shell correction for light actinide 
nuclei was assumed to be larger (that is, the ground state was assumed 
to be somewhat less deep) than is actually the result in a full 
minimization of the sum of the macroscopic Yukawa-plus-exponential term 
and the microscopic term. In the determination of a and к , it was 
assumed that the ground state shape was that which is obtained in a 
calculation with a droplet model macroscopic term. This leads to a ground 
state that is higher than obtained with a Yukawa-plus-exponential term. 

At the first peak we have not considered axially asymmetric y-

deformations. With a droplet model macroscopic term, the first peak is 
lowered by a maximum amount of 2.2 MeV at Z = 100 and N = 152 due to y-

distortiöns [33] . At И < 11*0 the first peak is unaffected by y-

distortions. As the magnitude of the effect of ^distortions on a 
Yukawa-plus-exponential term vould be similar to the effect on a droplet 
model term, an inclusion of y^istortions in the calculation of the 
barrier heights displayed in fig. *ta would still yield results in good 
agreement with the experimental data. 

In figs. 5a and 5b we compare, for uranium isotopes,the results of 
macroscopic-microscopic calculations of the heights of the first and 
second barrier peaks and experimental barrier data. The calculations 
were done with four different models for the macroscopic energy, namely 
the Yukawa-plus-exponential model [11] , the single-Yukawa model [9], the 
droplet model [7] and the liquid-drop model [5] . 

Figure 5a shows a comparison of first barrier heights. The results 
fall into two distinct groups, one group is the two finite-range model 
results, the other is the droplet and liquid-drop model results. The 
differences between the models arise mainly because of their different 
behaviour at the ground state. The smaller stiffness, with respect to 
higher multipole distortions, of the finite-range models, as compared 
to the liquid-drop model and the droplet model, will result in lower 
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ground state energies and, consequently, higher first barriers in finite-
range model calculations, for elements where the microscopic 
correction is unstable with respect to higher multipole distortions. The 
lighter uranium isotopes have large negative values of ei at the ground 
state. Therefore the difference between the models is large for the 
lighter uranium isotopes. For the heavier uranium isotopes where the 
ground state value of EL is close to zero there are only minor 
differences between the models. 

In the calculation of the barrier heights displayed in fig. 5a, the 
macroscopic contribution is given by the difference of the macroscopic 
energy at the first saddle point and at the ground state. Since the shape 
change is rather small between the ground state and the first saddle 
point and, consequently, the change in macroscopic energy is rather 
small, the differences between the macroscopic models do not manifest 
themselves very clearly in fig. 5a, except as the ground state effect 
discussed previously. In the comparison of second barrier heights in 
fig. 5b the differences stand out very clearly, however. We see that the 
calculation with the droplet model agrees very well with the experimental 
data. The liquid-drop model results increase too quickly when the neutron 
number increases, the single-Yukawa results decrease too quickly. This 
behaviour may be understood in terms of the magnitude of the surface 
asymmetry constant. We have for the liquid drop model [5] к = 1.7826 
and for the single-Yukawa model [9] к = U.O. The Yukawa-plus-exponential 
result is, as is also the case for the experimental results, fairly 
constant as a function of neutron number. For this model the value of 
к is 3.0 [11]. The droplet model effective к is also close to 3.0 [31»] • 
The fact that the Yukawa-plus-exponential results were a little too high 
was discussed earlier. 

Comparisons as those in figs. 5a and 5h, but for other actinide 
nuclei, would lead to very similar results and conclusions. 

h. SUMMARY 

We have studied the new Yukawa-plus-exponential model in the 
actinide region. An earlier study and presentation (jl] of this unified 
nuclear potential has shown that it reproduces experimental data for 
heavy-ion elastic scattering, fusion, fission and ground state masses. 
Here we performed a more elaborate calculation of potential energy 
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surfaces in the actinide region, than in the previous study. We 
calculated two sets of potential energy surfaces. One set was calculated 
in terms of an elongation and a necking shape coordinate, the other in 
terms of symmetric and mass-asymmetric shape coordinates. From these 
surfaces we determined ground state masses and deformations and fission 
barriers. 

We found very good agreement between calculated and experimental 
ground state masses in the actinide region. The agreement between 
calculated and experimental Q„ and Qi values for light actinides was 
probably improved somewhat by the use of the Yukawa-plus-exponential 
model relative to a calculation with a droplet model macroscopic energy. 
The deviation between calculated and experimental fission barriers in the 
actinide region was less than about 1 MeV, the expected accuracy of the 
macroscopic-microscopic method. A calculation with a droplet model 
macroscopic energy agreed still better with experimental fission barrier 
data. We discussed above, however, that some of the deviations between 
experimental fission barrier data and the results calculated with the 
Yukawa-plus-exponential macroscopic energy should improve if the effect 
of the Yukawa-plus-exponential model on the ground state single particle 
correction were more accurately included in the determination of the 
model constants. Other deviations might improve by use of an improved 
single-particle potential. 

The author has profited from discussions with G. Leander, S.G. 
Nilsson, J.R. Nix and A.J. Sierk. The author is also grateful to A.J. 
Sierk for calculating the Yukawa-plus-exponential energy with the Los 
Alamos computer code for a few shapes that are also described with the 
Lund code. 
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DISCUSSION 

S.S. KAPOOR: In your calculations do you ensure that the plateau condition 
is satisfied individually for each shape for which the shell correction is made? 
I ask this because in some of the work published by our group we drew attention to 
the difficulty created by not obtaining a stationary value for the correction for the 
mass-symmetric outer barrier shape. 

P. MÖLLER: A long time ago I checked the plateau condition in the modified 
oscillator model for quite a few shapes and particle numbers. As far as I recollect, 
the second, symmetric saddle point was also included in the study. The plateau 
condition was always satisfied for this potential, with a correction polynomial of 
the order of 6 and a smearing range of 1.2 hco. 

M. BRACK: I must agree with Dr. Kapoor that it is somewhat risky to go too 
high up with the order of the correction polynomials. Confidence in the results 
stems mainly from confirmation using the extended Thomas-Fermi model. 

But I want to ask you the following question. One of the essential components 
of the droplet model is the inclusion of a curvature term proportional to Ai in the 
mass fits. For the sake of consistency this term should also be included in the 
deformation energy. Did you do this and, if so, how was it done? 

P. MÖLLER: The droplet model contains higher-order terms for A~ * and 
(N—Z)2/A than the liquid-drop model. However, the coefficient of the A^ curvature 
term, which was determined by Myers and Swiatecki (see Ref. [7]) from a fit to 
experimental data, was found to be approximately zero. This expansion will break 
down for shapes with small necks and two nearly contiguous nuclei. To overcome 
these limitations, it has been suggested (Ref. [ 11 ]) on more or less phenomenological 
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grounds that there should be use of the Yukawa-plus-exponential model for the 
smooth macroscopic energy. This is discussed in the second section of my paper. 
The integral may be evaluated exactly for a sphere. An expansion for small 
distortions around a sphere is given in Ref. [11]. Since the Yukawa-plus-exponential 
model is not a power series expansion of A"» and (N—Z)2/A, the behaviour of the 
above expressions in terms of A* is complicated. 

H.-G. CLERC: I notice that you consider the fission barrier for neutron-
deficient isotopes of elements such as thorium to increase with neutron deficiency, 
while the experimental fission barriers tend to decrease. How do you explain this 
barrier behaviour? 

P. MÖLLER: From Fig. 5b we see that the behaviour of the calculated second 
barrier heights depends appreciably on the macroscopic model employed. The 
microscopic corrections will cause major deviations from a pure macroscopic 
model in the calculated barrier heights. The differences between the calculated and 
experimental barriers in Fig. 4c indicate that a somewhat better set of parameters 
for the Yukawa-plus-exponential model might be found. For N < 142 it is possible 
to lower the second thorium and uranium barrier to some extent by simultaneously 
varying the e2> e3> e4, es and e6 shape co-ordinates. 

R. SCHULTHEIS: The third minima you have shown seem rather shallow. 
Could you comment on your confidence level for the existence of a third minimum 
in view of the large inaccuracies involved in a calculation of this kind, as discussed 
by Professor Brack in his paper. (See SM-241/C1 in these Proceedings). 

P. MÖLLER: I cannot say for certain that a third minimum of specific depth 
exists for a particular nucleus since the calculations are not sufficiently accurate. 
But since third minima seem to occur in calculations for thorium and uranium 
nuclei with N «* 140 both for calculations with a modified oscillator potential and 
those with a folded Yukawa single-particle potential (employing a different shape 
parametrization than in the modified oscillator potential calculations) it could be 
said that calculations indicate the possibility of third minima existing in the 
potential energy surface for nuclei in this region. 
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Abstract 

SHELL STRUCTURE AT HIGH SPINS. 
Theoretical predictions for the evolution of nuclear deformation, under the influence 

of rotations up to the critical angular momentum for fission, are discussed. The emphasis 
lies on recent advances in an overall understanding of the role of shell structure. In heavy 
nuclei at the large deformations relevant for fission, the intrinsic shell structure that in many 
ways significantly modifies the liquid-drop behaviour is predicted to be changed rather little 
by rotational frequencies up to the limit set by instability toward fission. It is in general 
necessary to consider deformations with low symmetry, and in this context a section is 
devoted to the analysis of recent 238U (7, f) data. As regards those manifestations of high-
spin shell structure that are presently being studied experimentally, an account is given of 
the current status of theoretical understanding. A few more detailed predictions are presented. 
For the superheavy compound nuclei that might be formed in heavy-ion reactions, quantitative 
estimates are given concerning the yrast decay modes. 

1. INTRODUCTION 

In t h e i r lowest energy s t a t e s even-even nuc le i may have a deformed 

shape. This i s then s a id t o be an e f fec t due t o s h e l l s t r u c t u r e . With 

i nc reas ing angular momentum t h e e n e r g e t i c a l l y most favourable shape may 

be seen as t h e r e s u l t of a competi t ion between the macroscopic terms in 

the nuc l ea r energy and t h e microscopic ones . The former cons i s t of t h e 

surface and Coulomb t e rms , t o which a r ig id-body r o t a t i o n a l energy i s 

* On leave of absence from the Department of Mathematical Physics, Lund, Sweden. 
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FIG.l. Energy of rotating liquid drop at different angular momenta I in terms of e (elongation) 
and у (axial asymmetry), valid for the nucleus ls4Sm. At each grid point a minimization with 
respect to €4 is applied. The axis у = 60° corresponds to rotation around the oblate symmetry 
axis while y=0° corresponds to prolate shapes with rotation around an axis perpendicular to 
the symmetry axis. Note the drastic change from moderate oblate deformation atl= 70 to 
large triaxial deformation at 1= 80. The spectral manifestation of this is a 'superbackbend'. 
For still larger spin-values the fission barrier has almost completely vanished. However, the 
fission barrier of ls4Sm is not very accurately described within the (e, e4, y) parametrization 
(from Ref. [5]). 
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FIG.2. Stability limits in the rotating liquid-drop model. The figure shows, for nuclei along 
the ^-stability line, the angular momentum I for which the fission barrier vanishes (B. = 0), 
and also the angular momentum for which Bf assumes the value 8 MeV. The latter value is 
chosen equal to the average neutron separation energy. The dashed line marks the angular 
momenta where the rotating liquid drop changes shape from oblate to triaxial (compare Fig. 1; 
from Ref. [1]J. 

added. These terms favour an increasingly oblate shape (up to a 

critical spin, see below). The shell energy terms (among which also 

pairing is usually included) may favour different shapes. This is due 

both to the fact that the nuclear orbitals change with rotational 

frequency and to the fact that a different set of orbitals are filled 

under the additional requirement of a given angular momentum 

Considering separately the macroscopic part, made up of the 

macroscopic surface, Coulomb and rotational energies, one reaches the 

conclusions obtained in 1972 by Cohen, Plasil and Swiatecki [ 1 ] in 

their now classical paper. Both the ground state and barrier energies 

are affected by rotation. Generally the barrier is reduced by rotation 

and vanishes entirely for a certain critical angular momentum. The main 

reason is that the inertia is larger for the deformed barrier shape than 

for the usually near-spherical ground state shape and the rotational 
1 2 

energy varies as ~ — I . Thus, the rotational energy is larger in the 



306 ÄBERG et al. 

case of a near-spherical shape. The nucleus in part adjusts to this 

by acquiring first an oblate and for higher spins a triaxial or prolate 

deformation (fig. 1). The resulting barrier as a function of I and A is 

given in fig. 2. 

The conclusions are somewhat - but only somewhat - modified by the 

inclusion of shell structure as anticipated by Bohr and Mottelson [2]. 

The trend is generally in the direction of slightly higher barriers. In 

particular the barriers are very much extended towards larger mass and 

spin. It is tempting to add that in general the trend is also to make 

the barriers somewhat "thinner" although obviously the latter concept 

does not have a well-defined meaning without a detailed discussion of 

the metric. 

Furthermore, the change in the deformation of the yrast state with 

increasing angular momentum is often more sudden in a system with shell 

structure. For example, angular momentum can be obtained from the 

particles in the near-spherical valence shell, or alternatively by a 

strong coupling between the rotation and higher-lying shells leading 

to a large deformation. The transition from the former to the 

latter mode of rotation at some critical angular momentum may be quite 

abrupt. 

2. SHELL STRUCTURE AT HIGH SPIN. GENERAL CONSIDERATIONS. 

The new term relative to the Cohen, Plasil and Swiatecki work, 

introduced [3 , hj by the Warsaw-Lund investigation and that of the 

Moscow, Copenhagen and Jülich groups, is the shell structure term. The 

first problem to be solved is thus the calculation of single-particle 

Orbitals in a potential characterized by e, Ev and у (or some other 
parametrization), subject to the auxiliary condition of given angular 
momentum: 

h" = h° - tfWJx (1) 

where со, a Lagrangian multiplier, can be interpreted as the rotational 
frequency. Furthermore, h is the static single-particle Hamiltonian and 
j is the x-component of the angular momentum operator. The single-
particle wave-functions x- are now obtained from the solution of 
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where the eigenvalues e. are the single-particle energies in the 
rotating system. The energies in the laboratory system, e., are obtained 
as expectation values, e. =<x-|h |x-> = e. + tfiom. , where m. is the 
expectation value of j . The single-particle sum is given by E = \ e. 
and the total spin by I = J m.. The corresponding smeared quantities are 
then calculated from a generalised Strutinsky procedure [ 3 » 5 ] ant^ 
subsequently the shell energy is obtained as 

E . ..(I) = E (I) - <E (I)> (3) 
shell sp sp 

In this equation, the discrete and smeared sums should be evaluated for 
the same value of the spin I, since this is the physically relevant 
variable, and the ov-values are therefore generally different. In 
addition, the proton and neutron degrees of freedom are coupled through 
the fact that the same auxiliary и is used for neutrons and protons. 
These complications have as an effect that there is no simple explicit 
relation between the single-particle level densities and the shell 
energies. 

On the other hand, one may employ an intermediate concept, the 
quasi-shell-energy, as a measure of the level density around the Fermi 
surface (cf. ref. [6]) 

E . . Го>) = I ef(co) - <У e % ) > (It) 
quasi-shell L l L l 

This quantity is defined separately for protons and neutrons and the 
discrete and smeared quantities are evaluated for the same oi-value. It 
can then be shown that E . , ,,(w) is numerically very similar to 

quasi-shell4 J J 

E (I) of eq. (3) [7 ]• This is especially true for heavy nuclei, 
since the difference goes as A .In this subsection, where we study 
more general trends, we will thus use the expression E ._ (и) for 

С[\Л. 9.S1 S П 6 _L .L 
the shell energy, whereas in later sections,with explicit calculations 
for specific nuclei, we will use the more accurate expression E , . (i). 

In the case of a non-rotating single-particle potential, it is 
well-known that the orbitals are two-fold degenerate due to the time-
reversal symmetry. When the rotational degree of freedom is added, this 
degeneracy is removed and a priori one would thus expect smaller shell 
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-0.16 -0.08 0 0.08 Q16 e 
0.12 0.06 0 0.06 0.12 ш/ш0 

FIG.3. The influence of quadrupole deformation and rotation on an A1J/2 subshell. The 
different orbitals are labelled by the spin component, m (- SI), along the symmetry axis. 
The upper and middle plots illustrate the pure deformation splitting and rotation splitting 
respectively. In the lower plot, deformation and rotation are turned on simultaneously with . 
w/coo-' € = 0.75. Note that, in this case, the positive-m orbitals are almost degenerate for 
all values of e (or со). 
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Neutrons; u)/w0 = 0.75e 

-0.16 -0.08 £ 0.06 0.16 0.24 
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FIG.4. Neutron single-particle levels calculated as functions of e (оэ/wo) for a deformed 
potential cranked around its symmetry axis. The rotational frequency is related to the 
quadrupole deformation through ш/ы0 = 0.75 e (the sign of the rotational frequency is of 
no physical significance and has been chosen positive). The number on each orbital refers 
to 2 m where m is the projection on the symmetry axis of the single particle angular momentum, 
the numbers within rings refer to the total neutron number and those within rectangles to 
the total spin (from Ref. [8]). 
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FIG.5. Shell energy landscape for neutrons calculated for the same ratio of (w/u>0/:e as in Fig. 4. The thick lines separate regions of positive 
and negative shell energy, and in the shaded regions the shell energy is below —2 MeV. The numbers within the contour map refer to the total 
spin for the corresponding deformation (rotational frequency) and particle number. In this figure, as in Fig. 4, the к- and [i-values are chosen 
different for the different N-shells to make the potential applicable all over the nuclear periodic table. Note the pronounced ridges and valleys 
and the very strong effects for large deformations (from Ref. [8]j. 
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effects in the rotating than in the non-rotating case. This also seems 
to be what comes out from the calculations in most cases. There are 
however exceptions from the general rule and in this section we will 
discuss some cases where strung shell effects are expected at high spins. 

2.1. Shell structure for nuclei rotating around a symmetry axis 

It is well-known that the strongest nuclear shell effects are 
observed for spherical shape and that these shell effects gradually 
disappear when the nucleus is deformed. However, if also rotation around 
the symmetry axis is included together with deformation, it turns out 
that a large fraction of the spherical shell effects can be preserved up 
to quite large deformations and spins [8]. The fact that the nucleus 
rotates around a symmetry axis implies that the high spins are built 
from pure single-particle excitations. Regions of large negative shell 
energy might then give rise to yrast isomers or long-lived states, so-
called traps [2], which could be studied experimentally. 

The influence on a single j-shell from quadrupole deformation and 
rotation respectively is illustrated in the upper and middle parts of 
fig. 3. From these two figures, it is easy to understand that with an 
appropriate ratio of и to e, the orbitals with a positive m-value can 
be made almost degenerate. This is illustre.ted in the lower part of 
the figure where we have chosen ш/ш : e = 0.75- In addition, it can 
be shown that this strong degeneracy is obtained, independently of 
particle number, at about the same ratio of ш/ы to e for all high-j 
subshells [8 J. Observe also that on the prolate side, the coupling to 
other shells, leading to a general depression of the low-m orbitals, 
helps to further improve the degeneracy. On the oblate side, on the 
other hand, these couplings between different shells have a dispersive 
effect. 

A complete single-particle diagram for the same ratio of u tö e as 
in fig. 3 is exhibited in fig. k. One observes that not only do the 
positive m orbitals of the high-j subshells stick together almost 
independently of deformation, but also that the bunches of levels 
originating from the different subshells have a tendency to intersect 
at a finite deformation. This is,for example,the case for the levels 
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from h , , g7/p and dj.,- which come close together at e-values around 

0.20. 

The shell energy landscape corresponding to the single-particle 

levels of fig. k is shown in fig. 5. The very regular structure of 

this whole plot is at once apparent. The valleys of low shell energy 

having their minima at the spherical closed shells N = 50, 82, 126 and 

18U extend on the prolate side towards smaller particle numbers. In the 

region of e s 0.20 we observe local minima with particle numbers more or 

less corresponding to maximum shell energy for spherical shape and no 

rotation. These local minima are obviously related to the intersection 

of the different groups of orbitals as seen in fig. k. It is interesting 

to observe that the shell structure in this case appears to be stronger 

than for any clearly deformed shape without rotation. On the oblate 

side, the valleys of fig. 5 are not as pronounced but it is evident that 

with increasing oblate deformation they tend to be displaced towards 

larger particle numbers. 

As the proton shell energy landscape is very similar to that for 

neutrons, the implications of fig. 5 are evident. To get maximum shell 

effects at high spins, we should combine proton and neutron numbers 

both being alternatively somewhat above or somewhat below closed shells. 

Prolate shapes are then expected for the former nuclei and oblate shapes 

for the latter ones [ 9,1CQ. Even if the liquid drop effects, favouring 

rotations around the oblate symmetry axis, will somewhat alter these 

general considerations, it appears that the long-lived high spin states 

which have been observed to date can be roughly classified into this 

general scheme. Thus for the yrast isomers in the lead region, weakly 
212 

oblate shapes are calculated e.g. for Rn and weakly prolate shapes 

for Pb [10]. The yrast isomers for nuclei with M г 82 and Z г 6k 
[11,12] are apparently oblate [5,9,10]. Here the newly proposed strong 
shell closure at Z = 6k might be of importance [13]. The prolate high-
spin yrast isomers in the Hf region, with a maximum observed spin of 
22 fl'+j , clearly represent a realisation of the prolate coupling scheme 
in fig. 5- For these nuclei, however, much stronger shell effects are 
expected at higher spins. In addition, from fig. 5, it is easy to 
find other regions where strong and observable shell effects should be 
present (cf. also fig. 15 below). Due to the fact that the macroscopic 
terms disfavour rotation around a prolate symmetry axis,these states 
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are expected to sometimes lie above the yrast line at high spin values. 
Nevertheless, they may still be observable experimentally. 

As already mentioned, with increasing angular momentum the liquid-
drop energy minimum comes rather far out on the oblate side (with 
rotation around the symmetry axis). It is then interesting to look for 
strong shell effects at such deformations. Indeed, according to the 
calculations of Dossing et al. [9] (see also ref. [15] ) the shell 
effects at the axis ratio 3:3:2 (e = - 0.h29) should be observable at 
finite w-values. For some nuclei with neutron number N = 82, 8k these 
authors calculate, with a Woods-Saxon potential, yrast traps around this 
deformation and at spin values I = 50. In the modified-oscillator 
calculations, the 3:2 oblate minimum does not become the lowest one. On 
the other hand,for nuclei with neutron and proton numbers around 36, 
yrast traps are predicted at e = -0.U (see below). 

The single-particle structure at s = - 0Л29, in this case plotted 
in an e. vs. m. diagram, is shown in fig. 6. In such a diagram, the 
angular frequency 10 is given by the slope of the Fermi surface. 
The different deformed shell gaps are clearly seen and they are 
mainly disturbed by some high-m orbitale originating from higher shells. 
In fig. 6, a sloping Fermi surface roughly corresponding to the yrast 
isomers calculated by Dossing et al. [9] is drawn. In addition, some 
suggested Fermi surfaces, in connection with other deformed shells where 
yrast isomers might be expected, have been drawn. They all correspond to 
ш/ы Ä 0.075» and in the lower part of the figure the shell energy for 

this rotational frequency has been plotted as a function of neutron 

number. It is obvious that all these Fermi surfaces roughly correspond 

to minima in the shell energy. Note also that for ш/ш = 0.075» the 
negative-m orbitale from the high-j shells are to a large extent 
degenerate. The shell effects at this large oblate deformation are thus 
formed in a way similar to that discussed above for near-spherical 
shapes. 

2.2. Shell effects for fission barrier shapes 

The shell effects discussed so far should mainly be of importance 
for the lowest energy states at a specific spin. They determine the 
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FIG.6. Illustration of the shell structure in an oblate potential with w,,:wx = 3:2. In the 
upper plot, the single-neutron energies are plotted versus the angular momentum projection 
m along the symmetry axis. The different deformed shells of the pure oscillator are easily 
identified and, for the sake of illustration, every second is plotted with triangles and every 
second with points. The magic numbers of the pure oscillator are also given, and in connec­
tion with each of these a Fermi surface corresponding to o>/a>0 « 0.0 75. These Fermi surfaces 
are labelled by neutron number N and neutron spin IN. In the lower plot, the shell energy at 
со/Wo = 0.075 is exhibited. The arrows indicate the neutron numbers for the Fermi surfaces 
in the upper plot. Note that these neutron numbers in all cases approximately correspond to 
a shell-energy minimum. 



IAEA-SM-241/C4 315 
starting point for a fissioning nucleus and in this way influence the 
fission probability and the height of the fission barrier. 

In this section we will look for structure in the fission barriers 
themselves. It is well-known that at spin zero the actinides with 
neutron numbers 1U0-150 have a second minimum,and it has been shown that 
this second minimum can be explained as being due to the strong shell 
structure at the axis ratio 2:1 [16, 7]. Similar shell effects are 
expected for lighter nuclei but because of the macroscopic energy, 
with a high fission barrier at I = 0, these effects should be very 
difficult to observe. However, as the fission barriers are decreasing 
with increasing spin, the interesting suggestion presents itself that 
the 2:1 structure could be observed for lighter nuclei at high spin 
values. 

The first problem to investigate is then if the 2:1 shell structure 
survives at finite spin values [17]. To answer this question, figs. 7 
and 8 were constructed. In three different more or less realistic 
nuclear models, the proton shell energy is shown as a function of 
particle number and rotational frequency in fig. 7« The upper part of 
fig. 7 corresponds to the rotation of two sticking spheres where the 
field of each sphere is taken as unperturbed by the presence of the 
other sphere. Thus, for 1 = 0 , the magic numbers are twice the magic 
numbers of a single sphere. The lowest plot is calculated for a 2:1 
spheroidal harmonic oscillator potential (i.e. with no X«s- and X -
terms) while the middle one should be most realistic as it corresponds 
to the rotation of a 2:1 modified oscillator (i.e. e = 0.6) and with ei 
chosen at the realistic value of 0.08. In this case, also the couplings 
between the different oscillator shells are fully taken into account. 
It is at once evident that in all three models strong shell effects 
survive up to quite high rotational frequencies. 

Let us concentrate on the modified oscillator plots, shown also 
for neutrons in fig. 8, where the most apparent feature is that the 
negative shell energies at or just above particle numbers U0, 60, 80, 
110 and 11+0 are shifted to somewhat higher particle numbers with 
increasing angular frequency. The shell effects are certainly not 
destroyed,and in some cases the minima are deepest at non-zero ш-
values. 
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FIG. 7. Proton shell energy as a function of particle number and rotational frequency for three rotating systems with a 2:1 prolate deformation. 
From the upper part of the figure, the plots are for two sticking spheres, the modified oscillator with e4 = 0.08 and the harmonic oscillator, 
respectively. The contour line separation is one Me V, and the lines of positive shell energy are not drawn. Curves also indicate the regions 
where the rotating liquid drop favours large deformations. Thus, the dashed curves show the rotational frequency where the oblate regime 
becomes unstable, the upper thick curve corresponds to instability to fission and the lower thick curve indicates a liquid-drop fission barrier 
0f4MeV (from Ref. [17]). 
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FIG.8. The neutron shell energy calculated in the modified oscillator model and with e= 0.6 and 64 = 0.08 as was also shown for protons in 
the middle plot of Fig. 7. The contour line separation is 0.5 Me V, and the thick lines demarcate regions of positive and negative shell energies. 
Thus, in the dotted regions the shell energy lies between 0 and -1 MeV while it is below -1 MeVin shaded regions (from Ref. [17]). 



IAEA-SM-241/C4 319 

0.05 0.10 
lü/ü)0 

FIG.9. Single-proton levels at е- 0.6 and e4 = 0.08, drawn as functions of the rotational 
frequency ш. At со = 0 the orbitals are labelled by the asymptotic quantum numbers [NnzASl]. 
The numbers within rings refer to particle number and those within rectangles to total neutron 
spin. Note the strong alignment of the [550 I ] and [660 A ] orbitals, which makes these 
orbitals bend away from the 'deformed shell gaps' at N' *» 40-42 and N'» 62—64 (from Ref. 
U 7]). 
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The proton single-particle levels, corresponding to the M.O. plot 

of fig. 7 in the region Z = 32-70, are drawn in fig. 9 and it is now 

rather easy to get a qualitative understanding of figs. 7 and 8. As was 

discussed in ref. [7 3 , the orbitals with low n values are regularly-

hunched together at ш = О and they are thus mainly responsible for the 
strong shell structure. However, these orbitals are very little 
affected by the rotation and the general shell structure is thus 
preserved also for ш ф 0. On the other hand, the orbitals with large 
n , especially those labelled by n = N as [550iJ and [ббоП, are 
strongly affected by the rotation. However, these orbitals are quite 
few and in addition they are generally within or close to the shell gaps 
at lo = 0. Thus,when they are bent down by an increasing w,they disappear 
from the gaps and the shell structure might even increase, with the 
minima occurring at somewhat higher particle numbers than for и = 0. 

The single-particle diagram of fig. 9 also allows us to draw more 
general conclusions. It was shown in ref. [7] that strong shell 
effects are observed not only at e = 0.6,but in a region of quadrupole 
deformation centered around e = 0.6. Furthermore,with increasing 
deformation the shell energy minima will correspond to increasing 
particle numbers. This change in particle numbers is due to some 
strongly down-sloping orbitals, i.e. orbitals with large n -values, 
which cross the shell gaps around e = 0.6. Thus, based on arguments 
similar to those employed above,we conclude that also for со ф 0 strong 
shell effects should be observed not only at e = 0.6 but in a region 
around this deformation, and that with increasing deformation the shell 
energy minima will be somewhat shifted towards larger particle numbers. 

We end this subsection with a remark concerning the mass-asymmetric 
deformation (e^). It is well-known that the e~-deformations in the 
fission barriers are mainly due to couplings between n = 0 and n = 1 
'waistline' orbitals [18, 7J • These orbitals are however exactly those 
which are least affected by rotation. Thus, the e_ and w degrees of 
freedom are almost completely uncoupled. The fission barriers for 
specific particle numbers should then be strongly unstable to e -
deformations also for w > 0, and the effect of the rotation should only 
be to somewhat increase the particle numbers where the largest shell 
effects are present. 
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3. THE PROPERTIES OF NUCLEI AT HIGH SPIN 

3.1. Energy surfaces 

The total angular momentum vector of a nucleus at high angular 
momentum is the sum of the mutually aligned contributions from the 
constituent nucleons, but its distribution over the nucleons in an yrast 
state is interwoven with the nature of the average field. There is a 
large variety, governed by the specific shell structure of each nucleus, 
and a first step in the theoretical study of an individual nucleus must 
be to chart the symmetries and size of the deformation that minimizes 
the energy for given spin. Such detailed investigations were initiated 
in Lund and Dubna | 3 , ̂ "] • Potential-energy surfaces were calculated using 
the techniques that had been developed for the study of for example 
ground-state deformations [19,20], but now the motion of the individual 
nucleons was studied under the additional constraint of a cranked 
rotational motion for the deformed average field. Then the potential 
energy is written as 

Etot(i'l} = ̂ hell^'1* + W ^ 
where s stands for the deformation coordinates, I is the angular 
momentum, E , is the shell energy as described in section 2 above and 
E is the rotating liquid drop energy 

2 
W ^ > = Esurf^ + Ecoui(i) + гГПл) l2 

rig" 
Potential-energy surfaces are constructed for a given value of the total 
spin, and a unified picture emerges in which the energy cost of different 
ways to obtain angular momentum is compared. Primary possibilities are 
(i) Collective rotation of an axially symmetric shape around an axis 
perpendicular to the symmetry axis, whereby all the nucleons may 
contribute to the total spin. With the conventions of ref. [5], the 
intrinsic quadrupole angular deformation у is then 0 in the prolate case 
and -60 in the oblate case. Alternatively collective rotation may take 
place around one of the principal axes of a triaxial shape, with the 
sector 0 < у < 60 corresponding to the largest moment of inertia. 
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FIG.10. Potential-energy surfaces in the (e, у) plane, with inclusion of the shell energy for 
160Yb as a function of angular momentum. For the surface, Coulomb and macroscopic-
rotation energy terms, a minimization is performed with respect to ец (from Ref. [5]). 
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FIG.11. Sameasfig. 10 but for Er. Here also the possibility of rotation around other axes 
than that with the largest moment of inertia is investigated (-120° <y< 0°). Outside the 
figure at e > 0.6, a second minimum develops, which for a spin value somewhat below 50 
becomes lower than the minimum on the oblate axis. As for all other energy surfaces in this 
section, pairing has been neglected and the results for 1=0 are therefore not realistic. The 
number below each (e, yj triangle corresponds to the minimum of the energy surface relative 
to the liquid-drop energy at spherical shape for 1=0. 
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(ii) Rotation around a symmetry axis. Then the rotation of the intrinsic 

system does not perturb the wave functions of the single-particle orbits, 

and the rotating state can be viewed to arise through the excitation of 

a few particles or quasiparticles relative to the non-rotating intrinsic 

state at the same deformation (y = 60 oblate, у = -120 prolate). 
Such a preliminary theoretical analysis of the nuclides available 

to experiment is actually a massive task. The calculations carried out up 
to now f3-6,9,10,21-32_] cover only some of the relevant degrees of freedom. 
Let us however proceed to review these first results, starting with the 
example of energy surfaces for different angular momenta shown in fig. 
10. There the quadrupole deformation coordinates are varied over the 
domain e < 0.6, 0 < у < 60 , and also the liquid drop contribution E 

— — liLiU 

is minimized with respect to a hexadecapole coordinate e, . Pairing 
correlations are not taken into account. Then the nucleus Yb is 
calculated to have a prolate deformation at I = 0. When it is set to 
rotate,it rotates around an axis perpendicular to the symmetry axis 
(collective rotation). Then time reversal symmetry is broken and the 
nucleons begin to align their spins along the axis of rotation, starting 
with those having a high j-value and £ 2 = 1 / 2 (see fig. 7 of ref. [5 J). 

This affects the matter distribution around the axis of rotation and the 

potential accordingly assumes a non-axial deformation. At I = 50 it has 

traversed to an oblate shape rotating around the symmetry axis. This 

means that the total spin is now supplied by a few unpaired particles. 

At higher spin values a triaxial minimum develops, which for I = 80 

becomes lower than the minimum at у = 60 . 
The behaviour of the nucleus Yb, as described so far, roughly 

coincides with the overall features predicted by Bohr and Mottelson from 
general considerations [ 2 ] . As another example, fig. 11 shows potential-

I5I4 . г 1 
energy surfaces for the nucleus Er, where recent experiments |_33,3iy 
indicate rotation around a symmetry axis from I - 11 up to at least 
I ~ 36 in agreement with the calculations. However, the range of 
deformations studied may in fact be irrelevant at the still higher spins. 
In the energy surfaces of figs. 10 and 11 there are indications of an 
additional minimum at large prolate deformation} which certainly becomes 
the lowest at some spin below 80. Within the axially symmetric ß-r 

parametrisation of the Jülich group, there exists even for high spins a 

substantial barrier against fission beyond the superdeformed minimum 
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at ß ä 0.6 [32]. The stability of this minimum seems to be a manifestation 

of the superdeformed shell structure obtained in ref. [IT] and displayed 

in figs. T and 8 above. 

The role of neutron shell structure at smaller spins and deformations 

is illustrated in fig. 12, which shows the calculated behaviour of the 

doubly even isotopes Yb. In this figure, part of the information from 

the potential-energy surfaces has been concentrated by marking the 

deformation of the lowest minimum at each spin and connecting these 

points. For 1 = 0 the Yb isotopes with neutron number 90~9^ have 

their minima at about the same prolate deformation, at any rate in the 

present approximation where pairing is ignored. However, it is only the 

lighter isotopes with N < 92 that change to oblate deformation at higher 

spin and rotate around the symmetry axis. This occurs for lower spin 

values the closer the neutron number comes to the N = 82 closed shell. 

Such behaviour in nuclei with a few particles outside a closed shell was 

explained in sect. 2.1 above (see fig. 5). 

Other non-classical behaviour can also be observed in fig. 12. Thus 

for example the deformation is generally seen to shrink for increasing 

spin. This occurs because some orbitals, that carry a great deal of 

aligned angular momentum and are also deformation driving, are located 

below the non-rotating Fermi level. Furthermore, it is seen that the 

minimum may lie at a negative y» corresponding to rotation around an 

axis other than the one with maximal moment of inertia for rigid shape. 

The small negative y's shown in fig. 12 were first noticed in the 

calculations of the Dubna group,and the underlying shell effect is 

examined in ref. [5]-

The figures 10-12 describe results obtained with the cranked 

modified oscillator potential, but analogous calculations have been made 

with a cranked Woods-Saxon potential [25] and a quadrupole-quadrupole 

force [35,30|. A direct comparison with the modified oscillator model, made 

in ref. [25"} and partly reproduced in fig. 13,shows that the overall 

features of the shell structure are quite similar in the different 

models. This result is not immediately obvious since the models differ 

not only by the details of the spacing between the 1 = 0 single-particle 

levels, but also by the average energy of rotation under the constraint 

of fixed deformation. The average moment of inertia in the Woods-Saxon 

potential is close to the rigid-body value, while the average moment of 
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FIG.12. For isotopes of qoYb, the locus of the lowest minimum in the (e, y) plane is shown 
as a function of total angular momentum I (from Ref. [5]). 
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•WS 

xMO 

FIG. 13. Spin trajectories analogous to those in Fig. 12 for some rare-earth nuclei, calculated 
both with the modified oscillator potential (M.O.) and Woods-Saxon potential (WS). For the 
axial asymmetry parameter y, the convention of Ref. [5] is used (from Ref. [25]). 
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FIG.14. Same as Fig. 11 but for 214,2isfh. Here the shell energy includes e4 in addition to e and y. The e* values are chosen so as to minimize 
the liquid-drop part of the energy (the 2HTh surfaces are from Ref. [10]). 

e. 
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inertia in the modified oscillator potential is about 1.3 times larger 

-2 due to the presence of the J, -term. It is an open question to what extent 
the nuclear moment of inertia should conform to the rigid-body value, 
but there is no reason to attach significance to the systematic deviation 

-2 . . . . . 
caused by the A -term. On the contrary, in calculations with the modified 
ose illator model the Strutinsky procedure is used to renormalize the gross 
properties to those of the rotating liquid drop. 

A mass region similar to the light rare earth region with N > 82 is 
the light "actinide" region with Z > 82. There, neutron-deficient 
isotopes far from the stability line are experimentally available at high 
angular momenta through heavy-ion collisions. Calculated potential-energy 

pili p 1 Я 

surfaces for the two isotopes ' QnTh are shown in fig. 1U. Both these 
nuclei build up their yrast states with single-particle excitations for all 
angular momenta studied. At 1 = 0 the second minimum for both nuclei is 
found at a triaxial deformation, and there the rotation will take place 
preferentially around one of the two smallest axes, corresponding to 
Y ~±15 • These two secondary minima persist up to very high spin. The 
second saddle point appears for Th at a triaxial deformation (у ~ 15 ) 

211+ 
while it is found close to the prolate axis for Th. This example 
illustrates how,in general,the triaxial shape degree of freedom cannot a 
priori be neglected in a quantitative study of large deformations and 
fission (c.f. also section 3.3 below). 
3.2. High-spin yrast isomers 

3.2.1. Rotation around a symmetry axis 

A necessary condition for yrast isomers to occur is that the 
rotation, for some region in spin, takes place around a symmetry axis. 
Then only a few nucleons participate in the rotation and the total 
angular momentum is taken as the sum of the single-particle contributions 
along the symmetry axis. The rest of the nucleons, which do not participate 
in the rotation, respond to the rotation through polarisation effects as 
the deformation varies self-consistently. Without any collectivity the 
yrast line will be irregular and the electromagnetic transitions will he 
of single particle type, which implies favourable conditions for the 



90 

80 

70 

60 

50 

U0 

30 

I = 40h 

Oblate 

(7 = 60°) 

0.35 < e < 0.50 

0.20 < e < 0.35 

0 0.05 < c < 0.20 

Spherical 0 e<0.05 

Prolate J К 0.05 < e < 0.20 

(7= -120°)[ §3 0.20 < e < 0.35 
Z = 82 

N=126 

О 

о 

N = 82 

N=50 

-L». 
30 t.0 50 60 70 80 90 Ю0 110 120 130 140 N 
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occurrence of high spin yrast isomers. The necessary condition has 

been investigated theoretically for nuclei over almost all the 

periodic system. In fig. 15 the nuclei are marked out that, according 

to the predictions, rotate around a symmetry axis at spin 1+0. 

Depending on whether the rotation takes place around a spherical, oblate 

or prolate symmetry axis the marking consists of dots or hatching with 

the lines sloping right of left. The denser the lines, the larger is the 

calculated deformation. Forthose nuclei that are left blank in fig. 15, 

the energetically most favourable rotation is found to take place around 

an axis that is not a symmetry axis. In that case spin traps are 

unlikely. 

Several of the regions marked in fig. 15 have been investigated 

experimentally and high-spin yrast isomers have been found. One is the 
onA 

region around Pb ,where the yrast states often seem to be aligned 

single-particle configurations (rotation around a symmetry axis). The yrast 
212 

line is for example for Rn known up to spin 30, which is found to be 

a 15^ ns isomeric state \ß£\ . The very long-lived К =1б state in Hf 
(т.,р = 31y) is a clear-cut example of an yrast trap where the rotation 
takes place around the prolate symmetry axis (fig. 15). Khoo et al were 
the first to consider the high-K isomers as states with rotation around 
a prolate symmetry axis £lUj. In the region of Hf-w isotopes near the 

1 *7£i 

stability line, the highest measured spin is 22 (in Hf) and the 

deformation is fairly large (e ~ 0.25). Experimental evidence for high-

spin isomers became available in the light rare-earth region [J 1j only a 

couple of years after the first theoretical predictions of the Lund 

group [_3 , 5J • Furthermore, this experiment confirmed the predicted 

absence of isomers in the surrounding regions (fig. 15). Currently, a 

broad experimental effort is being made to establish the details of the 

excitation spectra and the yrast cascades in the light rare earths [12] . 

Spins up to I ~ 37 have been reached in a couple of nuclei with N = 86, 

and for the near future we eagerly anticipate relatively complete 

information. Shell model analyses by Blomqyist [зт] » based on the --iGd̂ p 
core, provide a valuable complement to the experimental information. 

Two other regions where the rotation is calculated to take place 
around a symmetry axis, and that can be reached in heavy-ion reactions, 
are the light "actinide" region discussed in section 3-1 above and the 
light krypton region. Nuclei in the latter region with proton and neutron 
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FIG. 16. The calculated у rast line for ™Kr. Pairing is neglected in the calculation. In addition 
the experimentally known collective yrast band of 76Kr is indicated by the dashed line, whose 
position on the energy scale relative to the calculated levels is based on a determination of the 
SPBCS pairing energy [10] in the 1= 0 ground state with standard parameters. The present 
theoretical description may become meaningful above the point where the dashed line crosses 
the calculated yrast line. States with estimated life-times longer than 10 ps are indicated with 
an arrow, and optimal states [5] are encircled. 

The lower part of the figure shows the seniority v and the (oblate) deformation efor 
each spin. The inserted figure describes the nature of the yrast states with K"' = 8~, 10*, 11* 
and 13', and in particular which orbitals are occupied by the unpaired particles. Note the 
deformation energy gained from K" = 8~ to 13~ (from Ref. [38]/. 
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numbers close to 36, are predicted to have a large oblate deformation 
(e --0.^3) resulting from strong shell structure at an axis ratio 3:3:2 
(fig. 6). As yet there is no experimental evidence for a non-collective 
yrast cascade or for yrast traps. 

The calculations presented in fig. 15 are continued in ref. [38] 
to regions of lower mass, down to ноАт..«. Almost all the nuclei in the 
A ~ UO-80 region are calculated to rotate around a symmetry axis for 
some range of spins. 

3.2.2. Calculations for yrast states built from single-particle 
excitations 

When the potential-energy surfaces imply that the rotation for a 
certain spin region takes place around a symmetry axis, a further 
investigation of possible yrast isomers requires a detailed description 
of the complete yrast cascade. The methods presently available in 
nuclear theory do not give predictive results of sufficient accuracy for 
this purpose, but in ref. [5 ] an approximative scheme was developed 
that is hoped to reproduce the essential features in a representative if 
not quantitative way. For each spin the energy is calculated for the 
relevant many particle-many hole configurations. These are selected on 
the basis of the sloping-Fermi-surface picture by a technique that 
is refined in ref. [lb]. The total spin is simply taken as the sum of 
single-particle contributions along the symmetry axis. The energy is 
given by the sum of the shell energy and the liquid drop energy. The 
shell energy is calculated as the difference between the sum of the 
single-particle energies and a Strutinsky-smeared energy. The total 
energy is then for each spin and for each many particle-many hole 
configuration minimized with respect to axially symmetric deformations. 
This method was later employed also in refs. [39,9,27,Но] to search for 
'energy traps' that do not have any possible decays of multipolarity 
less than or equal to two. 

An example of an yrast spectrum calculated in this way without the 
inclusion of pairing is shown in fig. 16, valid for ',-Kr „. In the 
modified oscillator level scheme N = Z = 36 is magic at an oblate 
deformation corresponding to a ratio between the axes of 3:3:2 
(e ~ -0Л3) (see fig. 6 above). For comparison the experimental 
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FIG. 17. The experimental and calculated yrast energies in 1S2Dy, plotted versus 1(1 + 1). 
The observed isomers and the calculated states with life-times longer than one nanosecond 
are indicated by arrows pointing down and up, respectively (from Ref. [41]). 

collective yrast line of Kr is plotted as a dashed line in fig. 16- It 
is above the crossing between the two lines, that the calculated yrast 
line may be valid. The inserted section in fig. 16 shows the importance of 
varying the deformation for each configuration. The saw-tooth variation 
in deformation shown in the lower part of the figure comes from the 
promotion of unpaired particles into deformation driving high-ß orbitale 
in order to increase the spin. 

In the theoretical calculations referred to above, mainly 

energy traps were considered. With this limitation very few traps were 

found in general, and for the nucleus in fig. 1б the highest calculated 
energy trap has 1 = 1 1 . Rotation around a symmetry axis does not 
necessarily give rise to energy traps,especially not in spin regions 
where the yrast line becomes too steep. In ref. [38] the search for yrast 
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traps was put on a new footing,in that a crude way to actually estimate 

the lifetimes of the yrast states was adopted. For a particle-hole 

transition the transition rate is taken as the Weisskopf single-particle 

rate and for each additional particle-hole rearrangement an ad hoc 

hindrance factor of 1000 is applied. With this simple estimate, a certain 

possibility also for higher spin traps is found. For example the 
i + . 7k 31* state in Kr is calculated to have a half-life of 10 ps and in the 

neutron-deficient rare earths a few states above 1-1*0 are predicted to 

have lifetimes in the nanosecond range (fig. 19) Q* 1,1*2]. 

The particle alignment scheme described above gives good agreement 

with experimental level schemes in the lead region (j 0,1*3]. In other 

regions, such as the light or heavy rare earths, pairing is calculated 

to persist up to high spins and in refs. [jo, 1*1 - l*9j a 

corresponding quasiparticle alignment scheme is introduced. However, an 

adequate algorithm for selecting the configurations that may participate 

in an yrast cascade has not yet been developed. The ordering between the 

states of a given spin can be altered substantially due to the presence 

of a relatively strong pairing in some configurations, which subsequently 

come down in energy. The pairing energy for each configuration can be 

found by a blocked BCS calculation, and particle-number projection is 

easiest taken into account by the saddle-point method (SPBCS) (jjo] • 
152 

In fig. 17 the experimental yrast spectrum for Dy, recognized up 

to spin I - 36 [51,52], is compared with a calculation that includes 

pairing as described above. The proton pairing is found to persist up to 

I ~ 1*0 in some configurations, which can become yrast precisely due to 

the energy gain entailed by pairing. Yrast states estimated to have 

longer lifetimes than 1 ns are marked with arrows pointing up, while the 

experimental isomers are marked with arrows pointing down. The theoretical 

spectrum, both in fig. 17 and in general, resembles a staircase where the 

steps correspond to the number of quasiparticles and the high-spin end of 

each step is an optimal state. This conspicuous feature of the theoretical 

spectra does not seem to be present in the experimental spectra. Let us 

here suggest an assorted medley of some more or less different mechanisms, 

each of which could give a smoothing of the staircase structure and 

furthermore is reasonably straightforward to investigate within the 

standard formalism: 
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i) a state-dependent pairing interaction strength, rather than the 

constant value employed in BCS theory 

ii) further steps toward making the residual interaction more closely 

resemble the empirical interaction 

iii) collective rotation around a non-symmetry axis superimposed on the 

intrinsic rotation around the symmetry axis 

iv) even when the potential-energy surfaces indicate a stable axial 

shape for the optimal states, it is conceivable that the nucleus in other 

configurations could gain energy by assuming a triaxial shape and 

rotating collectively 

v) the coupling of the yrast states to collective vibrational degrees 

of freedom such as gamma vibrations may lower several of the non-optimal 

states Q+5] 

vi) angular-momentum projection significantly affects the energies of 

particularly the non-aligned configurations [53}. 

Averaged dynamical moments of inertia may be extracted from plots 

such as fig. 17 to the extent that the yrast states fall around a 

straight line- This is roughly the case in fig. 17 for spins 1б-3б, which 
in the following will be the spin range considered. Calculations [Ul] for 
all the neutron-deficient rare-earth nuclei give neither any systematic 
dependence on the proton number nor any systematic odd or odd-odd effect, 
so the moment of inertia for I ~ 16-36 can be roughly plotted as a 
function only of the neutron number N. The plots in fig. 18 show moments 
of inertia BT, normalized to give unity for the spherical rigid-body 
value, calculated with and without pairing. The conclusion is that both 
shell effects around the N = 82 gap and proton pairing are important. 
The geometrical rigid-body moment of inertia, corrected for deformation, 
is about 1.0-1.1 in the relevant range of spins and nuclei. However, the 
fact that the experimental moments of inertia come close to this value 
seems to stem from a cancellation between the large shell and pairing 
effects. Indeed, a reasonable phenomenological adjustment of the pairing 
strength can give quantitative agreement between theory and experiment 
for both N = 82 and N = 86 [U9] . The coupling between the moment of 
inertia and the deformation is comparatively weak, and thus deformations 
should not be deduced from the experimental slopes. 
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3.2.3- Alpha-emitting isomers 

The alpha-decay from high-spin states has been considered in refs. 
[38,5^]. In the first reference the life-time was estimated within the 
WKB approximation for penetration of a Coulomb plus centrifugal barrier. 
The energy was taken from calculated yrast states in the mother and 
daughter AUclei. No formation factors or additional hindrance factors are 
considered so the estimate is very crude. However, in fig. 19 the 
calculated alpha lifetimes for the yrast states in Kr are compared with 
the likewise crudely estimated gamma lifetimes, calculated as described 
above. According to the calculations the yrast cascade can be described 
as follows: If the compound nucleus reaches the yrast line above spin 
k0-k5 it decays by the emission of an alpha particle. Below this spin 
gamma transitions are the dominant decay mode down to the isomeric state 
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FIG. 19. The estimated life-times of calculated yrast states in 14Kr for y-decay (circles) and 
a-decay (jagged line) (from Ref. [38]). 

at spin 3I4. From this state a delayed alpha particle would be expected 

with an energy of about 10 MeV and carrying about Ik units of spin. 

Such alpha-emitting isomeric states are to be expected also in other 

mass regions. 

3.3. Fission barriers at high spin 

It has been mentioned above that in the liquid drop model the height 

of the fission barrier is a continuously decreasing function of the 

angular momentum. Then, as shown in fig. 2, there is a certain critical 

spin I .. where the barrier has disappeared completely. In recent 

calculations with shell structure included [5 ,55,10,323, it has been 

found that even if the main features of the liquid drop calculations 

persist, important deviations from fig. 2 are present. 

The most important deformation degrees of freedom in the fission 

process are elongation, necking, axial asymmetry and mass asymmetry, 
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i.e. e, е. , у and e- in the modified oscillator parametrization. However, 
a full variation of all these parameters has not been carried out even 
at angular momentum zero, (see section k below) and at non-zero angular 
momenta it has been necessary to impose even more restrictions. Thus, 
the shell energy variation as a function of the mass asymmetry degree 
of freedom has still not been investigated at high spin. Furthermore, 
in ref. [ 5J where the barriers of superheavy nuclei were calculated, 
e. was included only in the liquid drop part. In ref. [10] , where 
translead nuclei were considered, ei was included also in the shell 
energy part but not allowed to vary freely. In refs. [55,32] on the 
other hand, where different nuclei with A > 150 were investigated, the 
elongation and necking degrees of freedom were allowed to vary 
independently, but the у degree of freedom was neglected in the barrier 
calculations. 

. 21^ 218 The potential-energy surfaces of the nuclei ' Th, presented 
in fig. 1U above, were drawn in the (е,у)~р1апе with e. implicitly 
included. It is seen that for Th and for spin values I = 0-80, the 
outer barrier is lowered around 2 MeV by the inclusion of the у degree 

21U of freedom. For Th on the other hand, the fission proceeds at у : 0. 
Thus, for this latter nucleus, we show in fig. 20 the outer part of the 
fission barrier in the (e,ej)-plane calculated for у = 0. In addition, 
in this figure the full coupling between the different N,-shells has 
been included,which is not the case in fig. 1*+. In fig. 20 also the 
liquid drop barrier is shown,and at least in the region e = 0.5-1.0 
it is a very good approximation to fix EI at the value given by the 
liquid drop. It is also the general conclusion from calculations at 
1 = 0 that a full variation of e, is important only at the ground 
state, while the liquid drop energy for the outer parts of the barrier 
is so stiff in the e. direction that the shell energy variation 
as a function öf Ei is of minor importance. 

21U It is now possible to construct the path to fission for Th and in 
fig. 21 theheights-of the first and the second barriers are exhibited. 
These barriers are calculated with respect to the first minimum,which 

21U remains lowest up to angular momentum I = 80. For the nucleus Th the 
neutron separation energy is 9-̂  MeV (at I = 0). In fig. 21 the higher 
of the two fission barriers has about this height at I = 1*0-50, which 
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FIG.21. The calculated heights of the first and second barriers of 21*Th as functions of 
angular momentum (see Figs 14 and 20). The heights refer to the first minimum, which 
remains lowest up to I = 80. 

is thus expected to Ъе the maximum angular momentum of yrast states 
populated in heavy ion reactions. 

For nuclei in the translead region, the average neutron separation 
energy is around 8 MeV. The spin value corresponding to this height of 
the fission barrier is exhibited for an extended region of nuclei in 
fig. 22. Note that in view of the criterion above, it seems impossible to 
study high spin states in heavy ion reactions for nuclei beyond thorium, 
as the fission barrier shows a sudden drop around proton number 90. 

The fission barrier of nuclei with x-values much smaller than that 
for Th cannot be very accurately calculated in the (e,e,) 
parametrisation of the modified oscillator model. However, the 
parametrisation used by Faber, Ploszajczak and Faessler [32] is 
applicable also for somewhat lighter nuclei. Their results for Pb, 
calculated in the (ß,r)-plane, are shown in fig. 23. Here ß corresponds 
to elongation and r to necking. In this parametrisation, the shape is 

spherical at ß = 0 and r = 1.0 while ß > 0 and r < 1 corresponds to a 

necked-in prolate shape. A Woods-Saxon potential is employed and у is 
set equal to zero. We see that the barrier decreases monotonically with 

file:///secortd
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FIG.22. Contour diagram indicating at which spin value the calculated fission barrier is 8 MeV 
high (from Ref. [10]). 
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FIG.23. Potential-energy surface for ' f ^ m , obtained in the ß,r(y= 0°) plane with a 
Woods-Saxon potential for angular momenta 1=0, 30, 60 and 90. A shaded area indicates 
a local minimum. The contour lines are separated by 2 Me V. They are labelled in Me V 
relative to the energy of the spherical liquid drop at 1=0 (from Ref. [32]). 
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spin and has the approximate set of values 14, 9, 6 and 1 MeV for 

spin values 0, 30, 60 and 90- In addition, at angular momentum around 

20, there is a change to a new lowest minimum at ß ~ O.k. The shell 

structure of this deformed minimum was (in the case of I = 0) first 

discussed by Tsang and Nilsson [56] . 

A general observation is that with shell structure included, a 

shell energy pocket is usually formed somewhere in the deformation 

plane,and the fission barrier disappears1 at a much higher spin value 

than is the case for the pure liquid drop model. Another general 

observation, exemplified in figs. 7 and 8 and in shell energy plots of 

ref. [32] , is that the shell energy does not vary strongly with spin 

for heavy nuclei. This can be understood as a consequence of the fact 

that the rotational frequency at a given angular momentum is proportional 
-5/3 • . . 

to A , while the strongest individual response to the rotation from 1/Я any orbital is related to the maximum Л-values which go roughly as A . 
In addition, the moment of inertia is augmented at large deformations, 
which further reduces the frequency at given spin. The variation with 
spin of the fission barriers in heavy nuclei is thus mainly determined 
by the rotating liquid drop. 

3.*u Superheavy elements at high angular momenta 

After a fusion reaction leading to the superheavy region, the 
compound system that might be formed would be highly excited above the 
yrast line and would carry a fairly high angular momentum. The 
deexcitation to the yrast region takes place under competition between 
fission,particle evaporation and gamma decay. If the nucleus reaches the 
yrast line, there is still competition between the different decay modes. 

Fig. 2h shows the potential energy surfaces for 1lU at some 
different spins. The 1 = 0 ground state shape is found to be spherical. 
At all spin values the rotation is calculated to take place around the 
oblate symmetry axis. The fission barrier decreases with increasing spin, 
but at I = 60 it is still almost k MeV. Fig. 25 shows the calculated 
yrast spectrum of this hypothetical nucleus and spin isomeric states, 
marked by arrows, are calculated tö occur at remarkably high spins. The 
lower part of the figure shows the equilibrium deformation at each spin. 
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FIG.24. The potential energy surface in the (e, yj-plane for the super-heavy nucleus 79S114. 
With increasing spin, the lowest minimum moves out on the oblate and thus there is barrier 
towards fission even at very high spins (from Ref. [5]). 
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FIG.25. Similar to Fig. 16, but for i9B114. States with relatively long estimated у decay 
times are marked by arrows, whose lengths differentiate between orders of magnitude in 
the estimates as indicated in the figure. The abbreviation E. T. stands for energy trap (from 
Ref. [58]). 

Note the shape transition at spin 1*3-̂ 6 from sphericity to an oblate 
deformation with e = -0.2. This change in deformation gives rise to some 
traps since the spherical intrinsic configurations are very different 
from the intrinsic configurations of the lowest deformed states. 

In the 1 = 0 ground state the nucleus y 111* is calculated to have 
a long fission half-life (tj ,g : 10 y) and to decay primarily by alpha-
emission with a half-life of about 0.1 years |3l] • But as the fission 
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FIG.26. Similar to Fig. 19, but for г9ь114. In addition, the arrows signify energy traps with 
respect to у decay, and the steeply down-sloping line shows the estimated half-life for penetra­
tion of the calculated fission barrier (from Ref. [58]). 
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barrier decreases with increasing angular momentum,the nucleus rather goes 

to fission than to the ground state through electromagnetic transitions. 

There is also a competition from alpha decay in the high-spin states. 

Fig. 26 shows crudely calculated [581 half-lives of fission, alpha decay 
2Q8 

and gamma decay along the yrast line for 11U. Gamma decay is seen 

to be the fastest decay mode along the yrast line up to I ~ kO. If the 

compound nucleus reaches the yrast line with an angular momentum above 

Uo, it would fission with a very short half-life. It is only in the 1 = 0 

state that alpha decay is calculated to be the fastest decay mode. 

Finally, let us recall that the discussion above is applicable only 

after the compound system has reached the yrast line. 

1*. THE STRUCTURE OF THE SECOND PEAK IN THE FISSION BARRIER 

We have seen above how the nuclear potential-energy surface behaves 

as a function of shape variables such as elongation, axially asymmetric 

distortions and necking coordinates. We have also seen that the surfaces 

depend strongly on the spin of the nucleus. From such potential-energy 

surfaces "fission barriers" can be determined. 

At the last IAEA meeting in Rochester it was seen that without 

rotation the calculated heights of the first and second barrier peaks and 

the second minimum are in good agreement with experimental values for 

these quantities,except perhaps for the so called "thorium anomaly" in 

the light actinide elements (c.f. the review of ref. [59]). The 

experimental barriers are mostly determined by use of statistical models, 

which will be discussed in more detail in other contributions to this 

meeting [60-62]. Here we shall examine some new results on the second 

barrier obtained from such statistical models and macroscopic-microscopic 

calculations. 

At the last meeting in Rochester it was suggested by Nix [59] that 

the resolution of the thorium anomaly was perhaps an interpretation of 

the experimental results in terms of a shallow third minimum splitting 

the asymmetric saddle into two asymmetric saddle points. Such structures 

had been observed in some calculations [59,63,62»]. Since then, 

this interpretation has received new support from additional experimental 

results [65,66] . 
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9Л THORIUM 234 

.65 .70 .75 .80 .85 .90 .95 1.00 
EPS2+4 

FIG.27. The mass-asymmetric second fission barrier for Th calculated at zero angular 
momentum in the M. O. model. The potential energy surface is shown as a function of e with 
e* implicitly included and e$ with es implicitly included. The droplet model is used for the 
macroscopic energy. 

Fig.. 27 exhibits a potential-energy surface for Th in the 
region of second saddle point. The potential energy is calculated by the 
macroscopic-microscopic method as a function of elongation-necking and 
mass-asymmetric shape coordinates. The line EPS3+5 = 0.00 corresponds to 
symmetric shapes. We see that the mass-asymmetric shape degree of freedom 
lowers the height of the second saddle considerably. Furthermore, for 
each of the two equivalent cases e_ > 0 and e_ < 0 the second symmetric 
saddle is split into two asymmetric saddles, separated by a shallow 
minimum which lies about 0.6 MeV lower than the lowest of these two 
asymmetric saddle points. A modified oscillator potential underlies the 
microscopic energy in fig. 27, and the macroscopic energy is evaluated 
with the droplet model. The details of the calculation are discussed in 
ref. [59]. In a calculation that is similar, but employs the Yukawa-plus-
exponential model for the macroscopic energy, it is found [67] that the 
minimum lies 1.2 MeV deeper than the lowest of the two asymmetric saddle 
points. In comparisons with experiment, a zero-point energy should be 
added to these two theoretical values for the depth. Ref. [66] gives the 
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233 experimental barrier parameters for Th as follows. Relative to the 

ground-state the height of the first barrier E = k.O MeV, the energy at 
the second minimum E = 2.0 MeV, the two mass-asymmetric saddle-points 
lie at E = 6.2 MeV and E_ = 7.0 MeV and at the intermediate minimum E ^ = 
5.7 MeV. The calculations with the Yukawa-plus-exponential model for the 

232 macroscopic energy give, for Th, the values E. = U.9 MeV, Ej- = 3-6 MeV, 
E„ = 8.1 MeV, E T T T = 7.7 MeV and E_, = 8.7 MeV. These values include a zero-

D XXX О 
point energy of 0.5 MeV at the minimum. The shallow third minimum 
obtained with the droplet model for the macroscopic energy cannot hold 
a zero-point energy of this commonly adopted magnitude. Therefore we 232 now give the results for Th, obtained with the droplet model and 
without the addition of a zero-point energy at the minima. The results 
are E. = k.6 MeV, E T T = 2.3 MeV, Ета = 6.9 MeV, E T T T = 6.6 MeV and En = 

A XX XS XXX О 
7..9 MeV. Both sets of calculated values are a little high but the 
general structure in the barrier is compatible with the experimental 
data. In particular we note that the third minimum is more strongly 
developed with the Yukawa-plus-exponential model, in agreement with the 
experimental data. 

Recently additional facts have been learned, which suggest a further 
complexity of the potential-energy surface around the second saddle. 
Namely, it has been possible to fit U (y>f) data [68,69], t° give 
fission probability distributions P. (E ) in the 7-11 MeV region, when 
the theoretically derived enhancements [70,71] of the level density due 
to low-lying collective rotations are accounted for. The role of the 
symmetry of the nuclear shape for rotational contributions to the level 
density was discussed [70] at the last IAEA meeting in Rochester. At 
that time preliminary results showed that the empirical values of Г„/Г 
were considerably larger than the theoretical estimates. It was 
speculated that this might be due to axial asymmetry at the second 
saddle ;point and a corresponding increase in the level density. 

Let us now follow the line of ref. [69] from which we have taken 
fig. 28- The lower part of the figure shows fits to resonance data for 

U using the resonant statistical model described in ref. [72]• This 
7Г — + fit determines E. and E_ for the К = 0 and 0 bands. The character of А В 

the parity splitting is consistent with a mass-symmetric first barrier and 
a mass-asymmetric second barrier. After this fit no free parameters are 
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FIG.28. Fits to U fission-probability data with microscopic statistical models. The lower 
figure exhibits resonant fits to low-energy (t, pf) (solid circles, solid line) and (y, f) (solid 
triangles, dashed line) data. The upper figure shows non-resonant fits to the photofission 
data assuming only a mass-asymmetric second barrier, E$f>, dashed curve, and assuming an 
additional parallel fission path over an additional axial asymmetric barrier, E$\ solid curve. 
Barrier heights (in MeV) are listed for the lowest K* = 0* and 0~ channels in each case (from 
Ref. [69]). 
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available to fi-t the data in the higher-energy region 7-11 MeV. The 
results at these energies are shown in the upper part of the figure. The 
nonresonant statistical model [ё8] , with the barrier parameters 
determined in the lower part of the figure and the assumption of axial 
symmetry, leads to the dashed curve for P in the upper part figure. 
The resulting theoretical fission probabilities P„ are about к times 
lower than the experimental data. The solid line in the upper figure 
results if it is assumed that there exists an additional axially 

(2) . . . . . 
asymmetric saddle EJ. whose height is adjusted to obtain an optimum 
. . . B . (2) . . 

fit in the region 7-11 MeV. One then finds that EJ. is higher than 
the mass-asymmetric saddle by 0.3 MeV. The existence of the axially 
asymmetric saddle would increase the level density substantially at 
high energies. 

In fig. 29 we show some calculations of the potential energy,in the 
vicinity of the second saddle,where both e_ (octupole) and Y_<ieformations 
are included simultaneously. The results for U fit nicely into the 
picture suggested by the analysis above of the experimental data. The 
minimum on the y~axis would correspond to the saddle point whose energy (2) . . has been denoted EJ. ,and the minimum on the e_ axis is the usual mass-is 3 
asymmetric saddle point (E_) in the e0-e_ plane. 

The e_- and y~instabilities of the second barrier reflect the 
distribution of the single-particle orbitals and their quantum numbers. 
Fundamentally, the positive shell energy at the second barrier is due 
to the high level density caused by the crossing of the N = h, n = 0 
orbitals with those having N = 5, n = 1 . This crossing occurs at e = 
0.8 - 0.9 and for neutron numbers in the region of N = 150, see fig. 16 
of ref. [?]• The e_-instability is then caused by the strong Y_n-
coupling between these groups of orbitals as was first discussed in 
refs. [73,18]. As a consequence of this coupling, the orbitals are split 
away from the region of high level density and the shell energy becomes 
lower at e_ ф 0. In a similar way, the strong matrix elements of Y -
within the groups of orbitals with N = h, n = 0 and N = 5, n =1 
respectively give ri'se to the y-instability. Thus, from the single-
particle diagram referenced above it is possible to get a rough estimate 
of the neutron numbers where the different instabilities are to be 
expected. 
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FIG.29. Potential energy surfaces for a series of uranium isotopes, calculated with fixed values of e and e4 that correspond to the second 
barrier. The variables along the axes are mass asymmetry (€3 (es)J and axial asymmetry (y). In the lower right figure, the corresponding liquid-
drop energy for one of the isotopes (23SU) is shown. The contour line separation is 0.5 MeV. 
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The systematics in the structure of the calculated potential energy 

as the neutron number varies through some uranium isotopes is shown in 
226 . 

fig. 29. The surface for U is essentially stable but very soft with 

respect to both mass-asymmetric and axially asymmetric distortions. The 
230 surface for U is unstable with respect to both types of shape 

distortions, as are also the remaining total-energy surfaces. The liquid-

drop model energy-surface, on the other hand, is stable with respect to 

both types of distortions. From the total energy surfaces we see that 

the decrease in energy is larger in the e_ direction than in the у 
direction for all the neutron numbers studied. In the analysis of the 
experimental data for U, a difference of 0.3 MeV was found between 
the axially asymmetric saddle point and the mass-asymmetric saddle point 
[69] which roughly agrees with the calculated difference of 0.7 MeV. 

23U From this figure we also see that for the lighter isotope U the 
calculated difference between the two saddle points is almost 1.5 MeV. 
Therefore a more decisive test of the interpretation of the data in 
terms of asymmetries favoured by the potential energy around the second 
barrier would be obtained if the experiments discussed in ref. [69] 
were to be extended to for example this nucleus. 
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DISCUSSION 

K.W. GOEKE: You base many of your conclusions on the potential energy 
surfaces at various angular momenta and as a function of ß, у, е4, etc. Do you 
have any idea how the corresponding collective mass tensor behaves as a function 
of J and (3, 7? I ask this as it is very difficult to predict the behaviour of the 
nucleus from the potential energy surface if the masses vary with |3, 7 , . . . and J, 
comparable with those of the potential energy surface. In such a case static 
considerations are not adequate and we have to take into account the dynamics 
of the process by solving collective Schrödinger equations. 

S. ÄBERG: Most of my conclusions based on potential energy surfaces 
relate to the ground-state deformation at various angular momenta. In this case 
the mass parameters seem to be of less importance. This also applies to evaluation 
of the spin that may survive fission in a heavy-ion reaction, for which we made a 
rough comparison of the neutron separation energy and the calculated fission 
barrier. The only conclusion I drew, assuming that the mass parameters have a 
direct effect, relates to the fission half-lives for 298114 at various spins. The Br 

used in the calculation are not microscopically calculated, but obtained from fits 
to half-lives for actinide nuclei. 

A. FAESSLER: You described the shrinking of the deformation of rare earth 
nuclei with increasing angular momentum, an effect which we have also found in 
our calculations if we disregard pairing correlations. We have recently developed 
a method of calculating the Strutinsky shell energy also for non-time-reversed 
states, as in the case of very high spin. The method is based on the Hartree-Fock-
Bogolyubov approach and the calculations show that the pairing correlations prevent 
this anti-stretching effect. 

M.E. FABER: Dr. Äberg, the staircase behaviour of the yrast levels obtained 
in your calculations stems from disregarding the residual part of the two-body 
interaction. By including these residual interactions we can increase the slope of 
the yrast line and ensure better agreement with the experimental data. 
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S. ÄBERG: Yes, there are certainly residual interactions present that are not 
accounted for in my calculations of the yrast spectra. But several other effects, 
as I discussed, may also alter the calculated spectrum for 152Dy. For example, 
states created by a non-aligned spin configuration are not very accurately described 
by this model. After projection of the desired angular momentum, these states are 
found in certain cases to have a wave function in which the original component is 
only represented by 40%. 

K.M. DIETRICH (Chairman): I think we should keep in mind that so far all 
Hartree-Fock calculations, with 5 interactions as well as Gogny's finite range 
effective interaction, have produced secondary barriers that are too high. It does 
not seem likely that projections onto conserved quantities, such as the angular 
momentum, would lower the theoretical barrier heights enough to make them 
comparable with experimental barrier heights. So we are presumably faced with 
a theoretical problem to which we will just have to give more attention. 
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Abstract 

THE FISSION BARRIER OF NUCLEI AT VERY HIGH ANGULAR MOMENTA. 
The deformation energy surfaces of rotating nuclei are investigated within the Strutinsky 

shell correction approach extended to non-zero angular momenta. A cranked Woods-Saxon 
potential is used to calculate the shell corrections. The heights of the fission barriers of nuclei 
in the actinide region are studied as a function of the total angular momentum. The critical 
angular momenta at which the fission barriers vanish are found to be higher than those pre­
dicted by the rotating-Iiquid-drop model. Then, the shell effects are investigated for excited 
compound nuclei. It is shown that, by statistical excitation of particle-hole states, the shell 
effects decrease. Finally, the effect of finite angular momenta and finite temperatures on the 
mass distribution of fission fragments is discussed. 

By heavy-ion reactions i t is possible to bring high angular momenta 

into a compound nucleus. These high angular momenta cause strong Coriolis 

and centrifugal forces changing the behaviour of nuclei considerably. 

Cohen, Plasil and Swiatecki [1] investigated the equilibrium configurations 

of rotating liquid drops and predicted the limiting angular momenta for 

fission. For non-rotating nuclei i t is very well known \Z\ that the shell 

* Present address: Institut für Kernphysik, KFA Jülich, D-5170 Jülich, Federal 
Republic of Germany. 

** Also: Physikalisches Institut, Universität Bonn, D-5300 Bonn, Federal Republic 
of Germany. 
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structure gives rise to the double-humped shape of the fission barrier. The 

aim of this work is: (i) to show the existence of strong shell effects for 

very high spins and to discuss their influence on the fission process, 

(ii) to study the effect of statistical excitations of the compound system 

on the fission barriers for high angular momenta, (iii) to discuss the 

effects of finite angular momenta and finite temperatures on the mass 

distributions of fission fragments. 

We investigate the deformation energy surfaces of rotating nuclei 

within the Strutinsky shell correction method [2] extended for finite 

angular momenta [3,4]. The shell model Hamiltonian in the rotating system 

H = Tkin + VcW(?) + Vso<?> + 7 (1+T3)VCoul^> " "J'x 

contains the kinetic energy T. - , the Woods-Saxon shaped central potential 

V*w(r) = V0/{l+exp[Ä(r)/a]}, the spin-orbit potential VSQ(r) = -ia^V^CrJxv] 

and the Coulomb potential approximated by the uniformly charged drop with 

Z-l protons. The cranking term -coj takes into account the Coriolis and 

centrifugal forces. The zeros of the length function £(r) = 0 define the 

nuclear surface. 

In dimensionless coordinates we describe the surface of necked nuclei 

by 

u2P + v2/P = (l-w2)(A+aw+Bw2) 

and the bulged diamond-like [5] shapes by 

2 
u2P + v2/P = (1-w2) fÄ-(B-aw)e_Qwl 

To show potential energy surfaces we are using instead of the unillustra­

tive internal parameters A,B,P,Q the ellipsoidal parameters ß and у of Bohr 
and a neck parameter г [б]. The parameter r is defined as the ratio Of the 
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cross-section of the necked (bulged) nucleus to the cross-section of the 

ellipsoid with same volume and same length of symmetry axis. The parameter 

a allows for mass asymmetries. 

Solving the Schrödinger equation for each set of deformation parame­

ters q = {ß,Y.r,a} one gets the single particle energies e" in the ro­

tating coordinate system. The total energy R in the rotating frame and the 

total angular momentum I are splitted according to Strutinsky's pre­

scription in a part к (resp. Г) varying smoothly with Fermi energy and 
mass number A and a part 6R (resp. 61) including the influences of the 
shell structure: 

A A 
R H = I < = R+6R , I(со) = I <j >•• = Г+61 

i=l 1 i=l x n 

Substituting the smooth quantities by the corresponding quantities of 
the rotating liquid drop model (RLDM) one gets the correct deformation and 
angular momentum dependence of the total energy in the laboratory system: 

E = R+10I = ft+uI+6R+ü>6I = £ + 6E -»• E L D + G • w
2/2+6E 

I = Г-+61 -> Ir.g + 61 = a,erig + 61 

To investigate the influence of the shell effects on the fission 
process at high angular momenta we confine ourselves to the ß-r parameter 
space, thus to axially symmetric (y=0) and mass symmetric (a=0) nuclei 

232 rotating normal to the symmetry axis. In fig. la we show for Th the 

RLDM energy surface for the angular momentum I . = 60fi. As in all other 

parts of fig. 1, the equi-energy lines have distances of 2 MeV. For 

Via = ° the ̂ LDM energy shows a minimum for the spherical shape (3=0, 

r=l). Increasing the prolate deformation (3>0) the liquid drop model 

valley runs to necked nuclei (r<l). The saddle at ß=0.8 and r=0.8 is 
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RLDM E(T=OMeV) 

oO.O 0 .7 
BETH 

I .4 

1 -4 

FIG.l. Deformation energy surfaces of i32Th at 1= 60 h. for mass-symmetric and axially 
symmetric shapes in ß-r space: 
a J total energy as given by the rotating-liquid-drop model; 
b) total energy with inclusion of shell corrections; 
c) free energy for Г = 1 Me V; 
d) free energy for T-2 Me V. 

5.5 MeV higher than the minimum. Increasing the angular momentum I . the 
rig 

liquid drop model saddle moves toward the spherical nucleus and the minimum 
moves to prolate deformations. The height of the fission barrier decreases. 
In fig. la one can clearly see the shallow shadowed minimum of ъ 0.5 MeV 
at I . = 60fi. Slightly above 60fi minimum and saddle point meet at 
6^.4 and the fission barrier vanishes. 

In the Strutinsky approach the total energy E is the sum of the RLDM 
energy, ELD-törig w 2/2, and the shell corrections 6E = 6R+ÜI6I. The total 
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от? energy surface of Th is shown in fig. lb for I = Ir,-a+<51 = 60fi. F°r 1=0 
the shell corrections have large positive values of 13.7 MeV for the 
spherical shape, show three parallel valleys of negative shell corrections 
(-2 to -6 MeV) and two parallel ridges of hills of positive shell 
corrections (3 to 5 MeV), leading with increasing prolate deformation ß to 
larger neck cross-sections r. The negative shell corrections determine the 

positions of the minima in the deformation energy surface, the hills the 

first and second fission barrier. With increasing angular momentum the 

shell corrections for a given deformation point may change, the gross 

structure of shell corrections remains, however, constant. Even for angular 

momenta of the order of lOOfi this gross structure is unchanged. The most 

significant changes of shell corrections with angular momentum are close 

to the spherical shape. For 1=0 ̂ he strong positive shell corrections 

press the first minimum against diamond-like shapes. These strong 

positive shell corrections vanish with increasing angular momentum and 

change sign at around 70fi. At 9̂0fi the first minimum becomes spherical. 

Since the liquid drop model fission barrier decreases with increasing 

angular momentum, the height of the double-humped fission barrier is also 

decreasing. However, only far above lOOfi the descent of the liquid drop 

model is strong enough to compensate for the oscillations of the shell 

corrections and to get rid of the fission barriers. The minima of the 

total energy and the beginning of the fission valley in fig. lb are again 

shadowed. For the angular momentum of 6ГЖ because of the centrifugal 
forces the second minimum is already slightly deeper than the first 
minimum. The total height of the barrier for symmetric fission is 9 MeV, 
higher than the liquid drop barrier for 1=0 of 5.5 MeV, whereas the liquid 
drop barrier for I=60h is already vanishing. 

We can conclude that the shell effects preserve the fission barriers 
up to very high angular momenta (>100fi). If in some fusion reactions 
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critical angular momenta for fission are measured and are found to be 

comparable to the liquid drop values, there must be an additional influ­

ence. The reason is that these experiments produce highly excited com­

pound nuclei containing a large number of particle hole excitations. 

To investigate the influence of excitations of the compound nucleus 

one has to extend the shell correction approach to finite temperatures. In 

the framework of the grand canonical ensemble one describes the distribu­

tion of nuclear states by the statistical operator 

The occupation numbers of the eigenvalues e? of the Hamiltonian 

H = £ е ? а ^ if the rotating frame are given by 

n. = 1/{1+ехрЦ-и)} 

The formulae of the independent particle model can be used to calculate 
the energy E and the entropy S: 

s = = " J U V " ni + (1-^)411(1-^)1 

Crucial for the stability of a certain nuclear shape is the driving force p 
tending to change the set of deformation parameters q. From the differen­
tials of the energy E and the free energy F=E-TS, 

dE = TdS - pdq + udN 
dF = -SdT - pdq + udN 

one obtains the Maxwell relations 

p = -3E/3q|S)N = -3F/8q|T>N 
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E ( I = Oh) E(I=30Ti) 
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0.2 

FIG.2. Total energy of232Th for prolate deformation ß = 0.8 and neck parameter r = 0.8 as 
function of the mass asymmetry parameter a and the axial asymmetry parameter у for 1=0, 
30, 60 and 90 h. 

Therefore, the free energy surface for constant temperature T determines 
the driving force p and the stationary points with vanishing driving force. 

In fig. lc the free energy surface F is drawn for angular momentum 
I = 60fi and temperature T = 1 MeV corresponding to a thermal excitation 
energy of 20 MeV and to a total energy at the second saddle of 39 MeV. 
The two minima are shadowed. They are only separated by a small saddle of 
1.5 MeV. The height of the second barrier is 4 MeV. For this temperature 
already a large part of the shell effects of fig. lb is washed out by the 
statistical excitations of particle hole states. The values of the free 
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energy for the investigated temperatures become negative because of the 
additional term -TS in the definition. However, only the variations of the 
free energy influence the driving force. To the temperature T = 2 MeV and 
the same angular momentum I = 6Qfi corresponds a thermal energy of 80 MeV 
and a total energy of 100 MeV at the second saddle point. For this 
temperature - fig. Id - the shell corrections have already almost vanished. 
The deformation energy surfaces show only the slope of the liquid drop 
model valley. The nucleus has lost its stability against fission already 
for the angular momentum of 60fi. 

For comparison of experimental fission barriers at high angular 
momenta and critical angular momenta for fission with theoretical 
calculations one has to take into account both: the influence of the shell 
structure and the statistical excitations of the compound nuclei. In some 
experiments the critical angular momenta are found in good agreement with 
the liquid drop values. This does not mean that for these angular momenta 
the shell effects are vanishing, but the thermal excitation of the nucleus 
is so high that the large number of statistical particle hole excitations 
hides the shell structure. 

In the last part of this work we study the influence of angular 
momentum and temperature on the ratio between symmetric and asymmetric 
fission. As suggested by Weber et al. [7] and shown theoretically for the 
first time by Gavron et al. [8] with a modified harmonic oscillator 
potential the symmetric and asymmetric fission yields can be explained by 
assuming two different fission paths leading over two second saddle points. 
One of them corresponds to mass-asymmetric and the other one to axially 

232 asymmetric shapes. In fig. 2a the total energy E of Th close to the 
second saddle ($=0.8 and r=0.8) is shown varying with the mass asymmetry 
parameter a and the axial asymmetry parameter у independently. In all 
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RLDM {I=607i) E(T=0MeV,I=60h) 
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F(T=0.5MeV,I = 60h) 
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FIG. 3. Deformation energy surfaces of232ThatI=60hforß = 0.8 and r = 0.8 as function 
of a and y: 
a) total energy as given by the rotating-liquid-drop model; 
b) total energy with the inclusion of shell corrections; 
c) free energy for Г = 0.5 Me V; 
d) free energy for T= 1 MeV. 

following figures the equi-energy lines differ by 1 MeV. The minima are 
again shadowed. As one can clearly see, there exist two pairs of distinct 
minima, one for mass asymmetric shapes (a = ±0.15) and another one for 
axially asymmetric shapes (y = ±8°). The two pairs of minima are separated by a 
barrier and correspond to two different saddle points lying not one after 
the other but one beside the other in the liquid drop model valley. Since 
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the two saddles are separated by a barrier, there exist two distinct 
fission channels, a mass asymmetric (<х?*0,у=0) channel and a mass symmetric 
(01=0^0) but axially asymmetric channel. In fig. 2a the mass symmetric 
saddle is the deeper one. This does not mean that this fission channel is 
preferred, since the depth of the minima depends on the ß-r point. In fig. 
2b-2d one can see the influence of the rotation on the saddle points for 

I = 30, 60 and 90f\. The influence is threefold: i) The barrier between the 

fission channels is for high spins larger than for the non rotating 

nucleus, ii) The negative y-deformatiops become favoured in comparison to 

the positive ^-deformations, iii) There is a slight trend toward mass-

asymmetric fission. 

A still more drastic effect on the mass distribution is due to the 

increase of the nuclear temperature than due to the increase of the 

angular momentum. To show this, in fig. 3 four different deformation 
232 

energy surfaces of Th for angular momentum I = 60fi are drawn. The 

rotating liquid drop energy surface in fig. 3a has a flat symmetric 

minimum and yields therefore a broad symmetric mass distribution. In fig. 

3b the total energy surface for T=0 is shown. The two fission channels are 

limited to a small region of the mass asymmetry parameter and give rise to 

small peaks in the fission yields. The temperature T = 0.5 MeV (fig. 3c) 

corresponds to a thermal excitation energy of 5 MeV and to a total energy 

of 24 MeV at а=у=0. The shell effects in the free energy surface are already 
much smaller than in fig. 3b. The depths of the symmetric and the asymmetric 
fission minimum are roughly equal. A temperature of 1 MeV (fig. 3d) 
corresponding to a total energy of 39 MeV is already sufficient to get rid 
of the asymmetric mass component and to get a broad mass distribution as 
for the liquid drop model. For a temperature of 2 MeV the free energy 
surface would look like a liquid drop surface. 
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DISCUSSION 

H.J. SPECHT: Did you make a systematic survey of the dependence of the 
shell-corrected barriers on angular momentum and temperature for very heavy 
nuclei, let us say from Z = 1 0 0 t o Z = 115, where the liquid-drop barriers vanish 
even in the case of zero angular momentum? The fission properties of these 
elements are now being investigated in heavy-ion reactions and any stabilization 
of the barrier by angular momentum, as seems to be visible in your calculations 
for Z < 100, would therefore be very relevant. 

M.E. FABER: The decreasing heights of the fission barriers with increasing 
angular momentum are mainly affected by the decreasing heights of the fission 
barriers in the rotating-liquid-drop model and not by decreasing shell corrections. 
There are some nuclei in the Th-U region where the first barrier even shows a 
tendency to increase with angular momentum on account of fluctuations in the 
shell corrections. We have not yet investigated the influence of angular momentum 
on the heights of the fission barriers in the region Z > 100. 

P. MÖLLER: I imagine you must have had major computational problems 
in breaking so many symmetries for your calculations. So how large are the 
matrices you diagonalize? 

M.E. FABER: The dimensions of the matrices are in the region 250—300. 

http://Nucl.Phys.A268




IAEA-SM-241/C6 

NUCLEAR FRICTION AND GIANT 
RESONANCE CHARACTERISTICS 
OBSERVED IN FISSION OF HEAVY NUCLEI 

P. DAVID, J. DEBRUS, J. SCHULZE 
Institut für Strahlen- und Kernphysik, 
Universität Bonn, 
Bonn, Federal Republic of Germany 

J. VAN DER PLICHT, M.N. HARAKEH, A. VAN DER WOUDE 
Kernfysisch Versneller Instituut, Rijksuniversiteit Groningen, 
Groningen Paddepoel, 
The Netherlands 

Abstract 

NUCLEAR FRICTION AND GIANT RESONANCE CHARACTERISTICS OBSERVED IN 
FISSION OF NEAVY NUCLEI. 

The total kinetic energy (TKE) release in the fission processes 236U (4He, 4He'f) at 
E (4He) = 50 MeV, 23SU(d, pf) at E (d) = 23 MeV and 238U, 232Th (4He, 4He'f) at E (4He) = 
120 MeV is investigated as a function of the excitation energy of the fissioning systems. 
For 232Th, the slope (5 TKE/6 Ex) is positive in the energy region from the fission threshold 
Bf up to about (Bf +1.5 MeV) and remains approximately constant in the region above. 
The fission probability of the isoscalar giant quadrupole resonance, excited by the inelastic 
scattering of 120 MeV 4He-particles is, at most, 20% of the fission probability of the under­
lying continuum and the giant dipole resonance in И2ТЬ and 238U. 

I . INTRODUCTION 

The study of the TKE r e l e a s e d in the f iss ion p r o c e s s a s a function of 

the exci ta t ion energy of the f iss ioning nuc leus can cont r ibute to a b e t ­

t e r insight into the n a t u r e of the d i ss ipa t ive p r o c e s s involved in f i s s ion . 

P r e v i o u s s t u d i e s have been pe r fo rmed on U - [ 1 ] , Pu - [ 2] and A m - i s o -
4 4 topes 13] . We have , by m e a n s of the ( He, He'f) r eac t ion , i n v e s t i -

232 gated the TKE r e l e a s e for the nuc leus Th , w h e r e in the mode l of 

the double humped b a r r i e r the o u t e r b a r r i e r i s h ighe r than the i nne r , 

in c o n t r a s t to the h e a v i e r nucle i ment ioned above . C o n t r a r y to heavy 

ion r e a c t i o n s the f iss ion p r o c e s s e s unde r cons ide ra t ion allow a study of 

373 
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TABLE I. LIST OF REACTIONS INVESTIGATED AND DISCUSSED IN 
THIS PAPER 

Reaction 

2 3 2 T h ( 4 H e , 4 H e ' f ) 

2 3 5 U ( d , p f ) 

2 3 6 U ( 4 H e , 4 H e ' f ) 

2 3 8 U ( 4 H e , 4 H e ' f ) 

2 3 8 U ( 4 H e , 4 H e ' f ) 

Energy 
MeV 

120 

23 

50 

50 

120 

Detect ion 
S y s t e m 

T e l e s c o p e , 
Q3D-Spec t rog raph 

Te lescope 

Te lescope 

Te lescope 

Q3D-Spec t rog raph 

Cyclot ron 
Beam 

Groningen 

Bonn 

Bonn 

Bonn 

Groningen 

the deformation and energy diss ipat ion phenomena from the s t a t e of a 

cold nuc leus at the b a r r i e r s , where mainly col lec t ive d e g r e e s of f r e e ­

dom a r e involved, o v e r the two q u a s i - p a r t i c l e th resho ld up to high e x ­

ci ta t ion e n e r g i e s , w h e r e many d e g r e e s of f reedom c o n t r i b u t e . 

The study of i s o s c a l a r giant r e s o n a n c e s in heavy nucle i h a s been 

mainly concen t ra ted [4] on s y s t e m a t i c s of exci tat ion e n e r g i e s , widths 

and p e r c e n t a g e s of energy weighted sum r u l e s exhausted by the giant 

r e s o n a n c e s of v a r i o u s m u l t i p o l a r i t i e s . Except fo r t h e total width, ve ry 

l i t t le i s known exper imenta l ly about the pa r t i a l decay modes of the 

giant quadrupole r e sonance (GQR) in heavy n u c l e i . F o r nucle i in the 

ac t in ide reg ion , w h e r e f ission can compete with neutron decay the 

giant dipole r e sonance (GDR) [ 5 ] i s a l ready known to have a f ission 

probabi l i ty that i s s i m i l a r to the one of the compound n u c l e u s , a s 

expected [ 6 ] . 

In th is p a p e r we r e p o r t on a m e a s u r e m e n t of the f ission probabi l i ty 

of the GQR in 2 3 2 T h and 2 3 8 U . 
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F/G.i. Upper part: Single spectrum of 120-MeV inelastically scattered ^He-particles. Lower 
part: coincidence (4He, *He'f)-spectrum summed for ®ьъ = 10-18.5°. 

2 . EXPERIMENTAL SET-UP 

The triple coincidence experiments, detecting the ejectile and two 
fission fragments were performed at the University of Bonn and the 
University of Groningen isochronous cyclotrons. We have studied the 
reactions summarized in table I . The ejectiles were detected in 
<LiE - E telescope systems and in a Q 3 D magnetic spectrograph. For 
the TKE-measurements the fission fragment detectors were collinear 
in the recoil axis as defined by the detection system for the ejectile. 
The GQR decay measurements on Th and U were performed for 

the fission fragments along the recoil axis and in addition at 10, 20, 
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FIG. 2. A verage TKE (EK) for 0.5-Me V intervals of excitation energy. 

30, 40 , 50, 75 and 90 with r e spec t to the r eco i l a x i s . More de ta i l s 

of the e x p e r i m e n t s a r e given in r e f e r e n c e s [ l , 7 , 8 J 

3 . R E S U L T S AND DISCUSSION 

3 . 1 The Tota l Kinetic Energy 

F i g u r e 1 shows a s ingle spec t rum of 120 MeV ine las t ica l ly s c a t t e r e d 

H e - p a r t i c l e s at 0 . , = 14 taken with a t e lescope s y s t e m . The bump 

c h a r a c t e r i s t i c for the i s o s c a l a r giant r e s o n a n c e [ 4 ] i s located at 

E x = ( 1 1 . 0 ± 0 .3 )MeV of exci ta t ion, with a width of ( 4 . 0 t 0. 5)MeVFWHM. 

4 4 
The coincidence ( H e , He'f ) spec t rum s u m m e d for в . , f rom 10° to lab 
1 8 . 5 i s shown in the second par t of the f i g u r e . The b u m p a round 

6 MeV r e s u l t s from the fact that the f ission th resho ld (Bf = 6 . 1 5 MeV 

[9] ) i s lower than the neutron binding energy (Bn = 6 . 4 MeV) . 

Beyond th i s b u m p the s p e c t r u m i s flat and d e c r e a s e s s l ight ly up to 

the second chance f ission th resho ld (Bnf = 12.6 MeV), a f t e r which it 

r i s e s to about double i t s va lue . After again d e c r e a s i n g sl ightly t o ­

w a r d s the th i rd chance f iss ion th resho ld (B„ „= 18 .1 MeV) it r i s e s 
2nt 

aga in . The apparent bump at E ~ 21 MeVis p re sumab ly due to t w o -
neut ron evaporat ion to the exci tat ion energy range B . < E ^ В in 
9ЧП x n 
^ U T h . 
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FIG.3. Slopes 5 TKE (Е^, AHJßEx of linear least-square fits to TKE (Ex, AH), E (4HeJ •• 
120 Me V. 

232n For"""Th a detailed study of the TKE was made for excitation energies 

B, < E < В . , where for B. particle induced fis f x nf f 
indicate a much higher value for the outer bar r ie r (Er 

where for B. particle induced fission data [9] 

"B Bf = 6.15 
- 0.2 MeV) than for the inner one ( E . CZ. 5.5 MeV). The threshold 
for second chance fission is given by В . = В (А) + B.(A-l), where 

nt n r В CA) is the neutron binding energy in the nucleus A,B-(A-1) is the n t 
fission threshold in the nucleus (A-l ) . F ig . 2 shows TKE (Ex), 
where the data were summed over 0.5 MeV intervals and are averaged 
over all different masses of the fission fragments. 

The preneutron TKE release was determined according to the proce­
dure outlined in [lO] , with the prompt neutron distributions taken 
from [ l l ] . In the analyses it is assumed that the number of neu­
trons evaporated from the fragments and the energy carr ied away by 
this process remains constant as a function of excitation energy and 
that the neutrons are emitted isotropically. Corrections were made 
for the energy loss of the fragments in the target . 
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FIG .4. Slopes S TKE {E^, AH)/8EX of linear least-square fits to TKE (Ex, AHJ, E (*He) •• 
120 MeV. 

The data show that б TKE / 6E behaves very differently for exci­
tation energies below and above about 7.75 MeV. Figure 3 shows 

б TKE (E , £"„) / 6E for B, «S E < B, + 1.5 MeV, where the 
X ' H X t X T 

averaging is now performed over different mass groups as indicated. 

Figure 4 displays the slopes 6'TKE (Ex , " £ ^ ) / 6 E x for Bf+ 1.5 
< E < В . , which are consistent with zero or slightly nega-

nf tive values. In the intervall B f < E 
of the linear least square fit slope is 
1.5 + 0 ,4 . 

< B, + 1.5 MeV the value 
6TKE (Ex , £"H ) / 6 E x = 

[ l2j has studied the reaction 

It is interesting to compare the observed behaviour of 6 Т К Ё / 6 Е of 
232 

Th with similar data for other nuclei. Recently a Russian group 
232 

Th(n,f ); they observe a s imilar 
233 

Th in the region up to about 
232 1.5 MeV above the bar r ie r as we have abserved for 

these 1 
same nucleus Th by Trochon et a l . [13] . Fo r the uranium 
isotopes there a re some indications that the situation is different. In 

238, 

increase in TKE as function of Ex for 
•1 <-, 

"Th. However 
JTh data have not been confirmed in a recent study of the 

figure 5 we display the behaviour of TKE vs . E for U and 
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FIG.5. Average ТКЁ (Ex) for 236Uand 23SUas measured in the reactions 23sU(d, pf) at 
E(d) = 23 MeV, 236U(*He, *Hef) at E (*He) = 50 MeV and ™U (*He, *Hef) at E (4He) = 
120 MeV. 

236 
U a s measured in the reactions U ( H e , 4 He' f ) at E( He) = 

120 MeV, 2 3 6 U ( 4He, 4He'f) at E (4He) 50 MeV and 2 3 5 U(d ,p f ) at 

d - MeV respect ive ly . Although the stat ist ical accuracy of these 
. 232 

data i s not a s good as for Th the data suggest that the s lope 

6 T K E / 6 E W 0 (averaged over all m a s s divisions) f o r the whole 

excitation range B. < E 4 В , . F o r 2 4 2 A m [ з ] and 2 4 ° P u 
f x nf 

[2J the data s e e m to indicate s t i l l a different behaviour: 

6TKE / 6 E x й 0 up to B f + 1 .5 MeV and 6TKE/6E < 0 for 

(B f + 1 . 5 MeV) ^ E x ^ B
n f This situation has been schematical ly 

summarized in figure 6 . It i s tempting to corre late this different b e ­

haviour of 6TKE / 6 E with the different double humped barr ier 

structure a s i s a lso indicated. 
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> 

LU 

DEFORMATION 

FIG.6. Schematical presentation of average ТКБ (EJ for 2nTh (this work), 236U[1], 240P« 
[2] and ^Am^] for Bt<Ex<B( + 1.5 MeV and Bf + 1.5 <Ex<Bnt; on the right side 
the double-humped barrier structure is indicated [9]. 

3.2 The Giant Quadrupole Resonance 
4 

The top of figure 7 displays a spectrum of He-particles scattered in» 
232 elastically on Th at 120 MeV. This spectrum was taken with the 

Q3D magnetic spectrograph. The peaks due to С and О contami­
nants are indicated. The background was drawn corresponding to the 
way it was done in the insert spectrum, which was taken with a 
Д Е - E counter telescope. In the middle and at the bottom of fig.7 
л 9 4 9 9*^8 
He-spectra from Th and U in coincidence with fission are shown. 

Beyond the peak above the fission threshold the spectra are s t ructure­
less and the absence of a bump corresponding to the decay of the 
GQR into the fission channel is obvious. 

He-fission angular correlation data were measured for Th. The 
fission fragments were detected at 10, 20, 30, 40, 50, 75 and 90° 
with respect to the recoil axis . These data were used for obtaining 

4 . . fission probabilities, assuming the He-fission angular correlation 
pattern to be cylindrically symmetric around the recoil axis . For 

Th resulted a fission probability of P f = 0.27 - 0.05 for the inter­
val 6.0 < E < 6.4 MeV and P , = 0.055 t 0.015 for the continuum 

x f 
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FIG. 7. Upper part: Single spectrum of ^He-particles scattered inelastically on 232Th at 
E ( He) = 120 MeV taken with a Q3D magnetic spectrograph. Insert: AE - E counter 
telescope single spectrum. 
Middle and bottom: ''He-spectra from 232Th and 23iUin coincidence with fission at E (""He] = 
120 MeV. 
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between 9 and 13 MeV. The f o r m e r value a g r e e s with the f iss ion 

probabil i ty found by Back et a l . [ 9 ] , the l a t t e r value a g r e e s with 

data obtained from photofission and fast neutron induced f ission [ 6 ] 

To obtain an upper l imit fo r the f iss ion decay probabi l i ty of the GQR 
232 in Th a smooth line i s drawn through the continuum in the c o i n c i -

4 dent He-f iss ion s p e c t r a . Th i s r e s u l t s in an upper l imit of 0 .01 for 

the f iss ion probabi l i ty of the GQR in T h . F o r U the f iss ion 

probabi l i ty of the GQR i s found to be at m o s t 20 % of that of the 

under lying con t inuum. T h e s e s u r p r i s i n g r e s u l t s imply that the two 

components of the to ta l damping width 

Г = Г t + r + 

a r e different fo r the GQR c o m p a r e d to the GDR. H e r e Г * i s the 

d i rec t component desc r ib ing the e scape width of a s imp le s t a t e , and 

Г * i s the sp read ing width due to mixing with s t a t e s of compl ica ted 

s t r u c t u r e . 

F o r the GDR Dover , L e m m e r and Hahne [14] a s s u m e the d i r ec t 

component Г * in heavy nuclei to be s m a l l : 1 0 - 1 5 %. The c o u p ­

ling of the col lec t ive l p - l h s t a t e s of the l"h ш mode GDR to 

2p2h and fu r the r m o r e compl ica ted conf igura t ions , Г » , i s the main 

damping m e c h a n s i m . A compound nuc leus r e s u l t s and f iss ion would be 

the r e su l t of a comple te s t a t i s t i ca l equ i l i b r i um. Th i s expla ins why the 

f iss ion probabi l i ty fo r the GDR and the continuum a r e equal and a g r e e 

with the s y s t e m a t i c t r e n d . A s i m i l a r damping m e c h a n i s m w a s p r e -

dieted for the GQR in Pb by B e r t s c h et a l . [ l 5 ] . However , 

s ince the GQR mode i s found to be inhibited to f iss ion it s u g g e s t s 

that the d i r ec t component Г " may not be s m a l l a s for the GDR and / 

o r that the l p - l h , 2p-2h , . . . chain i s not developped to a s t a t i s t i c a l 

e q u i l i b r i u m . More deta i led information about the decay mechan i sm 

can be obtained only by m e a s u r i n g the neut ron decay s p e c t r u m . 
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4 . SUMMARY AND CONCLUSION 

In the results outlined we have shown properties in the collective 

motion of excited heavy nuclei in an extremely deformed s tate . The 

overall behaviour of the slopes of the TKE for Bf < E x < B n f is 

possibly due to more than one effect: pairbreaking and deformation. 

We have further found that the decay of the isoscalar giant quadrupole 
949 94R 

resonance into the fission channel in Th and U is much smaller 

than one would predict from systematics and than what is observed 

for the underlying continuum. This is difficult to understand on the 

basis of the usual models for giant resonance decay in heavy nuclei. 
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DISCUSSION 

J.W. BOLDEMAN: First a question. Have you compared your experimental 
EXKE data with the ~v (En) data that should show an inverse effect? The two 
nuclei in the 232Th(n, f) and 232Th(a, a'f) reactions are, of course, different. 

The comment I wish to make is as follows: you have related the change 
in the sign of the slope of the total kinetic energy with excitation energy to 
the change in the relative heights of the two humps of the fission barrier. We 
have found evidence of a similar effect for low-energy neutron-induced fission 
between 0 and 2 MeV. In other words, strong channel effects appear in the 
F(En) dependence for 233U and, possibly, for 235U. For neutron fission of 239Pu, 
however, channel effects have been reduced by ~ 50%. 

P. DAVID: Yes, I know about the exact vp data you have obtained 
for 233U and 235U. In your case inverse behaviour with excitation energy, as 
compared to TKE, occurs over a very small energy range 150-200 keV. As far 
as I know, there have not been any data published on a dramatic decrease in Fp 

over the range 1.5—2 MeV in the case of 232Th. 
A.FAESSLER: I would just like to make a comment on the basic idea of 

measuring the giant quadrapole resonance (GQR) in coincidence with fission. 
One might have expected the quadrapole vibrational states to couple to fission 
as strongly as the low-lying quadrupole (ß) vibrations. But the GQR is 
characterized by 2 hw excitation and is orthogonal to the /3-vibrations. It is 
therefore not a doorway state to fission. Fission is mainly a 0 hco particle-hole 
excitation phenomenon, like the /J-vibrations. In addition, the E2 resonance 
should be more coherent and more stable against damping than the El resonance. 
Hence it should decay mainly by neutron emission before damping. 

H.C. BRITT: Professor Faessler's suggestion that the quadrupole resonance 
has a very low fission probability because of its poor overlap with the fission 
mode implies very low mixing into the underlying compound states for the 
quadrupole resonance. Does that possibility seem reasonable? 
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P. DAVID: Yes, I think it does. That is why stated that for the 
GQR the direct component Г of the damping width is probably large and that 
r h s small, meaning that there is little mixing into complicated states. 

HJ. SPECHT: First a question and then a comment. A slope 
d <Ek>/dEx > 1 for the kinetic energy variation in 232Th(a, a'f) is not easily 
understandable. How sure are you regarding possible systematic errors? 

My comment is that I seem to remember data on F in 232Th(n, f), though 
admittedly not for the same nucleus, which show fairly constant behaviour 
over an energy interval close to the barrier. So I think that for simple energy 
conversation, variations in <Ek> and Fhave to be strongly correlated. 

P. DAVID: A decrease in Fp would lower the slope 
S = б ТКЕ(ЕХ, Ан)/5ЕХ from ~ 1.5 for the excitation energy interval 
(Bf, Bf + 1.5) in the case of 232Th. No such sharp decrease is known to me. 

S.S. KAPOOR: How do you explain the decrease in kinetic energy with 
excitation energy that you observed? 

P. DAVID: The decrease in TKE with excitation energy is most 
probably due to quasi-particle excitation. This again may increase with Z2/A1/3 

as the TKE data indicate, for increasing distance, i.e. deformation, between 
saddle and scission points. Hence quasi-particle excitation and deformation 
effects may work together. 

H.M.A. THIERENS: You may be interested to hear that some new results 
have been obtained by Caldwell and co-workers on the variation in v with 
excitation energy during photofission of 232Th. I believe they have observed 
that the behaviour of v in this case shows a discontinuity. Its value decreases 
in the energy region around 7 MeV, while at higher energies there is an increase. 

P. DAVID: This is encouraging news. 
A.F. MICHAUDON: In your presentation you made a reference to 

differences in the total kinetic energy (TKE) data from the 232Th(n, f) reaction 
obtained by Trochon and co-workers, as compared with those of Dyachenko 
and co-workers. I should like to say that Trochon's data, which have just been 
published in Nuclear Physics, are consistent with v data, whereas Dyachenko's 
values do not seem to be. 

As far as the variation in v with energy is concerned, I have no recollection 
of data showing a constant F value over a few-MeV energy range. Rather, the 
available data are consistent with an increase in V, with perhaps a local plateau 
of at most a few hundred keV at low energy. 

Lastly, the 232Th(a, a'f) TKE data you have presented, with a strong 
increase in the TKE versus excitation energy over several MeV, are not consistent 
with v data. Nevertheless, it should also be noted that in such a case the F and 
TKE data have not been obtained for the same fissioning nucleus — it was 
232Th for TKE and 233Th for F — and that these two different nuclei are also 
formed with different angular momenta. 
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P. DAVID: Thank you for your comments. It was our intention to 
measure the 232Th(a, a'f) reaction at 120 and 50 MeV, and to look for different 
angular momentum effects. With regard to Fp, I think the availability of 
exact v data would be very useful. 

H:G. CLERC: I notice that for thorium you observed an increase in the 
total kinetic energy with increasing excitation energy, while the total kinetic 
energy remained constant for heavier nuclei or even decreased. This result 
fits in with the behaviour of the proton odd-even effect, which decreases when 
moving from thorium through uranium to plutonium and californium. It indicates 
that the effect of damping increases with the Z2/A of the fissioning nucleus. 
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Abstract 

THE ROLE OF BLOCKING LIFE-TIME MEASUREMENTS IN THE STUDY OF 
HEAVY-ION-INDUCED FISSION. 

The crystal-blocking technique has been used to study the time development of fission 
of highly excited Hg nuclei produced by bombarding a thin W crystal with 12C ions in the 
energy range of 80—87 MeV. Life-times are extracted by comparing the fission-blocking 
patterns with those for backscattering of low-energy 12C ions. The large differences are 
attributed to fission components with intermediate life-time (т ~ 10-17 s) and with long life­
time (T > 10"1б s). These results have been supplemented with measurements of fission cross-
sections and fission angular distributions for 12C bombardment of the four W isotopes 
(182, 3, 4, 6 ^ for t j j e energies used in the blocking measurements. The results are analysed 
with the aid of statistical model calculations, which follow the spin and energy distribution 
of compound nuclei through the neutron evaporation cascade. The three sets of measurements 
supplement each other and together determine a set of model parameters, with which all the 
experimental data are reproduced by the calculations. The role of the life-time measurements 
is to provide the information on the average number of neutrons evaporated before fission, 
which is needed in particular for the interpretation of fission angular distributions. With 
barrier deformations from the liquid-drop model and rigid-body moments of inertia, cross-
sections for complete fusion are obtained which agree with the semi-empirical estimates from 
the Bass model. 

387 
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1. INTRODUCTION 

By the crystal-blocking technique, very short nuclear life­
times, T ̂  10~15 - 10~18 s, have been measured for compound 
nuclei decaying by charged-particle emission [1]. One of the 
first applications for this technique was to the fission pro­
cess [2,3], and the study of lifetimes of fissioning nuclei has 
since been one of the major applications of the technique [1] . 
For heavy-ion induced fission, the interpretation of crystal-
blocking results presents special problems due to the high ex­
citation energy of the fissioning compound nuclei and the con­
sequent possibility of higher-chance fission. However, we re­
cently demonstrated [4,5] that one may obtain useful information 
with the crystal-blocking technique about the relative contribu­
tion to the fission yield from fission after evaporation of sev­
eral neutrons. 

In Ref. 5, hereinafter referred to as I, we studied fission of 
Pb compound nuclei created by l60 bombardment of W. The main 
result was the establishment of a method of analysis and inter­
pretation of the blocking data. In addition, it was shown that 
these blocking measurements play an important role in the inves­
tigation of heavy-ion-induced fission since the information ob­
tained about the distribution of the fission yield over stages 
in the neutron-evaporation chain is crucial for the unambiguous 
interpretation of other types of measurements such as total fis­
sion cross sections and fission-fragment angular distributions. 
This is particularly so for analysis and interpretation of fis­
sion-fragment angular distributions. In the formalism first de­
veloped by Halpern and Strutinsky [6], the anisotropy depends on 
three parameters: the square of the angular momentum I2 , the 
temperature T , and the effective moment of inertia 3 e at the 
fission barrier, given by 1/je = ^/3M - 1/̂ 1 , where cfu and 
C7l correspond to rotations about the axis of deformation and 
about an axis perpendicular to this direction, respectively. In 
early studies of fission-fragment angular distributions for 
heavy-ion-induced fission [7], none of these quantities was known 
accurately and the conclusions were at best tentative. Today our 
knowledge of spin distributions of compound nuclei is consider­
ably improved, and reliable estimates are available [8]. The main 
uncertainty in the temperature of fissioning nuclei is associated 
with the distribution of fission over several stages, and we ob­
tain information on this distribution from the lifetime measure­
ments. If the effective moment of inertia at the fission barrier 
can be calculated, we should then be able to estimate the aniso­
tropy of the fragment angular distribution and compare with ex­
periment. 

This application of blocking measurements is the main theme 
of the present paper. The particular case we have studied is the 
fission of Hg isotopes formed by bombardment of W with 12C pro­
jectiles. The blocking measurements were performed as part of the 
work reported in I, and a preliminary analysis was presented 
there. These measuremets have been supplemented with fission 
cross sections and fission-fragment angular distributions. The 
analysis of the results relies on statistical-model calculations 
which have been developed in parallel to the experimental work. 
An early version of the model was presented in Ref. 9, and im­
provements were described in I. There it was shown that the model 
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SCATTERING CHAMBER 

TUNGSTEN CRYSTAL 

FIG. 1. Set-up for the blocking experiment. The detector systems Dl and D2 are thin 
position-sensitive silicon detectors, backed by a veto counter. The position ofDl at -100° 
was not used in this experiment. The exact position of the centre ofD2 was at —165° or 
-168° (see Fig. 2). 

was able to reproduce all the experimental data for fission 
induced by !6C bombardment of W isotopes. Due to the 
strong correlation of many of the model parameters, the 
individual values are not unique, but we believe that the 
distribution in excitation energy of fissioning nuclei is 
well represented by the model when the calculations reproduce 
the experimental lifetime distribution and its dependence on 
bombarding energy. 

Fission of one of the compound nuclei formed by С bombardment 
of W, 19eHg, has been studied earlier [10] through the reaction 1 97Au(p, f). The fission cross section was measured over a wide 
region of bombarding energies, and the results have been used 
to determine the fission barrier for 198Hg [11]. The require­
ment that our statistical model should reproduce also these re­
sults turns out to be difficult to meet, and we shall discuss 
the possible implications of this difficulty. 

2. EXPERIMENTAL 
2.1. Blocking lifetime measurements 

The experimental and analysis techniques have been described 
in considerable detail in I and will only be described briefly 
here. All measurements were made using a 3350-Ä thick crystal of 
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,2C*W<111> — Fission 
E=82.5MeV 
G =-168° 

*+*»-

Vj.x=4Ä(i07.) 

1 ^'viX = 0A 

0 4 8 12 16 20 24 28 0 4 8 12 16 20 24 28 32 
RADIAL DISTANCE ON COUNTER (ARBITRARY UNITS) 

FIG.2. Fission-fragment blocking dips measured with the back detector (D2 in Fig. 1). The 
solid lines through the points are fits, discussed in the text, obtained as superpositions of a 
calculated dip for a long-recoil component and a dip for VLT = 0 obtained by scaling in angle 
a measured blocking dip for elastic scattering. The two components are shown by dashed 
curves for E= 87 Me V, and the relative amount of the long-recoil component is given in 
parentheses for the different fits. The uncertainty of these numbers, as obtained from the 
variation ofX2 for the fits, is 1-2%. 

natural W grown epitaxially on AI2O3 with a <111> axis normal bo 
the surface. Beams of 80, 82.5, 85, and 87 MeV 12C ions from the 
Chalk River MP tandem were used to bombard the target crystal, 
which was oriented with the <111> axis directed towards either 
detector 1 or detector 2, as shown in Fig. 1. Fission fragments 
were detected in two-dimensional position-sensitive counters, 
14 mm by 14 mm by ^20 ym thick. The output of these counters 
were the products (1-x)E , xE , and yE which, after elec­
tronic processing, gave the position coordinates (x,y) and the 
energy E . Behind each of these detectors was a large-area veto 
counter, which allowed discrimination between fission fragments, 
which stopped in the front detector, and light, energetic particles, 
e.g., elastically and inelastically scattered ' 2C ions, passing 
through the front detector and giving a signal in the veto counter. 

The x , у , and E signals were encoded by ADC's with a 
conversion range of 256 channels, and the data were written 
event by event on magnetic tape for later analysis. The data 
were played back by setting windows on the fission energy spec­
tra and accumulating two-dimensional position spectra. The win­
dows were chosen to be symmetric about the fission peak in the 
energy spectrum so that a symmetric average over fissiOn-fragment 
charge and mass, about the mean value, would be taken. 
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The two-dimensional position spectra were corrected for de­
tector non-linearities which arise due to non-uniformities in 
sheet resistivity over the implantation region of the detector 
and from compromises required in electronic shaping time con­
stants, as described in Ref. 12 and in I. The experimental block­
ing dips were generated by making circular averages about the 
minimum in the blocking pattern. The dip center was determined 
by a search for the minimum number of counts in a small area. 

Blocking patterns obtained for the back detector, D2, are 
shown in Fig. 2 for 80, 82.5, 85, and 87 MeV 12C bombarding 
energies; the error bars are due to statistical errors only. 
Included on the plot of the 87-MeV data is a curve obtained for 
25-MeV 12C elastic scattering (V_LX = 0Ä). This elastic-scat­
tering dip has been scaled in angle by a factor 
(Zff/Zc x Ec/Eff)% , where Z and E denote atomic number and 
energy of fission fragments and scattered C. The average fission-
fragment energy^ Efft was calculated from published values of 
energy released in fission [13]. Also shown in Fig. 2 is a cal­
culated curve for a long lifetime т , corresponding to an aver­
age recoil distance v^x = 4 A perpendicular to the axis. The 
line through the data points was obtained by a superposition of 
these two (short- and long-lifetime) dips and, as discussed in I, 
we believe this interpretation to be the only one consistent 
with our data. 

The calculation of blocking dips for different average recoils 
perpendicular to the axis, vxx , is discussed in detail in I. 
The results may roughly be divided into three categories. For 
V_LT S 0.05 A, the recoil has very little effect on the blocking 
dip. In an intermediate range, 0.05 A £ v^x S 0.5 A, the dip is 
very sensitive to the magnitude of vj.x . There is a small in­
crease in the minimum yield, but the main modification is a nar­
rowing of the width of the dip. Finally, for long recoils, v̂ x 
2 0.5 A, there is only a weak dependence on the magnitude of 
V_LX since the blocking dip has almost disappeared. In the fits 
shown in Fig. 2, the component corresponding to v^x = 4 A thus 
represents lifetimes in this third region. 

The calculations of dips do not take into account effects of 
multiple scattering and crystal imperfections. These effects are 
most important for zero recoil [1], and since they are expected 
to be similar for the fission fragments and the elastically scat­
tered ions, the scaled elastic dip is used for vj.x = 0 in the 
fitting procedure. An approximate correction of calculations for 
finite average recoils vj_x is obtained by replacing the cal­
culated yield function Yc by Yc(1 - Xel)

 + Xel > where Xel i s 

the measured minimum yield for the elastic blocking dip. 
The blocking dips for the forward counter D1 are shown in Fig. 

3 for 80, 82.5, and 85 MeV 12C bombarding energy. Also shown for 
82.6 MeV are the blocking dip for scaled 12C elastic scattering 
(Vj_x = 0 A), the calculation for a large recoil displacement 
(vxx = 4 A), and the calculated dip for an intermediate recoil 
displacement, v^x = 0.1 A. Initial attempts to fit these data 
Were made using only two recoil distances, Vĵ x = 0 A and v^x = 
= 4 A, as for the back-counter data. However, we were unable to 
obtain good fits to both the minimum yield and width of the fis­
sion-fragment blocking dips with only two components. Inclusion 
of a third recoil distance (vj.x = 0.1 A) greatly improved the 
fits, which are shown as solid lines through the data points in 
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FIG.3. Blocking dips for fission fragments, measured with the forward detector (Dl in Fig. 1). The dips are fitted with a super­
position of three components, two calculated for finite average recoil distances(vg= 4 A and viT= 0.10 A), and one scaled in 
angle from a measured blocking dip for elastically scattered С ions (v^r- 0). The three components are shown separately for 
E= 82.5 Me V, and the relative amounts are indicated for the individual fits. The uncertainty of the amount of the long-recoil 
component is about 1-2% (see Fig. 2) but much larger for the intermediate recoil component, for which an estimate from the 
variation ofX2 is rather meaningless (see text). 



IAEA-SM-241/C7 393 

Fig. 3. This result is not inconsistent with the back-counter 
data as the recoil distance VXT for two different angles of ob­
servation is related by the ratio of the sine of the angles. 
Therefore, 0.1 A at 130° corresponds to a recoil distance VXT = 
=0.1 sin165O/sin130 =0.03A at 165° and this value is below our 
lower limit of sensitivity. 

It should be noted, however, that the extraction of an inter­
mediate-lifetime component is much more uncertain than the de­
termination of the long-lifetime component. The reason is partly 
that the width of the measured blocking dips is much more sen­
sitive than the minimum yield to detector non-linearity and de­
ficiencies in our correction procedure. Furthermore, use of the 
detailed shape of the dip for lifetime extraction is critically 
dependent on the accuracy of the scaling of the dip measured for 
elastic scattering of low-energy ions. We may again refer to I 
for a detailed discussion. There we did not use an intermediate-
lifetime component in the fits, but the large discrepancy ob­
served in Fig. 3 between the data and the two-component fits 
seems to justify an attempt to extract information about in­
termediate lifetimes from the present data. 
2.2. Angular distribution and total fission 

cross section measurements 
A separate experiment to measure fission-fragment angular dis­

tributions and cross sections was made using targets of the four 
separated isotopes of W. The targets were in the form W03 of thickness -v100 yg/cm2 (for 182W) to ̂ 250 yg/cm2 (for 186W) on 
thin K30 yg/cm2) Al backing foils. 12C-ion beams of the same 
energies as those for the blocking measurements were used. 

To completely separate fission events from other scattering 
events, an array of five small proportional counters was used. 
Each counter had a rectangular aperture, 3 mm wide by 8 mm high, 
covered by a 2 ym thick Al-mylar foil supported by a grid. The 
counters were operated at atmospheric pressure, ала a continuous 
flow of P-10 gas (90% Ar + 10% СНЦ) was maintained through the counters. Each anode consisted of a 10 ym diameter. W wire connect­
ed to a charge-sensitive preamplifier. It was found that the fis­
sion events were best separated from other events with an anode 
bias of >v+350 V. The five counters were mounted on a turntable 
with 18° spacina between anerture centers at ä.distance of 7 cm 
from the target; the turntable could be rotated 360 about the 
target position. 

A 500-ym thick Si surface-barrier detector was mounted at 40° 
to the beam direction and was used to normalize the yields in the 
proportional counters for different target and beam-energy com­
binations. The solid angle ratio of each of the proportional 
counters to the monitor detector was determined by elastic scat­
tering of 30-MeV 12C ions with the counter array at forward 
angles. This test confirmed that the solid angles of the five 
counters were identical (to within ^2%). Absolute fission cross 
sections were determined by using the experimentally known soiid-
angle ratios and by assuming that the elastic-scattering cross 
section in the monitor counter was given by the Rutherford ex­
pression for all energies used in the experiment. 

During the fission measurements, the turntable was positioned 
with the five counters at laboratory angles of 98°, 116°, 134°, 
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FIG.4. Measured fission cross-sections (see also Table II). The lines are to guide the eye only. 

152°, and 170°. For each target and beam-energy combination, the 
laboratory differential cross sections were converted to center-
of-mass angles and cross sections; the angular distributions 
closely follow a (sine)-1 distribution for angles from 90° to 
л,150° with deviations to lower values at larger angles. The an­
gular-distribution data, multiplied by sine , were least-squares-
fitted by the function A[(1+B)sine/(1+BsinO)] . In this expres­
sion, A is a normalization constant and В takes account of 
the deviation from a (sine)-1 dependence at large values of e . 
This function has the advantage that it can be integrated analy­
tically to give an expression, in terms of the parameters A and 
В , for the total-fission cross section. The results are plotted 
in Fig. 4, where the data from I2C bombardment of 182W of Sikke-
land et al.[14] are also shown. 

The differential cross sections are shown in Fig. 5. These 
data were normalized to a (sin9)-1 distribution for the three 
points nearest to 90°. Inspection of Fig. 5 shows that this nor­
malization procedure is valid and, in general, only the point at 
the largest angle of observation shows a large deviation from 
the (sine)-1 dependence. 
3. CALCULATIONS 

The statistical model used in the calculations is in the main 
described in Ref. 9, and the modifications are specified in de­
tail in the appendix of I. Here, we shall partly give a broad out­
line of the model, partly specify the special parameter values, 
which have been used to fit the data. 

The fission process is assumed to proceed via formation of a 
compound nucleus with well-defined excitation energy and a spin 
distribution characterized by a sharp cut-off at a maximum an­
gular momentum Imax • Three modes of decay are included, i.e., 
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FIG.5. Measured angular distributions, normalized as described in the text. The error bars 
are statistical, and do not include a contribution from the normalization. 
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fission, neutron emission, and у emission, and the development 
of the distribution in excitation energy and spin of the nucleus 
is followed through the neutron-evaporation cascade. Radiative 
decay is only competitive in the last stage of the cascade. 
3.1. Widths 

The partial widths: for the three decay modes are calculated 
from the standard formulas for a statistical model, which express 

the widths in terms of level densities and appropriate con­
stants and weighting functions. The neutron width may be ex­
pressed as a sum of contributions from final nuclear states with 
spin I' and excitation energy E-e , 

rn(E,I) = 2I.[E~Bnr
n<E'I'e'I,)de (3) 

I,Jo where 
Гп(Е,1,е,1') = 

^ W i T j ^ , , ^ ^ ^ - ^ •e,I')T (e) (3') 
Xr J 

Here p and pQ are the level densities for the nucleus before 
and after the neutron emission. The transmission coefficients 
Tßj(e) for a neutron with orbital angular momentum A , total 
spin j , and kinetic energy e are calculated from an optical 
model with an average parameter set given in Ref. 15. The neut­
ron-binding energies Bn are specified in Table I. 

The fission width is given by 

1 E pB(e,I)de 

V*' 1» - 2^Tl7iT^01+exp(_g(E_Bf_e))
 (4) 

which for E > Bf reduces to 

rf<E^ - 2 ^ b ) ! ! " B f 
PB(e,I)d£ (4') 

Here Pß is the level density at the saddle point for fission. 
Note that the dependence of the effective fission barrier on 
angular momentum is implicitly included through this level den­
sity (cf. Eq. (6)). The main parameter in formula (4) is the fis­
sion barrier Bf . It may be expressed as a smooth contribution 
Bf corrected for barrier- and ground-state shell and pairing 
corrections, 

Bf = *f ~ 6Ugs " «Pge +6UB + 6PB (5) 

The values of the individual parameters are specified in Table I 
for all the relevant' isotopes of Hg. 

The у width is determined from a giant dipole expression 
with the parameters given in I. y emission is competitive 
only for the lowest excitation energies, but the magnitude of 
Г is important for the contribution to the fission yield from 



IAEA-SM-241/C7 397 

TABLE I. PARAMETER VALUES USED TO OBTAIN THE RESULTS 
PRESENTED IN TABLE II FOR MULTIPLE-STAGE FISSION OF Hg 
ISOTOPES. All energies are in units of MeV. The fitting procedure is 
described in the text, and the symbols are defined in Section 3.1. 

A 

198 
7 
6 
5 
4 
3 
2 
1 
0 

189 

§f 

13.8 
13.7 
13.'6 
13.5 
13.4 
13.3 
13.2 
13.1 
13.0 
12.9 

6U g. s. 

-4.21 
-3.56 
-3.00 
-2.49 
-2.08 
-1.78 
-1.66 
-1.56 
-1.49 
-1.42 

6 UB 

-1.0 
-1.0 
-1 .0 
-1.0 
-1.0 
-1 .0 
-1.0 
-1 .0 
-1 .0 
-1 .0 

SP g,s. 

-2.48 
-1.66 
-2.45 
-1 :63 
-2.41 
-1 .60 
-2.38 
-1 .56 
-2.35 
-1 .53 

6 PB 

-3.29 
-2.48 
-3.26 
-2.44 
-3.23 
-2.41 
-3.19 
-2.38 
-3.16 
-2.34 

Bf 

16.2 
15.4 
14.8 
14.2 
13.7 
13.3 
13.0 
12.8 
12.7 
12.5 

Bn 

8.30 
6.96 
8.87 
6.92 
9.26 
7.12 
9.56 
7.59 
9.82 
7.40 

very long lifetimes, i.e. for the magnitude of the long-lifetime 
component. 

From the partial widths, the energy- and spin-dependent fis­
sion probability may be calculated. This quantity is used as a 
weighting function for calculations of averages over the energy 
and spin distribution in the cascade to obtain the total fission 
cross section, the total angular distribution of fission frag­
ments, and the total lifetime distribution. The lifetime т cor­
responding to fission at a given stage in the cascade and for 
given values of E and I is calculated directly from the total 

• width, i.e., the contribution from the preceding neutron evapora­
tion is neglected. This is justified by the fact that neutron 
emission increases т by about an order of magnitude. 
3.2. Level density 

The level density enters crucially in the calculation of decay 
widths. The intrinsic level density is taken from Ref. 16 with a 
small modification for low excitation energies, which is described 
in I, where also the relevant parameter values are specified. The 
expression takes account of the influence of shell effects and 
its dependence on nuclear temperature. For both the ground state 
and the fission barrier, rotational contributions for an axially-
and R-symmetric system are then included, and one obtains 

P(E,I) = 1 
2/2TTJ T K=-I ^-L 2 3e 

(6) 

which, when the rotational energies are small relative to E 
simplifies to 

P(E,I) ~ P(E) 
2/2ir3„T «K-'f^SIexpC K^I 

( 6 ' ) 
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Here, 3 „ and ti'± denote the moments of inertia parallel and 
perpendicular to the symmetry axis, and 3 e is the effective 
moment of inertia, 1/t7e = VJ« - V^x •

 T n e intrinsic level 
density is P(E) and T is the temperature, 

1/T = j£ lnP(E) 

It should be noted that apart from the shell corrections, the 
level density does not include any adjustable parameters, i.e., 
the parameters have been chosen independently of the present data. 
In particular, the a parameter is the same in the ground 
state and at the barrier, a = A/9.5 , where A is the number 
of nucleons. 

The moments of inertia have been taken as rigid-body values. 
The parameterization of shapes of deformed nuclei defined in 
Ref. 17 has been used, with values (c,h) =(1,0) for the ground 
state and (c,h) =(1.87,0) for the barrier. The latter value of 
с is determined from the liquid-drop barrier for fission. With 
a radius parameter r0 = 1.2f , the values dgs = 93.4, d„=46,0, C?l=29 2.4, and 3 e = 54.6 are obtained for Hg. All values are given in units of fi~* MeV-1; the first quantity corresponds to the 
spherical ground state and the last three quantities 
to the barrier deformation. For the other isotopes involved, the 
values may be obtained by scaling with A5/3 since the deforma­
tion is taken to be independent of A . The moments of inertia 
enter into the expression (6) for the level density. For the ani-
sotropy of the fission-fragment angular distribution, the impor­
tant quantity is tje at the barrier (cf. below) . 

3.3. Angular distribution of fission fragments 
For a nucleus of spin I and energy E , the distribution in 

angle 8 of the emitted fission fragments with the beam axis is 
approximately [18] 

2^J (ipsln29)exp(-psin29) 
Wx „(6)= 

where 
,u,-v 777=7"" (?> 

erf(/2p) 

P-TS^- ' Ko=Ve (7,) 
о 

Here erf is the error function and J0 the zero-order Bessel 
function. The temperature Tg corresponds to the intrinsic ex­
citation energy at the barrier and therefore depends on spin, 

h = "SI lnpB(E-Bf,I) (8) 
В 

Expression (7) corresponds to the relative probabilities of 
different projections К of the spin on the symmetry axis, which 
are implicitly given in Eq. (6'). However, to arrive at2Eq. (7), only the expansion in the last parameter in Eq. (6), К /2«7е / is necessary. The total angular distribution is obtained by sum^ 
ming and integrating Eq. (7) over the spin and energy distribu­
tion of all stages in the evaporation cascade, weighted, of 
course, with the fission probability. 
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TABLE II. COMPARISON OF EXPERIMENTAL AND CALCULATED 
FISSION PROBABILITIES FOR 12C-BOMBARDMENT OF W-ISOTOPES 
The first column gives the nucleon number of the compound Hg nucleus, and 
the second and third columns the laboratory 12C-energy and the Hg-excitation 
energy, respectively. The latter is calculated from the Q-values 16.0, 15.3, 
13.8, and 11.5 for the four reactions. All energies are in MeV. From the 
measured fission cross-section, of, and the complete-fusion cross-section,aCF, 
corresponding to the spin cut-off I_, the experimental fission probability is 

PAT 
derived. It is compared to the calculated total fission probability Pf . 

A E E* af[mb] Im aCF[mb] P^XP P^AL 

194 

195 

196 

198 

77.5 
80.0 
82.5 
85.0 
87.0 
80 
82.5 
85.0 
87.0 
80 
82.5 
85.0 
87.0 
80 
82.5 
85.0 
87.0 

56.7 
59.0 
61.4 
63.7 
65.6 
59.8 
62.1 
64.5 
66.4 
61 .3 
63.6 
66.0 
67.8 
63.6 
66.0 
68.3 
70.2 

32.1 
48.2 
67.5 
86.3 
106 
31.7 
50.9 
67.0 
83.4 
26.9 
36.2 
48.4 
59.8 

19.3 
23.9 
31.8 

35 
37 
38 
39 
40 
37 
38 
39 
40 
37 
38 
39 
40 
37 
38 
39 
40 

1033 
1112 
1140 
1162 
1190 
1113 
1134 
1156 
1191 
1107 
1135 
1157 
1186 
1109 
1135 
1158 
1188 

0, 
0, 
0 
0, 
0, 
0, 
0. 
0, 
0, 
0, 
0. 
0. 
0. 

0. 
0. 
0. 

.031 

.043 

.059 

.074 

.089 

.029 

.045 

.058 

.070 

.024 

.032 

.042 

.050 

.017 

.021 

.027 

0.030 
0.044 
0.056 
0.071 
0.089 
0.038 
0.049 
0.061 
0.076 
0.024 
0.032 
0.043 
0.054 
0.012 
0.016 
0.022 
0.027 

3.4. Fitting procedure 
The parameters which are varied to fit the data are the maxi­

mum angular momentum Im , the smooth part of the fission bar­riers ~%f , and the shell corrections. The three quantities are 
rather selective in the sense that the anisotropy of the frag­
ment angular distribution is very sensitive to Im , the fission cross sections to "в̂  , and the relative contributions from dif­
ferent stages to the fission yield is very sensitive to the 
magnitude of the shell corrections. It is therefore possible by 
successive approximations to obtain a good fit to the data. The 
value of Im depends on bombarding energy and is specified in 
the following section (cf. Table II), while the other parameters 
are given in Table I. The smooth part of the barrier, "Rg , was 
first assumed constant (as in I), but a weak linear dependence 
on A turns out to be necessary for a good fit to the data. For 
the shell corrections, only small constant adjustments are con­
sidered, and for the ground state, the A dependence is consis­
tent with that used for Pb isotopes in I, while the values are 
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FIG.6. Calculated angular distributions of fragments from fission at different stages of neutron 
evaporation from the compound Hg nucleus. The individual curves are labelled with the 
corresponding mass number, and the relative contributions from the different stages to the 
total fission yield are indicated. The average angular distribution is given by the dashed curve. 
The curves are drawn smoothly through calculated points at the angles 90°, 130°, 160°, 165°, 
170°, and 180°. 

lower than expected by about 1 MeV. The pairing corrections are 
calculated as in I and, finally, the neutron-binding energies 
are taken from Ref. 19. 

4. COMPARISON WITH EXPERIMENTS 
4.1. Fission cross sections 

With the model parameters specified in Table I all the meas­
ured quantities may be calculated, provided that the initial 
spin distribution of the compound nucleus is known. A comparison 
with the measured fission cross sections is given in Table II. 
The maximum spin Im is determined from the angular distribu­
tion, as discussed below. It determines the total cross section 
for fusion, 

CTCF=^2(Im+1)2 (9) 
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TABLE III. COMPARISON OF MEASURED AND CALCULATED 
ANISOTROPIES. The experimental values are for в = 172° and the 
calculated for в = 170°. Both are normalized to W(90) and the errors 
on the experimental numbers include a contribution from the normaliza­
tion (see Section 2.2). The difference in angle corresponds to an expected 
difference of (W( 172)-W(l70))/W(90) ~ 0.20. A is the mass number of 
the compound Hg nucleus and E the 12C energy in MeV. 

E 

7 7 . 5 
8 0 . 0 
8 2 . 5 
8 5 . 0 
8 7 . 0 

A=194 
W(172) W(170) 

4 . 4 9 ± . 1 4 4 . 0 7 
4 . 4 9 ± . 1 6 4 . 3 5 
4 . 3 4 ± . 1 7 4 . 4 8 
4 . 9 7 ± . 1 5 4 . 6 2 
4 . 9 6 ± . 2 0 4 . 7 4 

A=195 
W(172) W(170) 

4 . 5 1 ± . 1 9 4 . 4 9 
4 . 5 7 ± . 1 6 4 . 5 8 
4 . 7 7 + . 1 7 4 . 6 6 
4 . 9 8 ± . 1 9 4 . 7 6 

A=196 
W(172) W(170) 

4 . 5 3 ± . 1 6 4 . 2 8 
4 . 4 0 ± . 1 6 4 . 4 4 
4 . 8 4 ± . 1 7 4 . 6 0 
4 . 8 5 ± . 1 8 4 . 7 3 

A=198 
W(172) W(170) 

4 . 0 6 
4 . 2 2 ± . 1 2 4 . 2 0 
4 . 6 1 ± . 1 3 4 . 3 7 
4 . 9 1 ± . 1 6 4 . 5 0 

where t is the De Broglie wavelength of the relative motion 
of the projectile and target nuclei. Calculations and experi­
ments may then be compared in terms of the total fission pro­
bability. They are seen to agree within ~10% for all isotopes 
and energies, except for the lowest energy for 183W . The 
experimental cross section would appear to be too low for 
this case, however (cf. Fig. 4). Note also, that fluctuations 
of a few percent should be expected from the choice of integer 
values for I , alone, m 
4.2. Angular distributions of fission fragments 

If we assume the moments of inertia to be known, the angular 
distributions depend mainly on the spin and temperature distri­
bution of fissioning nuclei. The average temperature, re­
lated to the average number of neutrons evaporated prior to 
fission, is mainly determined by the lifetime measurements, 
discussed below. The importance of this parameter is indicated 
by the results shown in Fig. 6. The anisotropy is changing 
rapidly as the nucleus is cooling off by neutron emission. 

The spin distribution may be changed by varying the maximum 
spin of the compound nucleus. With the values of I given 
in Table II the calculated enhancement of the fragment yield 
at 170°, W(170)/W(90), given in Table III are obtained. The 
experimental anisotropy is measured at a CM-angle of 172°, and 
as may be seen from'Fig. 6 the enhancement, W(172)/W(90) , at 
this angle should be larger by about 0.20. Within the experi­
mental uncertainty this relation is generally fulfilled. The 
expected increase of the anisotropy with increasing bombarding 
energy is clearly established by the measurements, while the 
decrease with increasing mass number, which is indicated by 
the calculation, is barely significant experimentally. 
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FIG. 7. Comparison of the maximum angular momentum derived from the measurements of 
angular distributions of fission fragments with the prediction of Ref. [S]. The triangles 
correspond to the numbers given in Table II, and the curves labelled ffR and aCF correspond 
to the total reaction cross-section and the cross-section from complete fusion, respectively. 
Im+1 is plotted because, in a sharp cut-off model, Q <X (I +1J2. 

The values of the maximum spin, Im, may be compared to the 
semiempirical estimates by Bass [8] of the total cross sec­
tion, aR, and the cross section for complete fusion, oCF. 
Through the relation in Eq. (9) these may be converted to esti­
mates of Im+1. As seen from Fig. 7 the agreement with the curve 
labelled aCF is reasonable, and the discrepancy is probably 
within the uncertainty of the estimate. It may be noted that 
a change in the value of the effective moment of inertia would 
be directly reflected in a change in spin, since the angular 
distribution determines the value of the parameter p given 
by Eq.(7'). If the discrepancy in Fig. 7 is taken seriously, 
it would suggest that our value of -̂  is too high by 10-20%, 
and this would be consistent with explrimental results for 
He induced fission [20]. 

4.3. Lifetime distributions 

In I it was shown that for fission induced by oxygen bom­
bardment the statistical model calculations were able to re­
produce the main features of the results obtained with the 
crystal blocking technique. As shown in Fig. 8 this appears 
also to be the case for the present measurements. In the figure 
are shown the contributions from different lifetime intervals, 
obtained partly from calculations for 12C bombardment of 
18 2W , partly as an average over calculations for all four 
isotopes. The most significant information obtained from the 
blocking results is the relative contribution of fission after 
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total fission yield. Only life-times т> 10~iSs are included. The distribu Hon indicated by a 
solid line is for 12C -*• iS2W, while the dashed lines indicate the average distribution for a target 
of natural composition. The relative weights of the different isotopes are determined from 
the measured fission cross-sections and the natural abundancies. They depend slightly on 
beam energy, but are approximately 42% (182), 17% (183), 2 7% (184), and 14% (186). The 
life-times corresponding to intermediate and long recoils for the forward detector at%- 130° 
are indicated by arrows (see Fig. 3). 

long average recoils of the compound nucleus (v±x£0.5A). Dips 
for such long recoils were in Figs.2 and 3 represented by the 
calculation for VIT=4A . For the forward detector (6=130°) 
the limit У^Т£0.5А corresponds approximately to т~3*10~''sec. 
The calculations then indicate an increase of this component 
from ~7% at E=80MeV to ~15% at E=87 MeV , in reasonable 
agreement with the experiment. 

For the back counter, at 0=*-165°, the recoil is for fixed 
lifetime shorter by about a factor of 3 due to the projection 
factor vj/v=sin6. The long-recoil region therefore corresponds 
approximately to x£l0-l6sec. and we should expect to find a 
smaller long-recoil component than for the measurements at 
9=130°. As discussed in I, however, this difference may be 
cancelled by an effect of the anisotropy of the fragment an­
gular distribution. For low temperature and corresponding 
long lifetime the anisotropy is much larger than the average 

http://Vj.x-.1A
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(cf. Fig. 6) and this will enhance the contribution of long-
lifetime fission at backward angles. It may also be noted that 
the inclusion of an intermediate-lifetime component in the 
analysis shown in Fig. 3 reduces the amount ascribed to long 
lifetimes. 

Finally, we may ask whether the experimental results for 
the intermediate lifetime component are consistent with 
the calculations. The lifetime corresponding to an average 
recoil VT =0.1A for the forward detector (6=130°) is indi­
cated by an arrow in Fig. 8. Clearly there is an appreciable 
contribution from lifetimes around this value but the very 
large numbers obtained from the analysis shown in Fig. 3 are 
not reproduced. Neither is the strong variation of the interme­
diate lifetime component reproduced by the calculations. Al­
though this discrepancy appears to be significant the large 
uncertainty in the extraction of an intermediate component 
must be born in mind (cf. sec. 2.1.). One qualitative feature 
does seem to be reproduced. In the analysis shown in Fig. 2 
of the results obtained with the back detector it was not ne­
cessary to introduce a third component in order to obtain 
acceptable fits. This is in qualitative agreement with the fact 
that in the region x~10-17 sec. the distribution is decreasing 
with increasing т (fore=-165° an average recoil of V.T=0.1A 
corresponds to т~2х10~17 sec). Let us end this section, how­
ever, by emphasizing that concerning the energy dependence 
of the contribution from long lifetimes the calculations agree 
with experiments. This is of special importance because in the 
fitting procedure only the magnitude and not the energy depen­
dence of this contribution is adjusted by parameter variation. 

5. DISCUSSIONS AND CONCLUSIONS 
The aim of this work has been to analyze the role of. block­

ing lifetime measurements in the study of heavy ion induced 
fission, and we have mainly concentrated on the analysis of an­
gular distributions of fission fragments. Without information 
on the average number of neutrons emitted prior to fission such 
an analysis is ambiguous and rather meaningless (see eg. the 
discussions in Ref. 21). In contrast it appears that with the 
additional lifetime information it is possible to extract use­
ful information from the measurements. 

The analysis has relied on model calculations with a para­
meter set adjusted to fit the data. In connection with the ana­
lysis of angular distributions the role of these calculations 
has been to extract the distribution in spin and -temperature 
from an assumed initial spin distribution, characterized by the 
maximum value Im, and the measured long-lifetime fission com­ponent. The selected set of parameters is clearly not unique, 
and should be interpreted with some caution. One of the com­
pound nuclei created by 12C bombardment of tungsten, 198Hg, 
has been studied also through proton induced fission of gold, 
and the results have been used [11] to extract the magnitude 
of the fission barrier for 198Hg. The value obtained for Bf 
is about 5 MeV higher than the value given in Table I. A calcu­
lation of fission probabilities for 97Au(p,f) with the para­
meter set in Table I confirmed the discrepancy since the cal­
culated fission probability, while reasonable at high energies, 
was too large by several orders of magnitude for low proton 
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energies. We have fitted the proton data with parameters and 
a procedure similar to that of Ref. 11), i.e. with similar 
ground-state shell corrections, with 6UB= 0, and with a 
variation of Bf and the ratio a.e/an of the level density 
parameters a for the barrier and for the ground state. A 
good fit is obtained for Bf=* 21 MeV for r98Hg and 
af/an = 1-05, i.e. for values not very different from those 
obtained in Ref. 11) (cf. also Ref. 22)). 

The crucial question is now whether it is possible to re­
produce the proton data and the heavy-ion data with a common 
set of parameters. Preliminary investigations indicate that 
this is difficult. In particular, with the higher barriers nes-
cessary to reproduce the proton data the fission yield will be 
more dominated by early-stage fission, and the long-lifetime 
component will be much smaller than that derived from the 
blocking experiments. In order to reproduce the observed long-
lifetime component the effective fission barrier at low 
excitation energy must for the heavy-ion induced fission be 
much smaller than the barrier deduced from the proton data. 
One possibility is that the large negative ground-state shell 
corrections are strongly reduced for the high-spin states po­
pulated by heavy ion bombardment. It should also be noted that 
the shell corrections at the barrier deformation are rather 
uncertain. The simple choice of a constant 6U , independent 
of neutron number N, is probably not realistic for the large 
variation of N involved. If the value of 6UB is correlated 
with the shell corrections for the fragments [23] the approach 
with decreasing mass number A for the compound nucleus to 
the magic number N = 50 for the fragments may conceivably lead 
to a strong variation in 5Ug. 

It would be very gratifying if the lifetime measurements 
could help shed some light on such difficult questions. It should 
be noted that the blocking measurements in principle could give 
much more detailed information, e.g. through measurements 
for target crystals of separated tungsten isotopes. Also the 
detection technique may be improved, and thereby more reliable 
information about the intermediate lifetime region, т~10 s e c , 
should be obtainable. Work along these lines is in progress. 
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DISCUSSION 

J.B. WILHELMY: Should we conclude from your results that shell effects 
are washed out at high angular momenta? 

J.U. ANDERSEN: Our results suggest that the dependence on excitation 
energy of the effective fission barrier is different for proton-induced fission and 
fission induced by heavy-ion bombardment. For high excitation energy the 
barriers are similar, while for low excitation energy they are much lower for 
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the heavy-ion-induced fission. The simplest explanation seems to be that the large 
negative shell corrections for the ground state are reduced in the case of high 
angular momentum, since shell correction contributes to the effective fission 
barriers mainly at low excitation energies. I do not think that this explanation 
is incompatible with the results reported earlier at this meeting by M.E.. Faber 
(see paper SM-241/C5 in these Proceedings). 

M.E. FABER: Further to Dr. Wilhelmy's question, we should recall that 
with increasing spin the degeneracy of the levels close to spherical shapes is 
eliminated. So the strong shell corrections in this region decrease with increasing 
angular momentum. But this does not hold for strongly deformed nuclei, where 
the gross structure of the shell corrections remains more or less unchanged 
with increasing spin. 

J. PETER: Dr. Andersen, in your calculations do you take into account 
competition from alpha evaporation and gamma emission? These can significantly 
compete with fission at high angular momentum, especially after the evaporation 
of a few neutrons. 

J.U. ANDERSEN: Competition from gamma emission was taken into 
account and does play an important part in the last stages of the evaporation 
cascade. On the other hand, we did not include alpha emission. Partly on the 
basis of published experimental data for much higher bombarding energies, we 
estimated the contribution by alpha emission to be small for the energies at 
which we bombarded. 

H.H. DUHM: I do not quite see why you say that there are particular 
spin-dependent shell effects that lower the fission barrier. Do you not think 
the usual reduction in the fission barrier due to angular momentum is enough 
to explain the long-lived components in the fission yield? Further, what is 
the extent of the barrier reduction you mentioned, as compared to the barrier 
observed in the proton-induced reaction? 

J.U. ANDERSEN: The usual reduction in the fission barrier at high angular 
momentum does not depend on the excitation energy, provided the moments 
of inertia are assumed to be constant, i.e. rigid-body values. 

To explain the results of life-time measurements, we need a further reduction 
in the fission barrier at low excitation energy relative to the barriers deduced 
from the proton experiment. The extent of the reduction is a few MeV relative 
to proton barriers of ~ 20 MeV for particle-induced fission. 

H.C. PAULI (Chairman): Did you also consider pre-compound fission in 
the analysis of your data? 

J.U. ANDERSEN: No, we did not. 
S.S. KAPOOR: One of the parameters included in your analysis is the 

effective moment of inertia, which is saddle-shaped and is taken from the 
liquid-drop model calculations. Did you estimate the effect of uncertainties in 
this parameter on your conclusions regarding fission barrier heights? 
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J.U. ANDERSEN: A change in the effective moment of inertia requires a 
corresponding adjustment of the maximum angular momentum so äs to reproduce 
the angular distribution, and hence also a change in the average fission probability 
to fit the fission cross-section. For a small change in Jeff (~ 10%) the necessary 
adjustment of the barriers turns out to be small, and so our qualitative conclusions 
remain unchanged. 
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Abstract 

EXPERIMENTAL DETERMINATION OF FISSION PROBABILITIES FOR PROTON-RICH 
NUCLEI NEAR THE N =126 SHELL. 

In a study of Ar-induced fusion reactions, production cross-sections and Q a values for 
proton-rich evaporation residues in the region 84 < Z < 91 and N < 127 were determined. 
Particularly by use of the 176' >180Hf isotope chain as target nuclei different Th isotopes 
across the 126 neutron shell could be produced as evaporation residues. Though there is a 
pronounced shell effect of about 5 Me V observed in the ground-state masses, no enhancement 
in the measured cross-sections of evaporation residues around N = 126 is observed. The lack 
of influence of the ground-state shell effect on the evaporation residue cross-sections is 
discussed in terms of the collective enhancement of the level density of deformed nuclei. — 
Moreover, surprisingly small cross-sections of very-neutron-deficient evaporation residues 
indicate that for these nuclei far from stability the fission barriers are overestimated by the 
droplet model. 

1. INTRODUCTION 

Our knowledge of fission barriers is confined to a rather 
limited region of the nuclide chart, see fig. 1. Nuclei with 
measured fission barriers are situated in a rather narrow range 
of the asymmetry parameter I = (N - Z) / A. Therefore the 
dependence of the fission barriers on this parameter could not 
yet be studied comprehensively. In the present work, a 
systematic study of proton rich nuclei has been performed. These 
nuclei were produced by heavy ion fusion reactions with Ar 
projectiles and the target nuclei 16l*Dy, 165Ho, i69Tm, 
l7iJ mYb-, i76,...,ieoHf and

 181Ta. 
For the nuclei which are studied in this work two 

characteristics coincide: 
a pronounced shell correction energy of a major shell and 
a high fission probability in the deexcitation process. 
Thus the proton-rich nuclei around the 126 neutron shell 

offer the unique possibility for a first systematic test of the 
common assumption that an increased fission barrier due to a 
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FIG.l. Part of the nuclide chart. The known nuclei are represented by boxes. Crosses 
indicate nuclei with measured fission barriers. The neutron-deficient evaporation residues 
investigated in this work are characterized by open points. The two lines connect nuclei with 
constant asymmetry parameter I = (N-Zj/A. 

Target 
Velocity filter 

Beam 

FIG.2. Schematic diagram of experimental set-up for the investigation of alpha-active 
evaporation residues. 

major shell favours the production cross section for nuclei in 
the presence of high fission competition (see, e.g. ref. [1]). 
This assumption is crucial for the possibility of producing 
superheavy elements in heavy ion reactions. 

2. EXPERIMENTAL PROCEDURE 
The measurements were performed at GSI 

indicated by fig. 2, the velocity filter 
suppress the primary beam of the UNILAC ac 
transport the fusion products to a dete 
evaporation residues were implanted into 
detector where they were identified by thei 
decay. A secondary-electron detector was used 
detector to discriminate against counts from 
products and scattered projectiles. The expe 
is described in detail in ref. [2]. 

in Darmstadt. As 
SHIP was used to 
celerator and to 
ctor system. The 
a surface barrier 
r subsequent alpha 
as a transmission 
incoming reaction 

rimental technique 
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FIG.3. Cross-sections of evaporation residues, formed by the reaction 169Tm (^Ar, xn) 209"x^-. 
The statistical errors are indicated. 

The observed alpha activity allowed usto determine the cross 
sections for the formation of different evaporation residues. As 
an example fig. 3 shows excitation functions of evaporation 
residues which were formed by the reaction 
169Tm ( '•"Ar.xn) 209-xFr. 

The transport efficiency of the velocity filter was estimated 
by ion optical calculations [3 1 and checked by catcher foil 
measurements [4]. Cross sections could be determined within an 
accuracy of + 40%. 

3. SYSTEMATIC COMPARISON OF FISSION PROBABILITIES 
A considerable number of evaporation residue cross sections 

after fusion reactions have been measured in the actinide region 
near the valley of beta stability. In order to compare these 
data with the cross sections of this work, a reduced quantity is 
deduced, which eliminates the influence of the different 
projectiles used in these measurements. As a suitable quantity, 
the average ratio of neutron to fission width <гд/1>>, reduced to zero angular momentum,has been chosen. The excitation energy 
has been fixed at a nearly constant value by taking the maxima 
of the cross sections of evaporation residues formed by the 
evaporation of four neutrons. 

The reduction to zero angular momentum has been performed by 
using the rotating liquid drop model 15']. It will be shown by 
simple considerations, that only a limited part of the angular 
momentum distribution which is populated by the fusion process 
contributes appreciably to the evaporation residue cross 
section. The moments of inertia of the nucleus in the ground 
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State 0g and at the saddle point Og define the behaviour of the 
fission barrier Bf as a function of the angular momentum 1: 

Bf(l) = Bf(l = 0) + 1(1+1) ir2/ (2 9 ) - 1(1+1) ti2/ (2 9 ) 

= Bf(l = 0) - 6Bf(l) 
The part of the fission barrier which is due to shell effects 

is assumed to vary in a similar way as the liquid drop part as a 
function of the angular momentum. 

The fission probability is approximately given by the 
following expression: 

rn / Ff ~ const- e x p ( (Bf - BR) / T ) 
The temperature T is related to the excitation energy E* and 

the level density parameter a by: 
* 2 
Е = а Г 

The angular momentum dependency can be s e p a r a t e d : 
r n / r f " c o n s t - e x P ( (B f ( l=0) - Bn) / T) exp( -<5Bf(l) / T) 

= <Wi=o e*e( - l 2 ' AiM ) 

with 

1 , , lim " Л у b2/i2Q ) _ i I 2 / ( 2 e j . 
g s 

Thus, the r a t i o of the neutron to f i s s i o n width i s cut off a t 
h igher angular momenta by a g a u s s i a n - l i k e f a c t o r . The width of 
t h i s cu to f f i s sma l l e s t in the l a s t evapora t ion s t e p . As an 
example the e f f e c t i v e l i m i t i n g angular momentum 1цт for 235U 
can be es t imated from the r o t a t i n g l i q u i d drop model [ 5 ] as 
fo l lows : 

t i 2 / (2 9 ) = 4 keV , h-2/ (2 9 g ) = 1.5 keV 

1,. = 1 5 at an excitation energy E = 10 MeV. lim 
If we assume that only a small amount of angular momentum is 

removed by the evaporated neutrons, the evaporation residue 
cross section arc can be calculated by pretending that only the 
lower 1-range below llim is populated by the fusion process 
followed by the fission competition for zero angular momentum. 
Thus only the partial fusion cross section a,. below I . will 
be considered. lxm lim 

( r n / r t O t > l B 0 = ( V (ГП + Г р + Га + rf + ГТ 5 h?0 

= CTER/ 0 l i m 
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FIG.4. <rf/rn> values, averaged over the evaporation of four neutrons and reduced to zero 
angular momentum as a function of the neutron number N of the last evaporating nucleus. 
The data with N^127 are measured in this work. The other data points are derived from 
evaporation residue cross-sections published previously ([6-16] and References cited therein). 

The validity of this relation is demonstrated by the 
following. In case of a high fission probability we get: 

Г /Г. . n tot = rn/rf 
It has been cheeked by evaporation calculations that the 

evaporation of charged particles can be neglected in all cases 
considered here. For the evaporation of one neutron we get: 

ER 
crit 

TT* (21 + 1) exp (• 
'•lim 

•) <гЛ=оd l 

with lcrit being the critical 
determines the fusion cross section. 

If l ^ t > 1 
angular momentum, which 

• crrt ' >111П all heavy ion fusion reactions above 
to actinide compound nuclei: 

which is assumed to be the case for nearly 
the fusion barrier leading 

ER **2 I, 2 
lim n, (^) 1=0 s o. lim ( — ) 

Additionally evaporated neutrons do not change the angular 
momentum cutoff very much, because the limiting angular momentum 
l̂im i s smallest in the last evaporation step. 
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FIG. 5. Droplet fission barriers according to Ref. [19] and the differences of droplet 
fission barriers and ground-state shell corrections 8 U for Ac isotopes. SUhas been determined 
as the difference of experimental [18] and droplet [19] masses. 

In fig. 4 the values of <rn/rf> = (oER / olim ) , defined as 
the average ratio of neutron to fission width reduced to zero 
angular momentum, are shown for all available measured 4n cross 
sections as a function of the neutron number N of the last 
evaporating nucleus. By the reduction to zero angular momentum, 
the fission probabilities should become independent of the 
projectile-target combination having formed the compound 
nucleus. 

The data points can be approximated by straight lines for 
each element. For the neutron rich nuclei these values agree 
with the rn /rf-systematics of Vandenboseh and Huizenga [17] 
which refers to small angular momenta. 

4. CROSS SECTIONS OF EVAPORATION RESIDUES NEAR N = 126 

The ground state masses of proton rich nuclei near the 126 
neutron shell have recently been determined by M. Epherre et al. 
[18]. In fig. 5 the estimated heights of the fission barriers of 
Ac-isotopes are shown. If shell effects at the saddle point are 
disregarded, the expected fission barrier of the magic 215Ac 
amounts to 12 MeV, consisting of a droplet contribution [19] of 
6.5 MeV and a considerable ground state shell correction of 
about 5.5 MeV. The latter has been deduced from the difference 
of the experimental [18] and the droplet [19] mass. 

In spite of this pronounced shell effect (for Th about the 
same shell effect as for the neighboured Ac isotopes is 
expected) no structure is seen near N = 126 for the fission 
competition of Th isotopes in fig. 4. 

In fig. 6 the measured <rn/r.f> values are compared with model 
calculations. Besides the rotating liquid drop model for the 
determination of the fission barrier as a function of the 
angular momentum, the energy dependence of the level density as 
proposed by Ignatyuk et al. [20] has been used. In qualitative 
agreement with calculations of Moretto [1] and Gottschalk and 
Ledergerber [21], Ignatyuk assumes that for nuclei with a 
negative shell correction SU the level density is lowered near 
the ground state. For energies higher than about 30 MeV only a 
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FIG.6. Average <ГП/Г{> values as in Fig.4 for Th isotopes, exp: experimental values as given 
in Fig.4; DM: calculated values using droplet fission barriers and the level density description 
oflgnatyuk et al. [20] (damping constant = 18.5 Me V). a: calculated values using liquid-drop 
fission barriers with the parameters к = 1.11, ai = 17.944 and 2а2/с3 = 48.04. (For definition 
of these parameters, see Ref. [26].) b: calculated values using the same liquid-drop fission 
barriers as in case a, but a reduced damping constan t of 10 Me V. 

backshift to the fictive ground state of a liquid drop nucleus 
remains. Between these two extrema, Ignatyuk assumes an 
exponential transition with a damping constant of 18.5 MeV: 

a E* = ä (E* + «U) - ä <5U exp(-E*/l8.5MeV) 
Here a is the asymptotic level density parameter for high 

excitation energy E*. 
The calculated <rn/rf> values, using droplet fission barriers 

[19 ] and shell effects deduced from semiempirical binding 
energies [22,23] are shown in fig. 6 (dashed line). They are 
much higher than the experimental values and show a structure 
near N = 126 which is missing in the measured data. If the 
fission barriers are lowered by using ad hoc liquid drop 
barriers with modified parameters (see caption of fig. 6), the 
peak in the calculated <rn/rf> values around N = 126 remains 
(dotted line). Only with a damping constant as low as 10 MeV 
the discrepancies between calculated and measured <rn/rf> values 
are reduced considerably (dot-dashed line). 

Possible explanations of the lack of structure in the 
dependency of the <rn/rf> values on the neutron number near the 
N = 126 shell are a strong sensitivity of the ground state shell 
effect to angular momentum or an enhancement of the fission 
probability of spherical nuclei when compared with deformed 
nuclei due to rotational contributions to the level density 
[24]. 

At an angular momentum of 10 n, which is estimated to be the 
most probable angular momentum of the evaporation residues 
before emission of Y rays, the ground state shell correction of 
210Po is calculated without regarding pairing correlations to be 
reduced by only about 259 125]. Thus, the angular momentum 
dependency of the fission barriers would not explain the 
observed smooth behaviour of the <Г/Гр> values across the N = 
126 shell. 
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FIG. 7. Level-density parameter a of a spherical magic nucleus (A = 220) with a deformed 
isomeric state at 5 MeV excitation energy. The level density of the nucleus in the spherical 
shape is exceeded by the level density in the deformed shape at rather low excitation energy 
if the collective enhancement of the level density is taken into account, sp: spherical shape, 
ax: axial-symmetric shape, ns: no rotational symmetry. 

Moretto estimated the deformation probability of a nucleus by 
single particle calculations and statistical arguments [1 ]. Let 
us consider the effect of rotational contributions to the level 
density on these considerations. In a spherical magic nucleus a 
deformed state may be situated at an excitation energy of about 
the ground state shell correction. In Fig. 7 the level density 
parameters of the nucleus in its spherical ground state shape 
and its isomeric state which is assumed to have either an axial 
symmetric or a non - symmetric shape are compared. The level 
density parameter has been calculated as the theoretically 
expected value [20] of a Fermi gas in a Woods-Saxon potential: 

ä = ( A / 13.7 + .056 A2/3) MeV"1 

The mass number 220 has been chosen as an example. For the 
level density in the spherical shape the influence of the ground 
state shell correction was taken into account according to the 
procedure as proposed by Ignätyuk et al. E20J. For this 
qualitative estimate, the level density parameters in the other 
states were obtained by multiplying the asymptotic level density 
by 25 for the axial symmetric shape and by 625 for the shape 
without rotational symmetry [24]. 

Though it is necessary to exceed the shell correction energy 
in order to populate the deformed states, those grow so quickly 
that they soon surmount the level density of the spherical 
ground state. That would mean that above a rather low excitation 
energy (in our example about 10 MeV) 
a) the level densities of a magic spherical nucleus and a 
deformed nucleus without shell effects are about equal if taken 
at the same excitation energy above a fictive liquid drop ground 
state, 
b) the most probable shape of this nucleus would switch to 
deformation. 

Thus the rotational contributions to the level density may 
make the influence of a spherical shell effect on the level 
densitiy vanish at a rather low excitation energy and hence on 
the evaporation residue cross sections. 



IAEA-SM-241/C8 417 

0.16 0.18 0.20 

I 
FIG.8. Difference (Bn-Bt)j)r0p of the neutron binding energy and the fission barrier 
according to the droplet model [19] for some nuclei which show a constant measured value 
of (rnITf) = 0.2 in Fig.4 as a function of the asymmetry parameter I = (N-Z)/A of the last 
evaporating nucleus. 

5. DROPLET FISSION BARRIERS 
The calculations shown in fig. 6 indicated already that the 

fission barriers of very neutron deficient Th isotopes may be 
overestimated by the droplet model [191. This conclusion is 
corroborated by the following considerations. 

If in fig. И nuclei with the same <rn/rf> value are selected, they are expected to have the same difference B n - Bf of neutron binding energy and fission barrier. E. g. for nuclei with 
<rn/rf> - 0.2 a value o f B n - B f = 3 MeV is expected. There 
might be some deviation due to shell effects but fig. 6 does not 
suggest any strong influence of the N = 126 shell. 

Therefore, in fig. 8 the difference of the droplet values 
B a - Bf according to the droplet model [19 1 is shown for those 
nuclei which have a constant <rn/rf> value of 0.2. The 
parameter B„ - Bf obviously is not constant but varies by more 
than 4 MeV in a smooth way across the N =126 shell. As the 
selection of these nuclei does not seem to reveal any influence 
of the 126 neutron shell which would account for the variation 
in fig. 8, this discrepancy may be caused by the droplet 
barriers. If the influence of ground state shell corrections of 
spherical nuclei on the fission competition is neglected as 
suggested by section 4, the measured evaporation residue cross 
sections of the present work can be reproduced if we assume that 
the fission barriers of these very neutron deficient isotopes, 
about 20 neutrons away from the valley of beta stability, are 
about 2 MeV smaller than estimated by the droplet model [19]. 
Probably this deviation is related to surprisingly low fission 
barriers of very neutron deficient Hg isotopes [27] and to very 
low fission barriers which are deduced from the analysis of the 
fusion- and evaporation residue cross sections of even lighter 
neutron deficient nuclei [28]. It seems that this tendency 
already shows up in the deduced Z-dependent liquid drop 
parameters of heavy actinides [26]. 
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6. CONCLUSION 

The analysis of the evaporation residue cross sections 
suggests that the droplet barriers of very neutron deficient 
isotopes near thorium are smaller than predicted by the Myers 
droplet model [19]« This seems to be a general trend which 
shows up more and more for lighter nuclei. Therefore it may be 
suspected that the low fission barriers of light neutron 
deficient nuclei reveal some isospin dependent characteristic of 
nuclei which is not included in the droplet model. 

The absence of any observed enhancement of the evaporation 
residue cross sections near the N = 126 shell incicates that 
the influence of the ground state shell effect on the fission 
probability is rather weak in this case. If this is a general 
effect, the production of superheavy elements by fusion 
reactions will be extremely difficult, even if they are 
stabilized by a considerable ground state shell correction. 
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DISCUSSION 

K.M. DIETRICH: I assume that at excitation energies E* £ (5-7) MeV 
the specific nature of the excitation spectrum is of great importance for the level 
density. In other words, the usual approximations such as the Thomas-Fermi model, 
or uniformly-spaced single-particle levels, are not expected to yield reliable level 
densities. At the Rochester meeting, Huizenga reported on level densities calcu­
lated on the basis of the Nilsson model. Perhaps we ought to use this code for 
analysis of the experimental data, as it could modify the resulting fission barrier 
heights. 

K.H. SCHMIDT: We did not actually carry out calculations of that kind, 
though I agree with you that the absolute determination of fission barrier heights 
does depend on the level density used in the analysis. 

I doubt, however, whether single-particle level densities would solve the 
problem, since it is still unclear how one should include the energy dependence 
of rotational contributions to the level density. 

We base our arguments in determining fission barrier parameters on trends 
in the neutron-to-fission widts as a function of the neutron number (see my 
Fig.6), which can hardly be interpreted as variation in the level density parameters. 
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H.C. BRITT: The absence of a shell effect in your data at N = 126 is well 
demonstrated and highly significant. I would only comment that the detailed 
extraction of fission barrier heights is very sensitive to the details of the level 
density functions used, especially in the near-barrier region. This question needs 
further investigation before it will be possible to draw conclusions regarding 
the accuracy of the fission barriers from the droplet model. 

K.H. SCHMIDT: It seems rather hard to explain the smooth variation in 
the predicted droplet values (Bn - Bf)drop for nuclei with the same measured 
ratio of neutron-to-fission width <ГП/Г?> = 0.2, shown in Fig. 8, in any other 
way than by the shortcomings of the droplet model. 

Any other explanation, such as the effect of the 126 neutron shell or the 
influence of nuclear shape on the level densities, could be expected to result 
in deviations nearly symmetrical to N = 126. This is clearly not observed 
experimentally. 

V.J. ROBINSON: Since your Гп/1Гу values are weighted averages over the 
nuclei leading to the evaporation residues, don't you think that the shell effects 
would disappear? After all, when you approach the shell, you involve both 
pre-shell (high binding energy) and post-shell (low binding energy) neutrons. 

K.H. SCHMIDT: It is not only the neutron binding energies but also the 
fission barriers that are affected by the ground-state shell corrections. In the 
calculations shown in my Fig.6 we average over four evaporation steps, but we 
still expect a large bump in the <rn/rf> values. 
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Abstract-Аннотация 

LEVEL DENSITY AND FISSION PROBABILITY IN SPHERICAL AND DEFORMED NUCLEI. 
The important role of rotational increase in the level density of nuclei in a description of 

the observed fission probability of sub-actinide nuclei is demonstrated. From an analysis of the 
experimental data available the authors find for the corresponding coefficient an energy 
dependence, which exhibits deviations from the adiabatic estimate of rotational effects in highly 
excited nuclei. By allowing for collective effects in fission and neutron decay channels of 
compound nuclei it is possible to obtain a consistent description of the fissionability observed 
both in the near-threshold region and in the high-energy region, where fission by means of 
emission is dominant. The dependence of fission barriers on mass number, as determined from 
an analysis of the fissionability of sub-actinide nuclei, differs considerably from what was found 
in previous work. 

ПЛОТНОСТЬ УРОВНЕЙ И ВЕРОЯТНОСТЬ ДЕЛЕНИЯ СФЕРИЧЕСКИХ И ДЕФОРМИРОВАННЫХ 
ЯДЕР. 

Показана важная роль ротационного увеличения плотности уровней ядер при описании 
наблюдаемой вероятности деления доактинидных ядер. Из анализа имеющихся эксперименталь­
ных данных найдена энергетическая зависимость соответствующего коэффициента, демонстриру­
ющая отклонения от адиабатической оценки ротационных эффектов в высоковозбужденных яд­
рах. Учет коллективных эффектов в делительном и нейтронном каналах распада составных 
ядер позволяет получить взаимосогласованное описание наблюдаемой делимости как на около-
Пороговом участке, так и в высокоэнергетической области, где доминирующим является эмис­
сионный способ деления. Найденная из анализа делимости доактинидных ядер зависимость барь­
еров деления от массового числа заметно отличается от результатов прежних работ. 

1. ВВЕДЕНИЕ 

Экспериментальные данные об энергетической зависимости сечений деления 
of(E) являются основным источником информации о высоте барьеров деления Ef. 
В последние годы в тесной связи с прогрессом теории, достигнутым на основе ме­
тода оболочечной поправки [1] , эта важная характеристика процесса деления при-
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обрела значение и в более широком аспекте — для описания целой совокупности 
свойств ядер: масс, энергий, деформации, границ стабильности, потенциалов взаи­
модействия тяжелых ионов и др. Не менее важной является информация о статис­
тических свойствах возбужденных ядер, которую можно извлечь из анализа сечений 
деления. 

Повышенный интерес к анализу экспериментальных данных о делимости доак-
тинидных ядер обусловлен целым рядом их специфических преимуществ в сравне­
нии с более сильно делящимися соседями—актинидами: 

1) значительная разница между высотой барьеров и энергией связи нейтронов, 
уменьшая делимость и создавая определенные трудности для эксперимента, очень 
благоприятна для анализа энергетической зависимости плотности уровней; 

2) благодаря большой седловой деформации, практически предельно возмож­
ной для ядер, переходное состояние доактинидов, по-видимому, в наибольшей сте­
пени избавлено от влияния оболочечных эффектов, что существенно упрощает ана­
лиз делительных ширин; 

3) область доактинидов содержит островок сферических ядер в окрестности 
Z = 82, N = 126, слева и справа от которого ядра в равновесном состоянии деформи­
рованы. Это обстоятельство представляет уникальную возможность для изучения 
влияния деформации ядер на коллективные свойства плотности уровней в нейтрон­
ном канале. 

Малая вероятность исследуемых событий в недалеком прошлом сильно огра­
ничивала возможности изучения этой области ядер, но в настоящее время труднос­
ти успешно разрешаются с помощью трековых детекторов [2-4]. Интенсивные исс­
ледования вероятности деления доактинидных ядер протонами, а-частицами и иона­
ми 3Не проводились в последние годы на Алма-Атинском изохронном циклотроне. 
Полученные экспериментальные данные достаточно полно представлены в рабо­
тах [4-6], и мы не будем останавливаться на их рассмотрении. Совместно с результа­
тами более ранних исследований [2, 3] накопленные данные могут служить основой 
для систематического анализа делимости всей совокупности доактинидных ядер в 
широком диапазоне энергий возбуждения. 

В прошлом неоднократно предпринимались попытки анализа вероятности де­
ления доактинидных ядер, главным образом, с целью получения информации о барь­
ерах деления. В настоящей работе в центре внимания находится другой аспект дан­
ной проблемы — энергетическая зависимость плотности уровней. Как будет показа­
но ниже, результаты анализа обеих величин теснейшим образом связаны между со­
бой. В большинстве предыдущих работ по данному вопросу анализ делимости про­
водился на основе соотношения модели ферми-газа с феноменологическим учетом 
оболочечных эффектов и эффектов спаривания нуклидов. Однако, развитие микро­
скопических методов теоретического описания плотности уровней отчетливо демонст­
рирует примитивность такой модели и существенную ограниченность области ее при­
менимости [7, 8]. В частности, для интерпретации многих статистических свойств воз­
бужденных ядер важную роль играют коллективные степени свободы [9]. Только 
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совместный учет всех трех эффектов—оболочечных неоднородностей одночастичного 
спектра, парных корреляций нуклонов сверхпроводящего типа и коллективных воз­
буждений ядер — приводит ко взаимосогласованному описанию наблюдаемой плот­
ности нейтронных резонансов сферических и деформированных ядер [7, 8]. Экви­
валентное описание экспериментальных данных можно получить также в рамках дос­
таточно простой феноменологической модели, включающей в себя все перечисленные 
выше эффекты [10]. Значительный интерес представляет проверка его в более ши­
рокой области энергий возбуждения. В последующих разделах будет показано, что 
применение этого описания к анализу вероятности деления доактинидов позволяет 
уточнить как представление о самой плотности уровней, так и извлекаемые из ана­
лиза сведения о свойствах переходных состояний делящихся ядер. 

2. ОСНОВНЫЕ СООТНОШЕНИЯ ДЛЯ АНАЛИЗА ДЕЛИМОСТИ 

Вероятность деления (или делимость) определеяется конкуренцией двух доми­
нирующих ширин распада составного ядря: делительной Tf и нейтронной Г„, и мо­
жет быть записана в виде 

Pf (Е) -тШ - (SCJ+DT, Y2(2J+i)Tj J
 ГЫ, (i) 

аЛЬ) \ J / J Г/(Е) + Г2(Е) 

где Of — сечение деления, ас — сечение образования составного ядра, Е и J — его 
энергия и угловой момент и Tj — коэффициенты прилипания для налетающей час­
тицы. Число параметров, характеризующих ширины Tf и 1̂ ,, значительно уменьша­
ется в области энергий возбуждения, где к их описанию применим статистический 
подход. В этом случае отношение ширин можно представить в виде 

//)f(U,J)Tf(U)dU 
Г ' ( Е ) К • - (2) 
пК ' ^ Г Ai(U,J)(E-Bn-U)dU 

где Tf (U) — проницаемость барьера деления, Вп — энергия связи нейтрона, 

h2 
к = ——5~=«10МэВ. Отношение (2) в силу экспоненциального характера энерге-

2mro 
тической зависимости P(U, J) с точностью до возникающих при интегрировании 
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предэкспоненциальных множителей являете? отношением плотности уровней в де­
лительном и нейтронном каналах распада составного ядра Pf (Е - Ef, J)/pn(E -B„ , J ) . 

При учете вклада ротационных степеней свободы плотность уровней деформи­
рованных аксиально-симметричных ядер должна быть записана как [9]: 

РдефСи.Г) _ «QU) 
2ч/2тГ 

— - ) ехр 
•по.. Li \ 

K=-J 

J(J +1) 

2а\ ol 
iE 
2 

(3) 

где со (U) — полная плотность неротационных возбужденных состояний ядра, а\ = Fxt/h2 

и оЪ = F|,t/h2 — параметры спиновой зависимости, связанные с перпендикулярным Fx 

и, соответственно, параллельным F(| моментом инерции деформированного ядра, 
К — проекция углового момента на ось симметрии и t — температура возбужденного 
ядра. Для сферически-симметричных ядер соотношение, аналогичное (3), имеет более 
простой вид 

2J+1 
Pc*(U,J) = — = г т w(U)exp 

2V27r<r 
J (J+l) 

2а2 
(4) 

Удобно переписать соотношение (3) в несколько ином виде, выделяя в нем 
сомножитель, эквивалентный (4), 

РДеф(и, J) = K rot Рвнутр (U, J) (5) 

^нутр (U, J) = • 2J+1 
2\1Тп а\а\ 

о(Ц) ехр J(J+1) 
2а\ (6) 

Krot(U,J) = ^ £ e x P ( - J ^ ) (7) 

В последнем соотношении использовано традиционное для физики деления опреде­
ление параметра К2, = а\ а2 (с,2 - а*)"1- П Р И характерных для рассматриваемых ре­
акций значениях углового момента для равновесной деформации ядер редкоземель­
ной области показатель экспоненты в (7) достаточно мал, и можно принять К ^ =* а2 

Поэтому при описании плотности уровней в нейтронном канале можно использо-
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вать соотношение (5) как для деформированных, так и для сферических ядер, при­
нимая 

Kiot _ "ш (8) 
для деформированных ядер, 

1 для сферических ядер 
В переходном состоянии ядро деформировано гораздо сильнее, чем в равновесном. 
Вследствие неравенства о*{ > ah, особенно сильного при низких энергиях возбужде­
ния Uf = E-E f в делительном канале, нельзя игнорировать J-зависящий фактор соот­
ношения (7). В этом случае удобно воспользоваться более строгим выражением 

К L № J) 
V2WK0 

fflf^j+Terf I— 
VV2 

J+l/21 

(9) 

В соотношениях для плотности уровней можно было бы также учесть вибраци­
онные степени свободы введением коэффициентов К^ъг[7-9]. Однако в данном ана­
лизе мы не будем их рассматривать, так как этот коэффициент входит в виде при­
мерно одинакового множителя в числитель и знаменатель соотношения (2), и , вви­
ду неравенства Kvibr "̂  Krot , в рамках феноменологического подхода роль вибра­
ционных эффектов нецелесообразно выделять на фоне существующих погрешностей 
описания Krot. С учетом изложенного перепишем соотношение (2) в виде 

Г/(Е) Kr
f
ot к 0 

7(J) 

/рвнутр (U,0)T f(U)dU 

Г£(Е) Kfot 2А2/3 Е~*п 
/рйнутр(и,0)(Е-В„-и)<Ш 

(10) 

где все J-зависящие факторы выделены в сомножитель 

у/Я К0 
T ( J ) = - -erf 

2J+1 

/ J + l / 2 \ |J(J+1) / 1 1 \ 

WTKJexp ( I - \^L " ЧГ) (11) 

и в соответствии с этим везде в дальнейшем мы будем применять по аналогии с нейт­
ронным каналом (8) определение Krat = о^. Величины о£ и off > входящие в Krot и 
•y(J), зависят от энергии примерно как VU, т.е. слабо в сравнении с экспоненциаль­
ной зависимостью Рвнутр.(и,0), чем мы воспользовались, вынеся их из-под интег-
лов по теореме о среднем. В результате, с достаточной точностью их можно считать 
функциями верхних пределов Е - Ef и Е - Вп, соответственно. 

Соотношение (10) отличается от использованного ранее [4, 5] только множите­
лем Kj0t /K^t Однако, влияние этого множителя на величину отношения делитель­
ной и нейтронной ширин весьма значительно, поскольку Krot с переходом от дефор-
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мированных ядер к сферическим меняется в десятки раз. В то же время, выделение 
такого сомножителя не затрагивает вопросов, которые связаны с описанием J-зави­
симости интегральных и дифференциальных сечений деления. 

Наблюдаемую делимость в этой области энергий, где пренебрежим вклад реак­
ций с предварительным испусканием нейтронов, можно выразить используя (10), как 

•'max - „ 
1 Г „ Г?(Е) 

о 
где Jm ax — эффективная граница квазиклассического распределения угловых момен-

2JdJ j Л 
тов—-— ' соответствующая реальному распределению ас , Г°(Е)/Г°(Е) - отноше-

•'тах 
ние ширин (10) для нулевого углового момента. 

3. ОПИСАНИЕ ПЛОТНОСТИ УРОВНЕЙ 

Для вычисления плотности внутренних возбуждений ядрар в н у т р (U, J) в дан­
ной работе использовались соотношения сверхтекучей модели ядра, детальное опи­
сание которых приведено в работе [10]. Для последующего обсуждения важно от­
метить следующие основные особенности модели. 

1. В описании различных термодинамических характеристик ядер важную 
роль играет величина критической энергии фазового перехода из сверхтекучего сос­
тояния в нормальное (ферми-газовое) 

UKp = 0,47а Aj ~ 7 -г 8 МэВ (1 3) 

где а — параметр плотности уровней и Д0 — корреляционная функция ядра в основ­
ном состоянии. Выше критической энергии парные корреляции нуклидов можно 
учесть, введя в соотношения модели ферми-газа соответствующее определение эффек­
тивной энергии возбуждения U*= U - Еконд,.где энергия конденсации Е к =*0,15а Д2. 
Как правило, величина Е к о в д заметно выше, чем поправка на четно-нечетные раз­
личия в традиционном ферми-газовом описании [12]. Ниже критической энергии 
корреляционные эффекты не сводятся к какой-либо простой модификации энергии 
возбуждения и для описания Поведения плотности уровней, моментов инерции и т.п. 
необходимо привлекать более громоздкие соотношения сверхтекучей модели ядра 
[7,10] . 

2. Оболочечные эффекты были включены в рассмотрение на основе феномено­
логически подобранной энергетической зависимости параметра плотности уровней 

f ( U - Ековд)) 
1конд 

а (UKp, Z, А) для U < U K P 

а(А) 1+5W(Z,A) и д д я и > и к р 
a (U,Z,A)= i I и - Е к о н д J (14) 
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Рис. 1. Систематика параметра плотности уровней а (В,,) (вверху) и асимптотических значений этого па-
раметраа" (в средней части), полученная из анализа плотности нейтронныхрезонансов (•) и на основе 
соотношений (14) (о). В нижней части рисунка показана величина коэффициентов Krot(Bn), соответ­
ствующих экспериментальным значенияма"/А (в) и значениям а"/А=0,094 МэВ'1(о). 

где а (А) — асимптотическая величина параметра плотности уровней при больших 
энергиях возбуждения ядра, 6W — оболочечная поправка к энергии связи ядер, 
f(x) = l - е"^х— безразмерная функция, определяющая энергетическое изменение 
параметра плотности уровней. 

3. Вклад коллективных возбуждений учитывался с помощью коэффициентов 
ротационного К t и аналогичного вибрационного Кул,г увеличения плотности уров­
ней. Для оценки энергии вибрационных возбуждений использовались соотношения 
модели жидкой капли [ 10]. Так как величина Куй>г ~ 3 •*• 5 оказывается значительно 
ниже величины Krot , то влияние коэффициента вибрационного увеличения учиты­
валось при систематике экспериментальных данных по плотности нейтронных резо­
нансов, но им, как отмечено выше, пренебрегалось при описании делимости. Рота­
ционное увеличение плотности уровней описывалось на основе соотношения (8), но 
чтобы учесть возможные отступления от адиабатической оценки для деформирован­
ных ядер в определение K r o t = ffJq(U) вводилась "универсальная" функция q(U), 
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поведение которой было найдено из анализа делимости. Определение этой функ­
ции будет обсуждено ниже. 

4. Величина параметров а/А = 0,094 МэВ "' и X = 0,064 МэВ"' была найдена из 
систематики в рамках данной модели экспериментальных данных по плотности ней­
тронных резонансов в области ядер с А > 150. При этом в качестве 5Wnиспользо­
вались экспериментальные значения оболочечных поправок к энергии связи ядер [11] 
и корреляционная функция ядра с равновесной деформацией (нейтронный канал) 
принималась равной До = 12/\/АМэВ. 

Полученные в данном анализе параметры плотности уровней а (Вп) , так же как 
соответствующие асимптотические значения параметров а/А, представлены на рис.1. 
Отметим, что найденные величины параметров отличаются очень слабо от значений, 
полученных ранее в работе [10], где использовалась адиабатическая оценка коэффи­
циента Krot. Поэтому отклонения от адиабатической оценки K r o t , которые, как бу­
дет показано ниже, важны для последовательного описания делимости высоковозбуж­
денных ядер, практически не чувствуются при энергиях возбуждения, близких к энер­
гии связи нейтрона. 

На первый взгляд может показаться, что построенная систематика параметров 
плотности уровней не сильно отличается от традиционной систематики плотности 
нейтронных резонансов, основанной на соотношениях модели ферми-газа [12]. Но 
существенным различием между обеими систематиками являются более низкие 
значения параметров плотности уровней, полученные при учете коллективных эффек­
тов. Эти значения хорошо согласуются как с результатами теоретических расчетов 
параметров а, выполненных для схемы уровней потенциала Вудса-Саксона, так и с 
экспериментальными данными, извлекаемыми из спектров неупруго-рассеянных ней­
тронов с энергиями до 7 МэВ [7] . Такое согласие данных представляется очень важ­
ным, так как испарительные спектры чувствительны именно к величине параметра 
плотности уровней, а не к абсолютному значению плотности уровней. В рамках тра­
диционной модели ферми-газа, не учитывающей коллективных эффектов, невозмож­
но объяснить расхождение значений параметра а, извлекаемых из резонансных данных 
и испарительных спектров [13]. 

Сегодня необходимость использования при анализе и систематике эксперимен­
тальных данных более строгих, но неизбежно и более сложных моделей, кажется 
почти очевидной. Это могут быть последовательные микроскопические модели, 
учитывающие рассмотренные выше эффекты на базисе реалистических схем одно-
частичных уровней [7, 8 ] , но, по-видимому, в большинстве случаев почти эквива­
лентное описание можно достичь и в рамках рассмотренного выше полуфеноменоло­
гического подхода [10]. Такой подход представляется особо оправданным в приме­
нении к описанию статистических свойств переходных конфигураций делящихся 
ядер, где более строгие микроскопические методы сталкиваются со значительными 
трудностями однозначного выбора схем одночастичных уровней и параметров эффек­
тивных сил, ответственных за когерентные корреляционные и коллективные эффекты. 
В последующих разделах будет продемонстрировано, каким образом рассмотренные 
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выше особенности поведения плотности уровней проявляются в наблюдаемой дели­
мости доактинидных ядер. 

4. АНАЛИЗ ВЕРОЯТНОСТИ ДЕЛЕНИЯ СФЕРИЧЕСКИХ И ДЕФОРМИРОВАННЫХ 
ЯДЕР 

4.1. Делимость доактинидов вблизи порота 

Исходя из соотношения (8), предсказывающего резкую зависимость коэффи­
циента ротационного усиления плотности уровней от равновесной деформации ядра, 
можно сделать очень важные качественные заключения о существенном различии в 
поведении делимости сферических и деформированных ядер. Это различие практи­
чески всецело связано с величиной и энергетической зависимостью Кг^ в нейтрон­
ном канале. Делимость сферических ядер (K?ot = 1) в сравнении с деформирован­
ными (Krot ^ " i n ) будет характеризоваться более высокой и быстро растущей вели­
чиной. Этот эффект, кроме того, будет усилен оболочечными эффектами в поведе­
нии . Рвнутр (U), возникающими из-за меньших, чем у деформированных ядер, значе­
ний параметра an (U) (14). 

Вытекающая из этого рассмотрения разница между сферическими и деформи­
рованными ядрами отчетливо проявляется в экспериментальных данных. На рис.2 
представлены низкоэнергетические участки наблюдаемой делимости ряда доактинид­
ных ядер (Е - Ef < 15 МэВ). Из большой совокупности известных данных были вы­
браны лишь наиболее типичные представители сферических и деформированных ядер 
[3-7, 14, 15]. Для каждого из ядер приведено по две расчетные кривые, одна из 

которых соответствует предположению K?o t= 0 in (нижняя), другая — K"ot = l. Вы­
числение Pf (E) производилось на основе описанных выше соотношений с барьерами 
деления Ef и оболочечными поправками в нейтронном канале 6Wn Майерса и Свя-
тецкого [11]. Для делительного канала принимались 5Wf = 0, äf= апкЛ0 = 14/VA МэВ 
Принятая величина До достаточно надежно определяется из анализа критической энер­
гии фазового перехода, отчетливо проявляющегося в энергетической зависимости эф­
фективных моментов инерции переходных конфигураций изотопов ртути и полония 
[4, 5]. Для расчета a\f и Kj> использовались значения твердотельных моментов инер­

ции переходных конфигураций делящихся ядер, найденные в рамках модели жидкой 
капли для (Z2/A)Kp —45 [17]. В случае радия использовано значение Ef = 8,3 МэВ [14] 
и Kr

f
ot= 2a2

Li для остальных, более легких доактинидов. Формула (2) учитывает допол­
нительное увеличение плотности уровней в делительном канале, обусловленное гру­
шевидной ассиметрией седловой конфигурации для преобладающего асимметричного 
способа деления ^Rafa , f) . 

Рис.2 представляет собой яркую демонстрацию влияния коллективных эффек­
тов на плотность уровней pn(U), проявляющегося в перемещении эксперименталь­
ных точек с верхней кривой для сферических ядер, наиболее близких к замкнутой 



430 ИГНАТЮК и др. 

-А 

-6 

-8 

-10 

i 

1, 

/. / 
; / 
ч 
• 

25 

S 

И,Т1 

25 35 25 35 25 35 30 40 

Е , М э В 

Рис.2. Делимость Рг(Е) некоторых доактинидных ядер при энергиях возбуждения, близких к порогу 
деления E-Ef-%. 15 МэВ. • -экспериментальные значения, полученные в реакциях (a, f) -2°At, 2ЮРо, 
*»Bi, ™Tl, MHg, a9Ir, imOs [3, 4], (p, f) - M Ä , **Pb, l*Hg [3, 5], (n, f)-mRa [14], 
CLi, f ) -wRn [15 ]. Кривыми показаны результаты расчета: пунктирными-при К%х—°±п 
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оболочке Z = 82, N=^ 126 ('206Pb, 209Bi, ^ P o , 213At), на нижнюю при переходе к де­
формированным ( ^ O s , B9Ir, 227Ra), расположенным по обе стороны от области 
А ~ 208. Ядра 198Hg, 20IT1, 216Rn по своему поведению соответствуют промежуточному 
случаю. Таким образом, наблюдаемое поведение делимости доактинидных ядер подт­
верждает рассмотренную выше качественную картину ожидаемого проявления коллек­
тивных эффектов в плотности уровней и, в целом, согласуется с принятой при фено­
менологическом описании p(U, J) [10] классификацией ядер: для сферических ядер 
204 <1 А ^ 210, для деформированных ядер А<С 190, А >;225. 

4.2. Трудности описания делимости доактинидов в широкой области энергий 
возбуждения 

Для нескольких типичных сферических и деформированных ядер эксперимен­
тальные данные и результаты расчета по делимости Pf (E) представлены на рис.3 в бо­
лее широком диапазоне энергий. В случае сферических ядер делимость изучена вплоть 
до порога деления, положение которого определяется участком наиболее резкого 
уменьшения Pf (Е), обусловленного падением проницаемости барьера Tf (U). В такой 
ситуации определение Ef мало зависит от модели, которая используется для описа­
ния плотности уровней pf (U) и, тем более, Рп(Ц>- Э т 0 очень благоприятное для ана­
лиза обстоятельство, существенно уменьшающее неопределенность извлекаемых па­
раметров модели. Расчетным кривым для сферических ядер на рис.3, подогнанным 
под экспериментальные данные в околопороговой области энергий, соответствуют 
значения Ef, которые отличаются от барьеров Майерса-Святецкого [11] не более, чем 
на 0,3 МэВ. 

Можно видеть, что при учете коэффициента ротационного увеличения плотности 
уровней KI0t = a\f в делительном канале соотношения сверхтекучей модели ядра да­
ют достаточно хорошее описание наблюдаемой делимости вплоть до энергии ~ 10 МэВ 
над барьером, но при более высоких энергиях расчетная кривая для всех сферических 
ядер отклоняется вверх от экспериментальных точек. Этот эффект проявился уже 
на границе более узкой области энергий, представленной на рис.2. 

В случае деформированных ядер нет таких факторов, благоприятствующих деле­
нию сферических ядер, как оболочки в основном состоянии и отсутствие ротационных 
возбуждений, которые уменьшают конкурирующую нейтронную ширину. Поэтому 
для деформированных ядер в непосредственной близости к порогу отсутствуют экс­
периментальные данные о сечении деления, которое, по-видимому, настолько мало, 
что его не удается измерить при существующей чувствительности методик. В этом слу­
чае извлекаемая величина Ef существенно сильнее зависит от модели, используемой 
при статистическом описании экспериментальных данных. На рис. 3 расчетные кривые 
для деформированных ядер подогнаны так, чтобы в предположении Krot = о\[ и 
Krot = "in достигалось описание участка Pf (E) при наиболее низких энергиях. Об­
ращает на себя внимание, что при этом для деформированных ядер отклонения рас-



432 ИГНАТЮК и др . 

ft 

/ . 

.'* С -'• 
» .* / ш 

/ '* 
Г 4 /• 

Г ' ' 
У 

I 

/ 

....г"" 

»ю" '"о. . . . го 

*ю3 . г,0Ро 1 

Та 

«10 • 173-

20 30 40 50 60 _ 70 
Е , мэв 

Рис.3. Делимость некоторых сферических (2"At, 212Ро,210Ро ) и деформированных (MOs, ,i$Re,179Ta) 
ядер в широкой области энергий возбуждения, »-данныеработ [2, 3,16 ], пунктирные кривые-рас-
verPf, для значений Kmt (U), соответствующих адиабатической оценке. 

четных кривых от наблюдаемой зависимости, как и для сферических ядер, имеют 
систематический характер, но они существенно меньше и направлены в противополож­
ную сторону. 

В связи с рассматриваемыми расхождениями расчетов Pf (E) с эксперименталь­
ными данными в существенно надпороговой области энергий Е - Ef > 15МэВ необ­
ходимо подчеркнуть, что удовлетворительное описание вероятности деления сфери­
ческих ядер в широком диапазоне энергий до сих пор не было достигнуто ни в од­
ном из проводившихся различными авторами анализов [3, 4, 18-21]. Недостатки 
традиционной модели ферми-газа с постоянным значением параметров плотности 
уровней af и ап демонстрировались во многих работах [3, 4, 18]. При этом сложи­
лось впечатление, что основные трудности описания делимости можно устранить в 
области энергий Е - Ef > икр,если учесть оболочечные эффекты в нейтронном ка­
нале [4]. Однако, выполненный в соответствии с этим подходом анализ высокоэнер­
гетического участка Pf (Е) дал значения барьеров деления Ef сферических ядер, ко­
торое примерно на 2-3 МэВ ниже непосредственно наблюдаемых в делимости. В ра-
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ботах [18] авторы попытались достичь в первую очередь удовлетворительного опи­
сания околопорогового участка делимости, включив в рассмотрение наряду с обо-
почечными эффектами также парные корреляции нуклонов. При этом в сферичес­
ких ядрах с известными порогами Ef для объяснения наблюдаемой скорости рос­
та Pf (E) в надпороговой области потребовались неоправданно низкие значения кор-

f 
реляционных функций делительного канала Д0 ~ 0,1 МэВ. 

Проведенный выше анализ (рис.1) показал, что непротиворечивой интерпрета­
ции низкоэнергетических участков наблюдаемой делимости удается достичь только 
при включении в описание плотности уровней коллективных эффектов. Аналогич­
ный вывод был сделан также в работах [19, 20] , где использовался несколько иной 
подход к моделированию плотности уровней нейтронного и делительного каналов. 
Важно отметить, что в области более высоких энергий Е - Ef jbl5 МэВ согласия с 
экспериментом в рамках рассмотренного теоретического описания достичь не уда­
лось. Расхождения носили такой же характер, как и представленные на рис.3. 

4.3. Феноменологическое описание энергетической зависимости К ю , 

Нам представляется естественным предположение, что ответственность за воз­
никающие расхождения расчета с экспериментом несет неточность описания именно 
фактора Krot (U), а не каких-либо иных компонент плотности уровней в делитель­
ном или нейтронном канале. Данное предположение мотивируется тем, что исполь-
зованное выше выражение (8) для Кго1 основано на адиабатической оценке влияния 
ротационных мод на статистические характеристики ядер, которая должна быть спра­
ведливой лишь при небольших энергиях возбуждения [9]. Так как с увеличением 
энергии возбуждения практически всегда имеет место смешивание элементарных мод, 
то с ростом энергии мы должны в первую очередь ожидать отклонения Krot от адиа­
батической оценки. Такие отклонения должны иметь единый для всех ядер харак­
тер, и их можно надеяться определить экспериментально из сравнения извлекаемой 
делимости Pf (Е) сферических ядер с делимостью Р Р (Е), рассчитанной в предполо -
жении Krot = aXf. Для этой цели мы введем в рассмотрение "универсальную" функ­
цию ослабления ротационных эффектов в плотности уровней 

q(E-Ef) = P f ( E ) / P f ( E ) < l (15) 

с помощью которой можно будет феноменологически учесть отклонение Krot от ади­
абатической оценки. 

При построении функции q(U) из экспериментальных данных о делимости не­
обходимо учитывать, что в рассматриваемом на рис.3 диапазоне энергий становится 
заметным вклад процессов деления с предварительным испусканием нейтронов. При 
их учете наблюдаемая делимость Pf*3 Л(А, Е) должна быть представлена в виде сум­
мы вероятностей деления цепочки ядер А - v, образующихся после испускания у ней­
тронов. При этом для расчета парциальных делимостей необходимо задать поведение 
функции q(E-E ) , которая сама подлежит определению. Итерационный процесс, 
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Рис. 4. Энергетическая зависимость функции q(U), описывающей отступления KrotW) 
от адиабатической оценки. Экспериментальные значения: • гюРо, • - i,2Po. Сплошная 
кривая получена итерационным способом. На вставке: сплошная кривая соответствует 
Krot=o\ №)'• пунктирная - адиабатической оценке Kmt = of. 

в котором в качестве начального приближения для делимости исходного ядра Pf (A, E) 
рассматривалась наблюдаемая делимость Р"а л (А, Е) изотопов 210Ро, 2"Ро, 212Ро, дал 
кривую, показанную на рис.4 сплошной линией [21]. Требуемую для сравнения с 
расчетом делимость исходного ядра можно также определить непосредственно из на­
блюдаемых делимостей соседних изотопов, не прибегая к итерационному процессу. 
С точностью до незначительных поправок в J - зависимости 

-.набл. г.набл, 
Pf (A, E) = 

Pf— ( A , E ) - P f ( A - 1 . E , ) м ^ н а б л 

l -P f
H a 6 n ( A - l . E , ) 

набЛ/ - Рг
на"л (А, Е) - Р Г Ш , ( А - 1, В,) (16) 

По этой формуле из наблюдаемых делимостей ядер 2,0Ро, М1Ро, ^ ^ о , была восстанов­
лена делимость, так называемого, первого шанса Pf (А, Е) для ядер ш Ро и ^Ро. Ана­
логичная процедура была проделана в работе [16] для изотопов осмия, и результаты 
такого анализа для ядер 2ИРо и ^Os показаны на рис.5. Можно видеть, что при энер­
гиях, близких к порогу, а именно Е - Ef < 15 МэВ наблюдаемая делимость в поправ­
ках не нуждается и совпадает с искомой величиной Pf (A, E), Для этого участка 
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Рис.5. Энергетическая зависимость наблюдаемой делимости pf*6"(E) (•) и делимости исходного яд­
ра (Ь) для ядер 11гРо [3] и 1M0s [16]. Кривые соответствуют расчетам делимости исходного ядра, 
делимости с испусканием одного нейтрона и т.д. 

энергий экспериментальные точки q(U), определенные в соответствии с соотношени­
ем (15), приведены на рис.4 для всех трех изотопов полония, при более высоких 
энергиях — для изотопов а1Ро и 212Ро. Рассмотренный способ экспериментального 
определения q(U) является более прямым, чем итерационный метод, однако, ему 
свойственна значительная, быстро возрастающая с энергией погрешность. Она обус­
ловлена трудностью корректного определеню разности двух больших величин в (16), 
усугубленной немногочисленностью дискретного набора экспериментальных значений 
Pf (A, E) и Pf (A- J, E t). Поэтому в дальнейшем анализе мы будем пользовать­
ся функцией q(U), восстановленной итерационным методом. Результаты соответст­
вующих такой функции расчетов делимостей изотопов ^ о и M8Os при различном 
числе испущенных нейтронов показаны на рис. 5. 

Если данная выше интерпретация функции q(U) верна, то она должна обладать 
универсальностью, т.е. распространение ее на другие ядра, а также на нейтронный 
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Рис. 6. Энергетическая зависимость наблюдаемой делимости ряда сферических и деформированных 
ядер. Рассчитанные кривые, в отличие от изображенных на рис. 3, учитывают отступления Kmt от ади­
абатической оценки с помощью эмпирически определенной функции q(Uj и вклад делений после 

варительного испускания нейтрона. 

канал деформированных ядер должно обеспечить описание наблюдаемой делимости 
во всем диапазоне энергий. Напомним, что без учета установленной зависимости 
q(U), т.е. в предположении Krot = of, существовало расхождение расчета с экспери­
ментом, имевшее разный знак для сферических и деформированных ядер. Этот факт 
можно интерпретировать как прямое следствие убывания с энергией функции q(U), 
так как в соответствии с определением последней должно иметь место соотношение: 

Pf(A,E) 
Ргад(А,Е) 

q(E-E f ) 

-q (E-E f )< l 

>1 

для сферических ядер 

для деформированных ядер 

(17) 

q(E-B„) 
Более строгие расчеты делимости, учитывающие зависимость q (U) в нейтронном ка­
нале, подтверждают это предположение. Расчет производился с учетом испускания 
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нейтронов для всей цепочки ядер, дающих вклад в наблюдаемую делимость. Полу­
ченное в этом случае описание рассматривавшихся ранее (рис.3) экспериментальных 
данных показано на рис.6. Отметим, что при уточнении энергетической зависимости 
Krot = a\-q(U) новая подгонка расчетных кривых к экспериментальным данным по 
делимости деформированных ядер приводит к изменению барьеров, в сравнении со 
значениями, полученными ранее (рис.3) для адиабатической оценки Krot-

Рассмотренные выше новые черты описания делимости ядер вносят ряд важ­
ных уточнений в существующие представления о характере деления доактинидных 
ядер. До сих пор обычно предполагалось, что в широкой области энергий (напри­
мер^ работах [16, 18] — до 100 МэВ) вклад делений с предварительным испускани­
ем нейтронов невелик, и его влияние при анализе делимости доактинидов можно не 
учитывать. Это оправдывалось тем, что неточность, связанная с данным допущением, 
компенсируется другой неточностью—отождествлением сечения всех неупругих вза­
имодействий с сечением образования составного ядра [3, 16]. Из проведенного ана­
лиза следует, что реальная ситуация не соответствует этому грубому предположению — 
слишком велика разница р/1 3 6" (А, Е) и Pf (A, E). Таким образом, в традиционной 
области исследования доактинидных ядер деление при энергиях возбуждения выше 
50-6ОМэВ оказывается существенно эмиссионным, при котором с делимостью ис­
ходного составного ядра связана лишь небольшая часть происходящих процессов. 
Этот весьма важный вывод требует переоценки многих результатов предыдущих ра­
бот, в которых анализ экспериментальных данных при значительных энергиях воз­
буждения проводился без учета эмиссионного характера деления доактинидных ядер. 

4.4. Ядра переходной области 

Область доактинидных ядер Z < 88, А < 225-230 замечательна тем, что в ней 
с изменением числа нуклидов происходит глубокая перестройка структуры ядра, как 
следствие его коллективных свойств. Экспериментальные данные о плотности нейт­
ронных резонансов как для островка сферических ядер в окрестности 20SPb, так и для 
более обширных областей деформированных ядер 150 ^ А ^ 190 и А > 230 получают 
в рамках рассмотренной в разделе 2 систематики вполне удовлетворительное едино­
образное описание (рис.1). Однако, в переходной области 1 9 0 ^ А ^ 2 0 0 проявляют­
ся систематические отступления от данного описания. Для более выразительной де­
монстрации таких отступлений в нижней части рис. 1 показано сравнение "теорети­
ческой" оценки Krot (Вц) = aJn-q(Bn) с теми значениями этого параметра, которые 
потребовались бы для получения наблюдаемой плотности уровней в предположении 
гладкой зависимости а = 0,094 А МэВ"1. В переходной области ядер требуемые зна­
чения коэффициента Krot являются промежуточными по отношению к оценке (8), т.е. 
они в 2-3 раза меньше aJ.q(Bn), но значительно больше единицы. 

Мы задержались на классификации ядер в зависимости от деформации, так как 
этот вопрос имеет большое значение при анализе большинства доактинидных ядер, для 
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Рис.7. Энергетическая зависимость наблюдаемой делимости Ы'Т1 [3], 19iHg [3,S], mIr [3,5]. 
• -из (а, /)-реакций, о - из (р, fj-реакций, сплошные кривые -расчет в предположении K^t -Л 
пунктирные - K%)t =<"ln q(Uj. 

которых область порога в измерениях Pf (E) не достигнута. При Описании делимости 
ядер коэффициенты коллективного увеличения плотности уровней входят в числитель 
(Kfot) и знаменатель (K"ot) соотношения (10), однако роль их в исследуемой области 
ядер неодинакова. Если K^t варьируется от ядра к ядру незначительно, то K?ot при 
переходе через островок сферических ядер увеличивается более чем На порядок, и это 
существенно сказывается на результатах анализа делимости Pf (E). На ряс. 7 Проде­
монстрировано несколько примеров, показывающих Масштаб неопределенностей A Ef, 
которые могут возникнуть в этом случае из-за сильной зависимости Krot от дефор­
мации ядер при ошибочной идентификации их коллективных свойств. 

Ядро ^'Tl по формальным признакам обычно относят к переходной группе ядер. 
Это самое легкое из. ядер, для которого имеются результаты измерений делимости в 
непосредственной окрестности порога деления [3] . Как и для упомянутых выше бо­
лее тяжелых ядер от РЬ до At.no "Излому" энергетической зависимости делимости 
201Т1 легко оценить положение "Порога", не прибегая к какому-либо теоретическому 
анализу: dPf/dE ниже и выше точки 23,8 МэВ отличаются не менее чем на Порядок. 

http://At.no
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Рис. 8. Зависимость высот барьеров деления Ef и взятых с обратным знаком оболочечных поправок 
(SWn) [U\ot числа нейтронов, о - данные работы [18]. 

Можно видеть, что кривая Pf (Е), рассчитанная в предположении Krot = 1 и Ef = 23,6 МэВ, 
хорошо согласуется с экспериментальными данными вплоть до 5 0 МэВ, тогда как 
кривая, соответствующая альтернативной возможности K"ot = o\nqQJ) и тому же зна­
чению порога (штрихпунктир), проходит значительно ниже точек. Это позволяет 
заключить, что ядро МТ1 следует относить к группе сферических ядер. Для 201Т1 на 
рис.7 показана кривая (пунктир), рассчитанная как для деформированного ядра, но 
подогнанная так, чтобы "наилучшим" образом описывался надпороговый участок наб­
людаемой делимости. Эта кривая лишь немного хуже согласуется с экспериментом 
в указанной области энергий, но ей соответствует значение Ef на 1,4 МэВ ниже истин­
ного (непосредственно наблюдаемого порога). 

Ядро №91г по принятой выше классификации находится на границе с переходной 
областью со стороны деформированных ядер. Благодаря хорошо изученному низко-
энергетическому участку Pf (Е) [16] можно сделать вывод, что И91г весьма близок по 
своим коллективным свойствам к деформированным ядрам, и соответствующая тео­
ретическая кривая (пунктир) на рис.7 хорошо описывает наблюдаемую делимость 
во всем диапазоне энергий возбуждения. 

Ядро ^Hg представляет собой характерный Пример неопределенностей в извле­
каемой при анализе величине Ef, связанных с отсутствием достоверных сведений о 
коллективных свойствах и с разбросом разнородной экспериментальной информации 
[3,4, 22] , не позволяющей составить представление о положений порога. Разница в 
значениях Ef, соответствующих альтернативным предположениям о K?ot, составляет 
1,5-2,0МэВ. Эту цифру мы и должны принимать в качестве реалистической оценки 
погрешности барьеров деления, извлекаемых для большинства ядер переходной об­
ласти. 
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Рис. 9. Зависимость высоты жидко-капельного барьера деления EfM (в единицах поверхностной энер­
гии сферической капли Е%) от параметра х. 

5. БАРЬЕРЫ ДЕЛЕНИЯ ДОАКТИНИДНЫХ ЯДЕР 

Барьеры деления, полученные в рамках описанного выше подхода из анализа 
имеющейся совокупности экспериментальных данных [2, 4, 16],показаны на рис.8. 
Для ядер от МТ1 до ^ A t , у которых либо Z, либо N удовлетворяет условию 
Z=82 ± 1, N= 126 ± 2, обработка экспериментальных данных производилась в пред­
положении Krot = 1 • Для деформированных ядер Z < 77, А ̂  200 мы принимали 
K"ot = о±п q(U). Для ядер Pt, Au, Hg, попадающих в переходную область, анализ про­
изводился в двух крайних предположениях, и представленные на рис.8 линии соеди­
няют оба полученных значения Ef. Из результатов других авторов мы привели на 
рис.8 лишь наиболее полную систематику значений Ef, полученных в [18] при ана­
лизе экспериментальных данных [2, 3, 16], большая часть которых использовалась 
и в настоящей работе. В нижней части рис.8 показана оболочечная составляющая 
барьеров деления, определяемая величиной оболочечной поправки к основным состоя­
ниям делящихся ядер [11]. 

На рис.9 показаны данные о жидко-капельной компоненте барьеров деления до-
актинидных ядер Ef = Ef - SWH> полученные из результатов проведенного анализа. На 
этом же рисунке приведена соответствующая кривая модели жидкой капли [23] 

| (x )=Ef /E s ° (18) 

при построении которой мы использовали параметры Майерса-Святецкого [11]: 
С3 =0,705 МэВ, а2 = 17,94МэВ, К= 1,78. 
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Рис. 10. Изоспиновая зависимость параметра $(1г). .— 53,3 (1-2,791г), т51 (1-1,781г). 

Основное отличие анализа делимости в настоящей работе и работах [18] свя­
зано с различием в описании плотности уровней;: нами коллективные эффекты учи­
тываются, а в работах [18J — нет. Тем не менее, полученные значения барьеров деле­
ния сферических ядер, несмотря на отличие подходов, между собой согласуются впол­
не удовлетворительно. В этом нет ничего удивительного, поскольку как мы уже под­
черкивали, результаты анализа низкоэнергетического участка делимости, включающего 
область наблюдаемого порога практически нечувствительны к описанию плотности 
уровней в нейтронном и делительном каналах. Напротив, сравниваемые величины 
для деформированных ядер, которые экспериментально изучены только в существен­
но надпороговой области энергий, отличаются заметно: учет коллективных эффек­
тов приводит к увеличению Bf, причем разница в порогах возрастает с уменьшением х. 
Как хорошо видно на рис.8, этот эффект проявляется систематически по отноше­
нию к жидко-капельной кривой | ( х ) . 

Чтобы проследить, каких изменений параметров модели жидкой капли требуют 
полученные барьеры деления, можно рассмотреть величину эффективного критического 
параметра делимости 

Сз х (19) 

где I = (N- Z)/A — изоспиновый фактор. Параметр х при этом определяется из 
трансцендентного уравнения 

Ef=E°S(x)/2x (20) 

в левую часть которого входят найденные значения Ef. Экспериментальные данные 
в таком Представлении показаны на рис. 10. Наилучшему описанию эксперименталь-
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ных точек соответствуют значения параметров: 2а2/С3 = 53,3. К = 2,79. Пунктиром 
на рис.10 показана величина (19) для параметров Майерса-Святецкого 
(2a2/C3 = 51,0, К = 1,78) [11]. Отметим, что найденное значение параметра изоспино-
вой поверхностной энергии оказывается весьма близким к величине К = 2,78, По­
лученной при анализе жидко-капельной компоненты барьеров деления трансурано­
вых ядер [24]. Однако, результаты приведенного анализа едва Ли следует тракто­
вать как простое переопределение рассмотренных выше параметров модели жидкой 
капли. Для решения вопроса необходим более полный анализ жидко-капельных и 
оболочечных компонент барьеров деления совместно с экспериментальными данны­
ми о массах ядер. 

6. ЗАКЛЮЧЕНИЕ 

Проведенный учет коллективных эффектов в плотности уровней нейтронного 
и делительного каналов позволяет устранить существовавшие ранее трудности опи­
сания вероятности деления доактинидных ядер в широком диапазоне энергий. При 
этом удается получить непротиворечивую интерпретацию долгое время игнорировав­
шихся фактов, свидетельствующих о существенной роли деления с предварительным 
испусканием нейтронов уже при энергиях возбуждения ~ 20-30МэВ над порогом. 

В настоящее время сделаны конечно только первые шаги в понимании тех из­
менений в представлении о делении ядер, которые должны повлечь за собой учет 
коллективных свойств при значительных возбуждениях. Мы отдаем себе отчет в 
том, что в предпринятом в данной работе анализе, содержится целый ряд упроще­
ний, которые, однако, По нашему мнению, вполне оправданы на данном этапе иссле­
дований. При оценке полученных результатов необходимо считаться также с отсутст -
вием последовательных теоретических разработок в описании указанных свойств, 
вследствие чего анализ их имел преимущественно феноменологический характер. Тем 
не менее мы надеемся, что прогресс в этой интересной области существенно не изменит 
основных выводов данной работы о барьерах деления и статистических характерис­
тиках переходных состояний доактинидных ядер. 
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DISCUSSION 

J.P. THEOBALD: Mathematical fits to experimental fission cross-section 
data with the fission barrier and one or two level density parameters as variables 
are not necessarily either significant or satisfactory. Photo-fission cross-sections 
of i09Bi obtained with mono-energetic gamma radiation between 40 and 65 MeV 
(see paper SM-241/A7 in these Proceedings) could be reproduced with the 
experimental fission barrier height and level densities of a microscopic model 
(CARJAN, N., et al., Phys. Rev. С (1979)) without corrections for collective 
degrees of freedom. 

J,B. WILHELMY: Dr. Okolovich, is there any evidence from your analysis 
that collective effects in level density enhancements vary as a function of the 
nuclear excitation energy? In other words, if we interpret the collective motion 
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as a coherent superposition of higher-lying single-particle states, will we, at some 
excitation energy, exhaust the available single-particle strength, with a subsequent 
decrease of the collective enhancements to the level density? 

V.N. OKOLOVICH: It is not possible to describe rf/rn(E) over a broad 
range of excitation energies without taking into account the dependence of 
rotational enhancement of the levels on energy. At fairly high excitation energies 
we should expect mixing of the elementary modes and reduction in the influence 
of collective effects on the level density. In such a case an adiabatic evaluation 
of the collective enhancement is invalid. Or at least this assumption is confirmed 
by experiment. 
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Abstract 

THEORY OF INTRINSIC STATE DENSITY CALCULATIONS IN THE SHELL-CORRECTION 
APPROACH. 

The theory of intrinsic state denstiy calculations is reviewed in the framework of a recently 
proposed renormalization of the logarithm of the grand partition function. The entropy is 
written in a form similar to the back-shifted Fermi gas model, and its asymptotic behaviour at 
higher temperatures is discussed. The vanishing of the shell corrections at such temperatures is 
investigated in making the Fourier analysis of the fluctuating part of the single-particle level 
density. 

1. INTRODUCTION 

Analytic level density expressions in common use are based on the exponen­
tial form given by the equidistant model. It was first shown by Kahn and 
Rosenzweig [ 1 ], using a model system with periodically bunched levels, that the 
asymptotic form of the entropy is similar to that of the equidistant model with 
an effective energy, however, that is related to the true excitation energy by a 
shift parameter. Several authors [2—4] tried to relate this shift parameter to the 
ground-state shell correction. Moretto [5] has, however, pointed out that for 
arbitrary level schemes there is no simple relationship between them, the shift 
parameter showing a smooth energy dependence even in the asymptotic region, 
where the shell corrections have already disappeared. In this paper we re-investigate 
this problem in the framework of a recently proposed [6] renormalization of the 
thermodynamic potential. For the sake of simplicity, the calculation of all 
relevant thermodynamic functions is performed in a pure single-particle model, 
neglecting pairing corrections. Since we can always write the entropy in its 
'asymptotic' form, it is possible to give a description of the shift parameter in 

445 
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terms of the thermodynamic functions. The temperature dependence of the shell 
terms is studied by Fourier analysing the oscillating part of the intrinsic single-
particle density. Since we do not require the chemical potential to be constant, 
our result deviates from that of Ref. [4], and, at the same time, becomes more 
complex. It is shown that the description of the oscillating part of the intrinsic 
single-particle density by a simple Fourier series is, in principle, incompatible with 
the simultaneously required variation of the chemical potential with temperature 
and the vanishing of the shell corrections at higher excitation energies. 

2. THERMODYNAMIC FUNCTIONS 

In the statistical theory of level density calculations one starts from the grand 
partition function. Its Laplace transform is usually performed in the saddle-point 
approximation. This well-known procedure [7] then leads to the intrinsic state 
density in the form 

e s 

" 2TT|D|1/2 ( 1 ) 

where the entropy S is given by 

S = <t> + ßE-aA (2) 

ф is the logarithm of the grand partition function and D is, in our case, a 2 X 2 
determinant of the second derivatives of S with respect to a and ß. For con­
venience, we confine ourselves to one kind of particles only. The thermodynamic 
potential ф is given by 

(a,ß) = J g(e) lg( l+e«- ' 3 e)de 0(a,/3) = y g C e H g a + e ^ H e (3) 
о 

and the Lagrangian multipliers a and ß are determined by the saddle point 
condition 

Э0(а,0) = А Э0(а,<3) = _ £ 

Эа п' bß 
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/Г1 can be identified with the temperature T. In the spirit of Strutinsky's energy 
renormalization procedure, one may decompose the potential ф into a smooth 
and an oscillating part [6]: 

Ф= ф+дф (5) 

where finally ф is replaced by a phenomenological (liquid-drop) potential ф and 
8ф is entirely given by the shell-model single-particle levels: 

Ф -* 0R= #(or,0) + бф(«,0) 

This corresponds to a replacement of the smooth component g(e) in 

(6) 

g(e) = ^ 6 ( е - е ; ) = g(e) + Sg(6) (7) 

by a phenomenological smooth level density g(e): 

g->-gR(e) = g(e)+5g(e) (8) 

The details of the renormalization procedure for ф have been worked out by 
Gottschalk and Ledergerber [6]. $ R is still defined by Eq,(3), with g, however, 
replaced by gR. Also the saddle-point equations are still valid. Since the smooth 
'liquid-drop nucleus' should, however, have the same particle number A, we are 
forced to distinguish between its chemical potential Ji=ä/ß and that of the real 
nucleus ß = ot/ß. We require 

Ьф(а, ß) Ъф(а, ß) -
= A and = - E 

9ä bß 
(9) 

where E is the liquid-drop energy at the given temperature T = fT1. To obtain a 
relation between 0(a,/3) and 0(<x>0)> we may expand $(ä,0) into a Taylor series: 

*(5,0-?<«,0 + -ff-f| + 
6а2 Ь2ф 

a=a 2! da 1/4J* + ... (10) 
a=a 

where 

5 a = a —a ( I D 
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The renormalized thermodynamic potential then becomes 

0R = 0(ä,/3) + 60sh(a)j3) 

where 

(12) 

Ьф 5a2 Ь2ф 
й=а 2! Эа"2 

a=a 
(13) 

defines the shell corrections. From Eqs (9) and (10), we find 

A = 
Ьф 
bei + «« :=» 

<*=<* 

#ф 
OL=CL 

a»(«,g) , . ъН +... = — + 5a — ba. ba 
a=<x 

(14) 

With the definition 

, A _ д8ф(<хф) _ А Ъф{а,$) = Г 5g(e)de 
da 9a J \+e @е~а (15) 

we obtain a relation between 5A and 5a from Eq.(14), neglecting terms of higher 
order in 5a: 

5a = 
gOx) 

5A (16) 

This is equivalent to 

ц = д - - , , 5A 
giß) 

(17) 

which for zero temperature goes over into a relation given in Ref. [8]: 

6 f = e r g(ff) 

ef 

Sgde (18) 
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We note that in the evaluation of the integrals defining the second derivatives 
of ф we have set g equal to g(/u) and neglected contributions from the lower limits. 
Therefore, the relations (16) and (17) are strictly valid only in the range of 
temperatures where a is sufficiently large1. Using Eq.(16) gives us, up to first 
order in 5a, the following result for the temperature-dependent liquid-drop 
energy: 

- дф(а,0) а 
E^~ ~дГ +ß 5A (19) 

For zero temperature, we have 

ef ef ef 

Ё(0) = / g(e)ede + ef / 5gde= / g(e)ede (20) 

Proceeding as above also for the shell corrections, we obtain up to first order 
in Sa: 

3S^sh(a,p) 
9a = 0 (21) 

and 

8 Е Л ( Т ) = -
36^h(tt,g) m(cc,ß) a 

-bß—-J8A (22) 

The corresponding zero-temperature result quoted in Ref. [8] is: 

6ЕЛ(0) 

ef ef 

= / 5ged6-ef / Sgde (23) 

?з 1 ОФ 
The approximate results are: - r r 

9<r 
—— and 

Э/Ш 
а _ 

g(p> J 
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Equations (19) to (23) are, up to first order in 5a, equivalent to the original 
saddle-point condition. This result enables a unique separation of all the thermo­
dynamic quantities into smoothly behaving liquid-drop parts and oscillating shell 
corrections. In the following, the smooth quantities themselves will be split up 
into two parts, one of which is explicitly dependent on temperature and the other 
one implicitly through the chemical potential. As usual, in evaluating thermo­
dynamic integrals, this can be done by splitting up the range of integration into 
two parts, one extending from 0 to Д, and the other one extending from Д to °° 
(see, e.g. Ref. [7]). The results are: 

<tfj«,ß)*ß e)g(e)de + -j-A<£(ä,/3) (24) 

о 

where Аф is given by a series expansion in /3_ 1 : 

Аф(й, ß)=j)_j ^ У ( l " фА r(fi+2)f(fi)(M) + КАф (25) 
й>0 . 

Here f (ß + 2) is Riemann's zeta function and R&$ is a residual term of the order 
e"1* and expected to be small as long as a remains large enough. R ^ can be 
calculated by means of a series expansion. The liquid-drop energy calculated 
according to Eq.(9) is 

1 = 1 (0 )+ EX(T) (26) 

where the smooth excitation energy is determined as 

ЕХ(Т) = - Д Х + Д Е (27) 

with 

Ax= I I(e)(e-ju)de (28) 

The other term is again given by its asymptotic series expansion: 

A l = ^ " L l i ^-« + 1 ) (^^r)^ + 2 )g ( £ V) + RAe (29) 
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The residual term Ядё is also expected to be small. Usually, the dependence of 
Jß on T is ignored, i.e. Дх= О is assumed. This leads to the well-known equidistant-
model behaviour of the excitation energy as a function of energy. As was first 
pointed out by Moretto [5], Дх=О, is, however, not even true for the Fermi gas 
model. 

Using Eqs (3), (12), (13) and (15), we obtain for the entropy: 

SR= j3(I+ 6Esh(T)) - aA + ф (5,ß) + 8ф(сс, ß) - ( й - а) А + 0(8a2) (30) 

or 

SR=S(ä,ß) + SSsh(a,0) (31) 

where the smooth component is given by 

S(ä,ß) =ß{E-jA+t <t>(ct,ß)) =ß ( д Е + j A^j (32) 

and the shell correction to the entropy, up to first order in 6a, is given by 

6Ssh(a, ß) = ßÖE^T) + 8ф(ос, ß) + 0 (Sa 2 ) (33) 

The free energy 

F = E - TS (34) 

may as well be split up into a smooth term 

F = E ( O ) - A x - i A 0 (35) 

and a shell correction 

S F s h ( T ) = - j ^ ( a , / J ) + 0 ( 5 a 2 ) ( 3 6 ) 
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Finally, we quote the trivial relation between smooth and real excitation energies: 

Ex(T) = Ex(T) + 5E s h(T)-5E s h(0) (37) 

3. THE ASYMPTOTIC FORM OF THE ENTROPY AND THE BACK-SHIFTED 
FERMI GAS MODEL 

In principle, the asymptotic behaviour of the entropy is best discussed by 
using Eqs (31) to (33). Since numerical calculations show that both SE^ and 
Ьф vanish for higher temperatures, we have in this case 

S R ( T > 0 ) ~ S(a ,0)= | s faE + j Аф\ (38) 

and 

EX(T > 0) » I x C O - 5Esh(0) = - Дх+ ДЁ - SEsh(0) (39) 

which is very different from the usual relationship between entropy and excitation 
energy in the equidistant model. Since a large body of experimental data has been 
analysed in terms of the back-shifted Fermi gas model, we would like to express 
the entropy in a similar form. This is always possible, the price we have to pay is, 
however, a rather complicated expression for the shift parameter. We start with 
the definition of free energy, Eq.(34), and solve for the entropy: 

E - F / E + F \ / 2 E ( 0 ) - E - F \ - _ 
SR= - = - = 2ß ( E - — ) = 2ß (Ex + — ^ 2 J = 20(Ex+ Д) (40) 

where the newly introduced quantity Ä will be given explicitly below. To remove 
the reciprocal temperature ß, we introduce a completely arbitrary constant (or 
function of excitation energy) a in the following way: 

E x = E x - ^ + ^ ^ - Ä 1 + ^ (41a) 

or 

B= - a ~ (41b) 
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This allows the elimination of ß from Eq.(40) and gives, at the same time, the 
entropy in the desired form: 

SR= 2^(1*+ДаЫй<Т)) (42) 

The shift parameter is defined through a set of equations: 

2А-Д!+А 2 /Ё Х 
Ashift(T) = (43) 

1 + AJEX 

2Ä = - Аф - ДЁ + 2ДХ + 5Esh(T) - 5Fsh(T) (44) 

2,1=Ax-AE + j = -Ex+~ (45) 

22 - Д\ = Ax + j Аф ~ + 5Esh(T) - 6Fsh(T) (46) 

This set of equations is completely equivalent to the original form of the entropy. 
A re-definition of the shift parameter as follows: 

Ashift(T)=-SEsh(T) + 5Esh(0) + 2shift(T) (47) 

then gives the well-known expression for the back-shifted Fermi gas model: 

SR = 2> /a(E x + Ashift(T)) (48) 

Since this expression is exact, it is valid over the whole range of excitation 
energies. Note that the level density parameter a is a quantity which can be 
chosen freely. The choice 

a = -g~6D (49) 
о 

is particularly useful since in this case the first terms of the series expansion for 
(1 Ш)Аф and ДЕ will be cancelled. Since the chemical potential is a slowly 
varying function of temperature, also a will depend on T. 



454 JUNKER et al. 

As the simplest example, we may consider the equidistant model. In this 
special case, g and Ji = ef are constants. Therefore, all smooth contributions to 
ÄShift vanish, and,in the high-temperature limit, we obtain: 

.equ A sh t f t ( T ^° ) = SEsh(0) 

and 

S«P»(T > 0) = 2 v 4 ( E x + 5Esh(0)) 

This is the well-known result of Kahn and Rosenzweig [ 1 ]. 
In the general case there is, however, always a component present in Ashift 

which varies smoothly with the energy and persists even at high energies where 
the shell corrections have been washed out completely. Detailed numerical 
calculations performed by Moretto [5] attest to this fact. Experimental data 
fitted with the back-shifted Fermi gas model exhibit the same trend [3, 9]. 

4. SHELL CORRECTIONS AT HIGHER TEMPERATURES TREATED IN 
A SIMPLE MODEL 

The behaviour of shell corrections for a realistic nucleus as a function of 
temperature can only be studied by means of microscopic calculations [2, 10]. 
However, for the following model case, in which the fluctuating part of the 
single-particle level density is represented by a strictly periodic function, we 
can give analytic expressions for all relevant thermodynamic quantities [4, 11 ]. 
As we shall see, such model calculations are, in principle, restricted to cases 
where the chemical potential is a constant. We assume that 5g can be represented 
by a Fourier expansion of the form: 

5g(e) = \ т к e iw*e = ) l7kieiw*(e_eo), к = ± 1, ± 2 , . . . (50) 

with сок = 27rk/hcdsh and fkosh ~ 41.A~1/3 being the distance between major 
shells. This gives the previously defined shell quantities in the following form: 

80(T)=/3 ™+Yu^*$r)\+*** (51) 
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5A(T)=L ̂ + L %t е1Шк>1{ф~ 1)+RSA (52) 
к к 

-ZS+1 

SESh(T) = - Г О х ) - Y ~ЦГ **** ( Т ^ ) + R5B (53) 

with T(ju) defined as 

M 

rW = j8g(v-e)de=Y^ - 4 - ( i + i M W k ) - ^ ^ b e * 0 * " (54) 
" k к к к 

and, for T = 0, 

r(M(0) = ef) = -6E s h(0) (55) 

The terms Rg^, etc. are contributions from the lower limits of the thermodynamic 
integrals and small of the order e"4*. The functions ф and ф whicH contain the 
essential temperature dependence of the shell quantities are given by 

^(7) = 1-—T—- (56) 
sin hr 

and 

T2coshr 
VKT) = 1 - . . a (57) 

sin l r T 

with the property 

ф(0) = ф(0) = 0 (58a) 

0(oo) = ^(oo) = i (58b) 
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In the limit of high temperatures, the shell corrections approach the values 

60(T>O) ~ ß (г(ц) + £ -?r e 'M+R^/J £ -%£• (1 +¥«**) + R^ 
k <°k / k "k 

(59) 

5A(T>0)~2_^ ^ + R6A (60) 
к 

5Esh(T>0) ) ^ r ( l+ i M co k ) + RSE (61) 

This shows that, with our ansatz (50), the shell corrections will in general not 
vanish for higher temperatures, which contradicts the results of microscopic 
calculations. We may, however, adjust the phase e0in Eq.(50) such as to make 
either 5A(T>0) or 8ф(Т>0) and SEsh(T>0) vanish. In practice, we would 
expect this phase to be determined by the shell model potential. Setting Im 7k= 0 
would make 5 A vanish and, therefore, the chemical potentials of smooth and real 
nuclei would coincide at higher temperatures. The shell correction to the energy 
would asymptotically approach a constant value -S^/OJ^, which is of the order 
of the ground-state shell correction itself. The condition leading to vanishing 
shell corrections is 

V 2w 
k>0 

217kl 
5Esh(T>0) = - > — (cos Wueo+ сокд sin toke0) ~*"0 (62) 

°k 

or, equivalently, 

t g W ^ o = - ^ (63) 

with the solution 

(ji^e0-mr - urctg n = 0,l,2, (64) 
cok/x 
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Since this equation depends on the chemical potential, its use would introduce a 
temperature dependence in the original Fourier expansion of 5g, which was 
assumed to be a temperature-independent quantity. We then conclude that this 
model is only applicable to the case of a constant chemical potential. We then 
adjust the phase e0 for zero temperature (д= ef). Since arctg (1/с*>кМ) is a small 
quantity for reasonable values of ju, cok̂ o will be close to m and therefore 
Im7k=- l7klsin (....) will be a small quantity. We then see that this phase condition 
ensures that all shell quantities will become small at higher temperatures. Adapting 
this condition results in the following expressions for the shell corrections: 

Г00 = 2^ I } » = - 2 ^ - ^ cos cOkOx-e«,) (65) 
k>Ö k>0 k 

W ) * ß £ гк(м) (\-Ф №$) (66) 

Ö A ( T ) ~ ^ "фГ< 1 - *> <67> 
к>0 

ÖE s h(T)~- 2^ Гк(д)(1-*) (68) 
к>0 

8Ssh(T)*-ß^ Гк(р)(ф-ф) (69) 
к>0 

Since the phase condition, Eq.(64), depends only very weakly on T, we may, as 
an approximation, apply these results also to cases where the chemical potential 
is a function of temperature. We then have the following form for the entropy 
and the excitation energy: 

SR(T) ~ß(ДЕ + j Аф + ^ Гк(м) (Ф-Ф)) (70) 
^ k>0 ' 

EX(T) Дх+ ДЁ + ^ Гк(м) (Ф-1) ~ SEsh(0) (71) 
k>0 
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which generalizes that given by Kataria et al. [4]. The authors of Ref. [4] very 
successfully applied this set of formulas, assuming a constant smooth level density 
and a constant Fermi energy, to a large body of experimental data, using only the 
first harmonic of 5g. 

CONCLUSIONS 

In the framework of the recently proposed renormalization of the thermo­
dynamic potential, we have derived a mathematical expression for the entropy 
which consists of a smooth term that can be related unambiguously to the liquid-
drop model, and an oscillating shell term. In the range of high temperatures only 
the liquid-drop term remains, differing from the result of a model with constant 
average single-particle level density. Since self-consistent calculations [2, 10] do 
not show such a behaviour, this places severe constraints on the shape of g(e). 
The question of level densities at relatively high excitation energies is, of course, 
not entirely academic and is particularly relevant for reactions studied at meson 
factories, where compound nuclear excitation energies in the range of 40-100 MeV 
are reached in many reactions. Thus, the absorption of stopped pions in heavy 
nuclei can be shown to result in such high excitation energies, as indicated by the 
decay products, such as neutrons as well as fission products. In pion-induced 
fission, for example, use of the asymptotic form of the entropy given by the 
equidistant model with periodic level bunching leads to a good description of the 
data, provided the ratio of fission-to-neutron level density parameters af/an is 
taken to be about 1.1 [12]. Nix et al. [ 13] claim that this indicates a need for a 
lowering of the liquid-drop barriers, as at high temperatures one expects this ratio 
to be equal to one. Thus, the question of the true form of the entropy at 
intermediate energies should be settled in the near future. 
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DISCUSSION 

M. BRACK: I think that here we should try to use the expression for the 
extended Thomas-Fermi model, which makes it possible to calculate g(e) by 
simple integration in terms of a given analytical potential V(r). 

K. JUNKER: Yes, I agree. It would be useful to do so to see whether the 
higher derivatives of g(e) really give, at least in the energy range of interest, a 
small contribution as compared with the leading terms in the expansions of 
entropy and excitation energy. 

M.E. FABER: In calculations of shell corrections to total energy and free 
energy surfaces one finds that the total energy shell corrections decrease slowly, 
while the free energy corrections decrease very suddenly. Does this fit in with 
your equation? 

K. JUNKER: The mathematical expressions for the simple model given in 
Eqs (51) and (53) show the same trend as you observed in your own numerical 
calculations. 
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Abstract 

A MANY-BODY MODEL STUDY OF FRAGMENT FORMATION IN FISSION. 
The mechanism of fragment formation in fission has been studied in 32S as calculable 

many-body model for similar effects in the fission of actinides. The calculations have been 
performed for soft-core two-body forces with alpha cluster model (ACM) states, and these 
wave functions have been compared with two-centre shell-model (TCSM) states. The results 
show that, already at a small deformation, a correlation of the nucleons into two closed-shell 
clusters (160 + 1ЧУ) is energetically favoured over the many-body states without such clustering. 
No cluster structure of that kind is found in the ACM ground-state of the compound nucleus. 
The (160 + 160) clustering sets in at the barrier between the first and the second minimum. 
In fact, the gain in correlation energy associated with the clustering turns out to be the very 
reason behind the occurrence of a shape isomeric state. This explains the paradox of 'fragment 
pre-formation', as these fragment-like correlations are noticeable long before the actual break-up 
into fragments. A comparison of the minimum energy ACM states with the lowest TCSM lp - lh 
states yield very high overlaps at any deformation. This demonstrates that the description of 
fission in terms of cluster formation results in the same consequences as those from the usual 
shell-model picture of fission. 

1. INTRODUCTION 
For a long time, effects from fragment shells have been 

observed in many data from low-energy actinide fission. Examp­
les are the kinetic energies, the neutron emission, and у - ra­
diation associated with the fragment de-excitation. When plot-

* Supported by the Bundesministerium für Forschung und Technologie of the FRG 
and the Deutsche Forschungsgemeinschaft. 
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ted against the fragment mass, these data show peculiarities in 
the vicinity of the closed-shell (Z = 50, N= 82) mass (see^e.g. 
ref. [1]). 

The existence of large clusters in fission consisting of 
roughly one half of the total number of nucleons has early been 
advocated [2]. This has been substantiated by shell-model cal­
culations following the Strutinsky method [3] which have demon­
strated [4,5] that the single-particle level scheme of the com­
pound nucleus approaches that of the separated fragments alrea­
dy at remarkably small deformations. Thus, fragment shells are 
more decisive in many respects than the shell structure of the 
fissioning nucleus itself. Fragment shells tend to dominate al­
ready in the moderately deformed compound nucleus, much prior 
to the actual fragment formation. 

It is the aim of the present paper to study the mechanism 
of fragment formation in the many-body wave function of the 
fissioning nucleus. We are especially interested in the possib­
le existence of long-range many-nucleon correlations that may 
precede, and finally lead to, the actual formation of fission 
fragments. As the gain in correlation energy should be particu­
larly large in clusters containing magic numbers of nucleons, 
the fragment shell closures (Z = 50, N = 50, N = 82) are expected 
to play an important role in actinide fission [2,6,7]. There­
fore, our treatment will focus on the following aspects: 

(i) the many-body mechanism of fragment formation,. 

(ii) the deformation at which conceivable clustering sets in, 

(iii) the sudden or adiabatic nature of this process, 

(iv) the correlation energy and particular effects from closed-
shell clusters, 

(v) the overlaps between cluster and two-center shell-model 
wave functions. 

A quantitative study of large clusters in a microscopic 
many-body calculation for actinides, however, is beyond present-
day's computational facilities. In the actinide region, so far 
only constrained Hartree-Fock calculations [8,9] with zero-range 
forces have been carried out. Apart from these, no other than 
relatively light systems like 8Be, 2oNe, 2"*Mg and 32S have been 
considered as many-body models for certain aspects of the fis­
sion problem [10,11]. We shall restrict our calculations to the 
study of deformed states in 32S, a system which is light enough 
for completely microscopic calculations to be performed, but 
which already exhibits the essential shell and substructure pro­
perties that are characteristic for actinide fission: Although 
not fissile in its ground state, 32S has a shape isomer (accord­
ing to the Strutinsky method [12] and certain Hartree-Fock [13] 
calculations) and can be divided into two closed-shell fragments 
(like 261*Fm) . 
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In order to facilitate the comparison with actinide fis­

sion, the calculations have been performed in two different re­
presentations, namely, Brink's alpha-cluster model [14], which 
is particularly efficient for the treatment of many-body corre­
lations, and the two-center shell model [15], the conventional 
method of actinide fission studies. It is in the spirit of a 
model calculation for nuclear fission phenomena that no efforts 
have been made in the present paper to achieve close agreement 
with experimental 32S data (e.g. J60 - *60 heavy-ion interaction 
potentials). Therefore, no parity or angular momentum projec­
tion has been included. The computational methods, which have 
previously been described in two separate papers [16,17] are 
outlined in section 2. The resulting potential energy surfaces 
and overlaps are given in section 3, and the conclusions for 
the many-body picture underlying actinide fission are summariz­
ed in section 4. 
2. METHOD 

In the present work, the formation of fragments in fission 
has been described in the conventional shell-model approach and 
in a many-body model. Correspondingly, two types of Hamiltoni-
ans and wave functions have been used: the two-center shell mo­
del and its single-particle states, and a two-body soft-core 
Hamiltonian together with alpha-cluster states. Both methods 
are briefly described in the following subsections. 
2.1. Alpha-cluster model (ACM) 

We make use of the alpha-cluster model as developed by 
Brink [14] for the study of nuclei like '•He, 8Be, 12C, 1 60, ... 
which can be considered to be composed of a-particles. A detail­
ed description of the model is given in refs. [14,18]. 

The nucleons of 32S are distributed in eight alpha-clu­
sters which are centered at the positions Йх,..., $e • The spa­tial part of the single-nucleon states is given by 

_3_ 
<х|$±,Ь> = (Ь /й~2 exp (-(х-Й±)2/2Ь2) (i=1,...,8) (1) 

Here, the four nucleons of each alpha cluster (i) share (with 
anti-aligned spins and isospins) a 1s orbit around the center 
$. with an oscillator width b = ttf/mu)1/2 . The width b is 
taKen to be the same in all clusters. The antisymmetrized (A) 
state of the whole system is then given by the Slater determi­
nant |ф> of the (non-orthogonal) single-nucleon states (1) 

|ф> = N A |61,b>|52,b> ... |Йе,Ь> (2) 

We refer to alpha-ctu.&tzM> rather than alpha-pa?it-Lcle.&, in 
order to stress the full antisymmetry of the many-body state. 
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As usual in this model, admixtures of p-shell or higher 
states are not taken into account. It has been shown [19,20] 
that these states can be neglected. Even without such an admix­
ture, ACM states in light nuclei require up to 4p - 4h compo­
nents in a harmonic oscillator particle-hole expansion [14]. 

The Hamiltonian of the A = 32 particle system 
H = T + V - T C M (3) 

consists of the kinetic energy 

the potential energy 
A 

V = I v.. (5) 
i<j 3 

and a center-of-mass term Тем • F o r ^ е two-body interaction 
Vij , soft-core potentials with Wigner and Majorana (Px) terms and Gaussian form factors have been used 

Vij " X Sn ( 1 " Mn + Mn V «P ("rij / ßn> (6> 

The parameter sets (Sn, Mn, ßn) are taken to be those of the 
Volkov force [21] no.1, Vi , and alternatively the Brink-Boeker 
force [22], Bi . The matrix elements of the spin-orbit and ten­
sor potential vanish because the wave function (2) has S=0 . 
The spurious center-of-mass motion can be separated, and has 
been accounted for by subtracting the expectation value of 

TCM=2AÜ ( j , hY =Ь + S 1 f j 5 1 P j ™ 

In contrast to actinide fission, the effect of the Coulomb 
energy in 3 2S is rather small; it lowers the binding energy but 
leaves the minimum energy state essentially unchanged. There­
fore, the Coulomb energy will be neglected in the following sec­
tions . 

The norm factor Ыф of eq. (2) and the expectation values 
of one-body and two-body operators are determined by the single-
nucleon matrix elements and the elements of the inverse overlap 
matrix 

<Ф | ф> = N 2 det" <i|j>/Al (8) 

<ф|т|ф> = 4<ф|ф> I <i|fj;|j> Bj;L (9) 

<ф|у|ф> =4<ф|ф> iL <ij|vl2|kÄ>[(8-1CM)Bki B^. + (10М-2)В.. В.] (10) 
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Here/ Ii>= |Й̂ ,Ь> denotes the single-nucleon state, B = (<i|j>) 
is the inverse of the overlap matrix, and M the Majorana ex­
change parameter of the nucleon-nucleon interaction. The matrix 
elements <i|j>, <i|p2/2m|j> and <ij|v12|kA> can be deter­
mined analytically [18]. The results of subsection 3.1. are ob­
tained by minimizing the energy 

<Ф|Н|Ф> / <Ф|Ф> = f(Si,..., Й 8 / ь ) (11) 
as a function of the variational parameters $i, ...,%.$, Ъ (under 
constraints as discussed below). 

2.2. Two-center shell model (TCSM) 
The two-center shell model has been applied to the descrip­

tion of actinide fission in numerous papers (see e.g. refs. [23, 
24]). Therefore, it is instructive to compare the 32S wave func­
tions obtained in the ACM calculation with those of the TCSM. 
We will use the TCSM in its most simple version, allowing only 
for symmetric fission and neglecting angular momentum dependent 
terms in the potential. The restriction to symmetric fission is 
motivated by the ACM results (see section 3.1.). Since a spin-
orbit or л* term does not contribute in the ACM, we have dis­
carded these terms also in the TCSM. 

The TCSM wave functions we have adopted are therefore Sla­
ter determinants of one-particle states which are generated by 
the potential: 

I ffi2/2mbl,)[x2+y2+(z+z ) 2 ] z < 0 
V ( x , y , z ) = ° (12) 

I ( - f i 2 / 2 m b ' * ) [ x 2 + y 2 + ( z - z Q ) 2 ] z > 0 

In the limit z0 -*0 , it reduces to the usual oscillator poten­tial, whereas for z0 •+» , it leads to two separated identical oscillators (for a figure of this potential see e.g. ref. [15]). 
By increasing the parameter z0 of this potential, one can de­
scribe the process of symmetric fission. 

The one-particle Schrödinger equation with the potential 
(12) can be separated in Cartesian coordinates. For our purpo­
ses, this separation is more suitable than in cylindrical coor­
dinates, because it facilitates the calculation of the overlaps 
with the ACM wave functions. The eigenfunctions can be written 
in the form 

<x|nx ny nz> = фПх(х) фПу(у) 4-nz<z) ИЗ) 

where фПх^х) a n d ^п^У) a r e oscillator functions with nx 
and n quanta, respectively. The functions <l>nJz) c a n be gi-y z 
ven explicitly in terms of hypergeometric functions [15], and 
n z=0, 1, 2,... labels the various excited states. The one-par­
ticle energy of the state (13) is given by 
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E(nx,n , n ) =*ш(п х + п +еп(г0) + |) (14) 

where -К ы =-fi2/m Ь2 with b being the oscillator width parame­
ter. The eigenvalues en (z0) have to be calculated numerical­
ly. In general, they areznon-integers with the following limit­
ing cases; 

en (0) = n 
Z Z (15) 

e2nz<"> = e2nz+l(~) = n z 
The various states of 32S have been constructed by filling eight 
orbitals with four nucleons each that have different spin and 
isospin. In the oscillator limit z0->0 , the ground state is 15-fold degenerate with the 1s and 1p shells filled and four 
states in the (2s,1d) shell occupied. These states will be de­
noted as |li> with i = 1,..., 15 . For z0=)=0 , they are no longer degenerate but split into 5 groups of states. All of them 
are, however, lower in oscillator energy than any other state 
for z0 < 0.4 b . 

The one-particle, one-hole state of 32S with one quantum of 
excitation is 218-fold degenerate in the oscillator limit; these 
states will be called |üi> , i=1,..., 218 . The most interest­
ing state among them is the state 

|ll!> = | (0,0,0)" (1,0,0)" (0,1,0)ц (0,0,1)" 
(16) 

(0,0,2)" (1,0,1)" (0,1,1)" (0,0,3)"> 
which, for z0 ->•» , is the ground state of two separated x 60 nu­
clei as can be seen from the asymptotic value of the oscillator 
energy expressed by eq. (15). Since 160 is a closed-shell nucle­
us, the ground state of two separated 160 nuclei is non-degene­
rate . 

3. RESULTS 
3.1. Energy 

Previous ACM calculations have shown that the ground-state 
wave functions of the 4M nuclei lighter than 32S are associated 
with certain geometrical structures of the a cluster positions 
&"i . In the ACM ground state of 12C, for instance, the a clu­
sters form an equilateral triangle, in 160 a regular tetrahedron 
(for figures see, e.g. ref. [25]). In order to study the fragmen­
tation of the 32S system, we restrict the eight cluster posi­
tions Si in (2) to configurations of the type shown in Fig. 1, 
where the two tetrahedrons can be shifted together, blown up and 
distorted. This allows for possible clustering and fragmentation 
into 1 60 - 1 60 or a - * 2C - ! 60 or a - a 2C - 1 2C - a or * 60 - a - * 2C or 2oNe- 12C as well as shell model states 
($i =Й2 = ... =ft8) o r alpha clustering only. 
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FIG.l. Alpha-cluster positions and variational parameters. The positions Ru . . . , Rt in 
Eq. (2) are restricted to alphas in the corners of two tetrahedrons. The variational parameters 
л и, Ri2, dL, d't and d are indicated. "ос "а 
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Fig. 2 shows the energy (11) of the ACM states of Fig. 1 as 
a function of the deformation parameter d , the distance be­
tween the nascent fragments. The energy is calculated for Vol-
kov's soft-core interaction No. 1 [21]. At each given d , the 
other parameters in Fig. 1 and the oscillator constant b have 
been varied independently. 
We find two separate val­
leys in the potential ener­
gy landscape extending a-
long increasing separation 
d . The ground state of 32S (at d = 0) lies in one 

valley, the separated frag­
ments 1 60+ 1 60 lie in the 
other. The valleys are as­
sociated with different ty­
pes of correlations in the 
many-body wave functions. 
For small separations d , 
the 32S valley is lower in 
energy. With the approach 
to the ground-state mini­
mum, all the position para­
meters (R12, da, d) in Fig. 1 go to zero; i.e. the ACM 
state of minimum energy go­
es over into a (b = 1. 4 fm) 
shell model state of 32S. 
With increasing d , the 
triangular 12C structure 
in a - i2C - J 60 blows up, 
whereas the nucleons of 
the 160 structure remain 
clustered together. 

Separation d (fm) 
J I I 1 1 1 L. 

6 8 10 

FIG.2. The energy valleys in 32S as a function 
of the separation parameter d. 
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At d =1.8 fm, both valleys are equal in energy (but separate in 
the parameter space). The transition from the 3 2S ground state 
to the separated fragments * 60 + 1 6 0 requires that the system 
passes over to the other valley. This is associated with a dra­
stic rearrangement in the correlation of the wave function: In 
the 160 - 1 60 valley, there is noticeable clustering into two 1 60 substructures, whereas there is no such substructure corre­
lation in the 3 2S valley. 

The corresponding energy surface, similar to contour plots 
in actinide fission, is given in Fig. 3. 

d=2.4 
-/:... Jd=2.2 

d=2.0 
— \ — \ — \ ^ < — 7r---ld=l.8 

Parameters R|2, R,,, d , d , b 

The energies have 
been computed by 
linearly interpo­
lating the parame­
ters R12, d0 and b for a given d be­
tween their values 
in the two valleys. 
The interpolated 
values serve as 
generator coordi­
nates for a se­
quence of Slater 
determinants, and 
plotted are the 
energies of the 
diagonalized Hill-
Wheeler equation. 
Details of this 
procedure as well 
as more results 
for configuration 
mixing are given 
in ref. [16]. 

FIG.3. The energy <ф\Н\ф)/(ф\ф) 
for Vi interaction as a function 
of the parameters of the ACM 
state given in Fig.l. 

The ACM ground state of 3 2S has not previously been deter­
mined. As the configurations of Fig. 1 may not well describe the 
ground state of 3 2 S , an unconstrained variation of all parame­
ters has also been performed in' this case and for the second mi­
nimum. It turns out that the shape isomeric state resulting from 
the constrained variation is locally stable against the full va­
riation. The constrained ground state of the model, however, is 
found to lie 12 MeV above the absolute ACM minimum (resulting 
from the full variation). 
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The calculations have been repeated for Brink-Boeker inter­
action Bj . The results for substructure correlations are simi­
lar to the above Vi results [16]. 

3.2. Overlaps 

When we have obtained the state of minimum energy for each 
separation d , we can expand it in terms of TCSM states. The 
expansion coefficients are given by the overlaps of the ACM sta­
tes with the various TCSM states specified in section 2.2. For 
definiteness, we have chosen z0'= d/2 . It has been checked that 
other reasonable choices do not alter the results appreciably. 
The oscillator width b is taken to be the same in the ACM and 
the TCSM. 

Explicitly, we have calculated the following quantities: 

15 
P, = I |<I,|ACM>|2 (17) 

i=1 X 

218 
P, = P. + l |<II,|ACM>|2 (18) 

i=1 x 

P3 = |<II1|ACM>|
2 (19) 

Here, for a given ACM state |ACM> , Pj is the probability for 
the 15 TCSM states which are degenerate in the ground state of 
3 2S, P2 is the probability for the ground state or any 1p- 1h 
state with one additional oscillator quantum, and P3 is the 
probability for the state which asymptotically goes over into 
the two 160 ground states. These quantities are plotted in Pig. 
4 as functions of the separation d .As is seen, there is a 
drastic change in the probabilities around d= 1.8 fm. At this 
point, P3 increases sharply from nearly zero to 90 %, whereas 
Pj drops down to almost zero. This is due to a rapid change 
in the parameters of the ACM states of minimum energy at this 
separation (compare Fig. 2 and ref. [16]). Beyond d=1.8fm, the 
two tetrahedrons of Fig. 1 are congruent but elongated in the 
state of minimum energy. For large separations, they approach 
the ground state of two separated 160 nuclei consisting of two 
identical regular tetrahedrons. The probability Pi is zero in 
this region, since one cannot reach the ground state of 32S by 
bringing together two 1eO nuclei in their ground state [11]. 

For smaller separations, the probability Pi increases 
from 60 % at d=1.8 fm to 100 % in the 32S shell model limit 
(d = 0). Hence, also in this limit, the two models yield almost 
identical wave functions. The probability P2 of the TCSM 
ground state and the lowest 1p- 1h excitations together, is 
nearly independent of the separation and varies between 90 % 
and almost 1O0 %. This shows that the wave functions of the de­
formed 32S nucleus calculated in the ACM can be represented by 
a small number of the lowest TCSM wave functions. 

The same calculation has been performed using the minimum 
energy ACM states calculated with the Bi force. The results 
are qualitatively similar to those-obtained for the Vi force. 
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FIG.4. Probabilities of finding the various TCSM states in the ACM states of minimum energy. 
For the definition ofPx ^з, see Eqs (17)-(18). 

4. CONCLUSIONS 
From the fission point of view, the following results are 

interesting to note: Like in actinides, the energy of our model 
system 32S has two minima when plotted versus deformation. In 
the first minimum, the ACM state is almost identical with the 
15-fold degenerate 32S spherical shell-model state. With in­
creasing deformation d , the probability for these 15 TCSM sta­
tes decreases to about 60 % at the barrier. The energy gain in 
the second minimum in 32S is due to the formation of the magic 
substructure correlation * 60+ 1 60 in the many-body state. The 
strong correlation is associated with a spectacular increase in 
the overlap <up to 95 %) between the minimum energy ACM state 
and the TCSM state which goes over into 1 60+ 1 60 for d •+ » . We 
note that the formation of such large clusters is favoured al­
ready at a rather small deformation (d=1.8 fm associated with 
a quadrupole moment of Q0=0.5 barn), but no such correlations occur in the ground state. The complete rearrangement in struc­
ture between the states of the first and second well occurs ra­
ther suddenly within a small interval of the parameter d . It 
is connected with an abrupt change in quadrupole moment and rms 
radius. Beyond the barrier, closed shell clusters (160 + 160) 
are lower in energy than non-magic ones. 

The ACM and the TCSM approach lead to rather similar wave 
functions. At any deformation, the minimum energy ACM state is 
almost completely ( > 90 %) contained in the lowest part of the 
TCSM one-particle one-hole space. 

The paradox of "fragment pre-formation" in fission can be 
explained as follows: Already in the second minimum, there is 

Probability 
-P(%) 

i 

P2 

!?\ 

l • 

"P 
3 

-

Separation d(fm) 
. i • 
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an enhanced probability for closed-shell clusters. Although the 
antisymmetrization tends to diittinish the effect of such sub­
structures, some correlations of many nucleons remain. These 
have to some extent the properties which fragments of the same 
charge and mass would have. Thus, fragments are "pre-formed" 
and experimentally noticeable much prior to scission. 

Actinide fission differs from our model in one minor re­
spect: The relative neutron excess in most actinides is larger 
than that of the closed shell fragment (Z = 50, N=82, A =132). 
Accordingly, in actinide fission maximum yield is observed for 
fragment masses that are slightly larger than the closed shell 
mass. Only the hypothetical fission of 26l*Fm is analogous to 
our model: Here, two magic 132Sn clusters can be formed simul­
taneously. This is in accord with the observed tendency towards 
symmetric fission in neighbouring Fermium isotopes. 

REFERENCES 

[1] VANDENBOSCH,R., HUIZENGA,J.R., Nuclear Fission, Academic 
Press, New York-London (1973). 

[2] FAISSNER,H., WILDERMUTH,K., Phys. Lett. 2 (1962) 212; 
N u c l . P h y s . 58 (1964) 1 7 7 . 

[ 3 ] STRUTINSKY,V.M., N u c l . P h y s . A9J5 (1967) 4 2 0 ; N u c l . P h y s . 
A122 (1968) 1. 

[4] MOSEL,U., MARUHN,J., GREINER,W., Phys. Lett. 34В (1971) 587 
[5] MOSEL,U., SCHMITT,H.W., Nucl. Phys. AI65 (1971) 73. 
[6] SCHULTHEIS,H., SCHULTHEIS,R., WILDERMUTH,K., Phys. Lett. 

53B (1974) 325; Nukleonika 20 (1975) 423. 
[7] G5NNENWEIN,F., SCHULTHEIS,H», SCHULTHEIS,R., WILDERMUTH,K., 

Z.Physik A278 (1976) 15. 
[8] FL0CARD,H., QUENTIN,P., VAUTHERIN,D., KERMAN,A.K., Physics 

and Chemistry of Fission (Proc. Int. Conf. Rochester, 1973) 
1, IAEA, Vienna (1974) 221. 

[9] FL0CARD,H., QUENTIN,P., VAUTHERIN,D., VENERONI,M., KERMAN, 
A.K., Nucl. Phys. A231 (1974) 176. 

[10] K0LB,D., CUSS0N,R.Y., HARVEY,M., Nucl. Phys. A215 (1973) 1. 
[11] HARVEY,M., Clustering Phenomena in Nuclei (Proc. 2nd Int. 

Conf. College Park, Maryland, 1975; GOLDBERG,D.A., MARION, 
J.В., WALLACE,S.J., Eds.), National Technical Information 
Service Rep. ORO-4856-26 (1975) 549. 

[12] SHELINE,R.K., RAGNARSSON,I., NILSSON,S.G., Phys. Lett. 41B 
(1972) 115. 

[13] ZINT,P.G., MOSEL,U., Phys. Lett. _58B (1975) 269; Phys. ReV. 
C14 (1976) 1488. 

[14] BRINK,D.M., Proc. of the International School of Physics 
"Enrico Fermi", Course XXXVI, 1965 (BLOCH,С., Ed.), Acade­
mic Press, New York-London (1966) 247. 

[15] SCHARNWEBER,D., GREINER,W., MOSEL,Ü., Nucl. Phys. A164 
(1971) 257. 

[16] SCHULTHEIS,H., SCHULTHEIS,R., WILDERMUTH,K., FAESSLER,A., 
GRÜMMER,F., Z. Physik A286 (1978) 65. 

[17] BAUHOFF,W., WILDERMUTH,К., Z. Physik A289 (1979) 261. 



472 BAUHOFF et al. 

[18] ARIMA,A., HORIUCHI,H., KUBODERA,K., TAKIGAWA,N., Advances 
in Nuclear Physics (BARANGER,M. , VOGT,E., Edg.) j>, Plenum 
Press, New York-London (1972) 345. 

[19] GRt)MMER,F., FAESSLER,A>, Z. Physik 255 (1972) 112. 
[20] ABE,Y., clustering Phenomena in Nuclei (Pröc. 2nd Int. Conf. 

College Park, Maryland, 1975; GOLDBERG,D.A., MARION,J.В., 
WALLACE,S.J., Eds.), National Technical Information Service 
Rep. ORO-4856-26 (1975) 500. 

[21] V0LK0V,A.B., Nucl. Phys. J± (1965) 33. 
[22] BRINK,D.M., B0EKER,E., Nucl. Phys. A9J_ (1967) 1. 
[23] HOLZER,P., MOSEL,ü., GREINER,W., Nucl. Phys. AI 38 (1969) 241. 
[24] MUSTAFA,M.G., MOSEL,U., SCHMITT,H.W., Phys. Rev. C7 (1973) 

1519. 
[25] FRIEDRICH,H., HÜSKEN,H., WEIGUNY,A., Phys. Lett. У&Ъ (1972) 

199. 

DISCUSSION 

K.M. DIETRICH: In a shell model with two centres and a barrier V0 
between them there arises preferential localization of nuclear matter on the left 
and right of this potential barrier if the latter becomes larger than the zero point 
energy in the direction of axial symmetry (Z axis). In this case the wave function 
for the lowest mode along the Z axis shows a minimum at the position of the 
barrier, i.e. a localization. The effect of this on the total localization of the 
nuclear matter is appreciable since the weight of the single-particle states with 
no modes along the Z axis is large. So I wonder whether you agree that your 
findings for light nuclei could be extrapolated to heavy nuclei in this manner? 

R. SCHULTHEIS: Yes, I do agree. Different representations of the same 
process may lead to different pictures of the same phenomenon. As we have 
seen in our model, the results for the two-body Hamiltonian can be approximated 
quite satisfactorily by the states of a suitably selected one-body Hamiltonian. 
This can then be interpreted in the manner you have suggested. 

D. HOFFMAN: In a paper originally submitted for possible presentation 
at this Symposium, M.G. Mustafa reported that he had found from calculation 
for a rapid descent from saddle to scission for nuclei from 208Pb to 264Fm that 
all the nuclei studied showed a preference for asymmetric mass division. He 
concludes that a rapid descent from saddle to scission is therefore inconsistent 
with the data showing a transition to symmetry at 2S8Fm, and that a slowly 
moving potential energy surface near scission, where fragment shell effects are 
dominant, reproduces the data more satisfactorily. Your cluster model seems 
to indicate formation of the cluster already in the second minimum. I wonder 
whether we have a contradiction here. 

The second question is, on the basis of your calculations for elements with 
Z > 100, would you predict that the mass division will again become asymmetric 
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as one moves away from the possibility of division into two fragments, with 
almost the doubly magic 132Sn configuration? 

R. SCHULTHEIS: According to our results, clustering sets in suddenly 
at low deformation and the remaining increase in clustering between the second 
minimum and scission is slow, as a function of elongation. Whether the elongation, 
in turn, is a rapid or slow function of time cannot be decided on the basis of 
our calculation. .. 

As regards the mass asymmetry in actinides, our model has N = Z, and the 
magic fragmentation coincides with symmetric fission, similar to 264Fm. In 
lighter actinides the formation of the (Z = 50; N = 82) sub-structure requires 
an asymmetric mass split. For elements beyond (Z = 100; N = 164) fission 
should again be symmetric, since two simultaneous (Z = 50; N = 82) shell closures 
can be achieved in the symmetric fragmentation. 

H.H. DUHM: We are presently studying the binary fragmentation of 32S 
at 30—50 MeV excitation energy. Do you think one could perform a fission type 
calculation to obtain the cross-section, and could barrier heights be obtained 
from your calculation? 

R. SCHULTHEIS: Calculations of a more sophisticated nature than the 
present model have been performed, with Coulomb energy and angular momentum 
projection included, for a possible isomeric band and gamma transitions in 32S. 
Similar calculations can be made, although this has not yet been done, for the 
barrier heights and for estimates of the fission cross-section. 

J.J. GRIFFIN: I have two related questions: first, what can you say about 
the barrier between the two valleys in your 32S potential surface? And second, 
is the onset of the 1 60-1 60 shell structure in the single-particle level sensitive 
to the higher-order distortion parameters? 

R. SCHULTHEIS: To take your second question first, the , 6 0- 1 6 0 structure 
in the second minimum is resistant to an unconstrained variation. Apart from 
this, our results may, of course, depend on the choice of the constraint and we 
do not know to what extent a higher-order constraint could affect the 
variational results. 

As regards your first question, the exact barrier between the valleys in our 
potential energy surface is difficult to determine in a multi-parameter space. 
The plot in Fig.3 shows the energies of the diagonalized Hill-Wheeler equation 
with the generator co-ordinate taken to be a straight path from one valley to 
the other. The barrier height along this cut in the parameter space is about 
10 MeV. The exact barrier between the valleys may be lower than that. 

G. SCHÜTTE: Does the early 1 60 clustering depend largely on the 
excitation energy? In an experimental application such as that mentioned 
by Dr. Duhm, occupation probability is brought to the higher-lying states during 
the passage from the saddle to the scission point on account of the dynamics. 
In contrast to this, you consider the configuration lowest from the energy 
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standpoint. The single-particle energies you have shown would then suggest 
that the pre-foimation of clusters occurs at higher deformations. 

R, SCHULTHEIS: Our variational calculation is designed as a model for 
spontaneous or low-energy fission such as occurs in the actinide region. 
Unfortunately, there is no spontaneously fissioning medium-mass nucleus that 
would be accessible for such a calculation. Generally speaking, the correlation 
energy associated with clustering phenomena should increase in importance 
as the total excitation of the system decreases. Hence little, if any, clustering 
would remain at the high excitation energies you refer to. 
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Abstract 

SHELL STRUCTURE IN FISSION. 
Some new aspects in the theory of heavy nuclei emerging from studies of nuclear shell 

structure in the nuclear-fission process are described. Specific subjects cover general under­
standing of shell structure, the significance of macroscopic modes and the droplet model, 
together with developments in more technical aspects of shell calculations. 

As was expected at the time of the second fission symposium ten years ago, 
the process of nuclear fission, indeed, proved to be a very firm testing ground for 
checking our basic understanding of nuclear processes involving significant 
variations of nuclear shape, finite velocity of deformation and, in general, a 
significant redistribution of the nuclear constituents. The current process of 
formation of a theory of heavy-ion collisions is in many respects based upon 
experimental and theoretical fission studies. It is the author's firm belief that 
fission will again be in the centre of attention for nuclear physicists when the 
predictions of the new theory are checked, since it is difficult to find another 
process that has been studied so thoroughly and yet is so demanding as nuclear 
fission. The quiet period between the active studies of fission resulting from the 
Vienna Symposium (1969) and the meeting at Rochester, USA (1973) was 
the expected period when fission studies started to bring notable gains to 
nuclear physics. 

This paper reviews some points which have arisen from a study of various 
shell phenomena in fission and from numerous attempts to improve or disprove 
a theoretical approach known as the shell correction method. It may demonstrate 
the variety of problems arising in the theory of the fission process. The somewhat 
arbitrary selection of topics reflects the author's intention to summarize those 
aspects of nuclear theory where the study of shell structure effects in fission has 
contributed most significantly and, at the same time, to describe the developments 
of more technical aspects of the shell correction calculations. It turned, however, 
out that the progress made in solving these problems was also closely related 
to a better understanding of the first principles of the combined macroscopic-
microscopic approach, thus showing that these subjects are closely interwoven. 
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The first general question resulting from the many numerical investigations 
[ 1 -3] of the shell structure in strongly deformed nuclei was: Why is the shell 
structure so widely applicable? or: 

1. WHAT IS SHELL STRUCTURE? 

The calculations with a variety of single-particle potentials - realistic 
and not quite so realistic - have disclosed that the characteristic feature of 
nuclear shell structure - the relatively regular structure of single-particle level 
bunching — was a property common to all single-particle spectra. Only by way 
of exceptions were relatively smooth distributions of single-particle energies 
obtained, and it was then suspected that one was dealing with some general 
feature of the eigenvalue distributions whose description was, however, missing 
in the textbook references. 

Phenomenologically, the nucleon shell structure in heavy nuclei plays a 
role which, in very many respects, is analogous to that of the zone structure of 
electron spectra in solid-state physics: as in crystals, zones of allowed and 
forbidden energies exist. The unfilled zone - or shell — leads to an increase in 
susceptibility and, therefore, to decreased stability of the nucleus in the given 
state. In contrast, the filled zone — or the magic nucleus — is characterized 
by an increased stability. The appearance of the nuclear zone structure is even 
more dramatic because, as it has turned out, the specific distribution of the 
nucleon shells — or the zones — depends significantly on the shape of the 
nuclear surface, which is the least stiff one among all nuclear collective degrees 
of freedom. The distortion of the nuclear shape redistributes the shells, and the 
stability conditions vary in the process of deformation. The result is the appearance 
of stable deformed shapes of some nuclei and the double-, or, possibly, even 
more often humped fission barriers. 

After these computer-based findings we are naturally inclined to look for 
a general theory to explain the origin of such phenomena in nuclei from some 
first principles of quantum mechanics and hence provide the true explanation of 
why nuclei are deformed; furthermore, to give qualitative estimates for various 
nuclear-shell-structure effects as well as to enable a solid understanding of what is 
the role of shell structure in extreme conditions of nuclear dynamics at larger 
deformations, higher excitations and in super-heavy nuclides. Balian and Bloch 
were the first to recognize the connection between nuclear shell structure and 
the semi-classical quantization of motion in a three-dimensional well which they 
have formulated [4a]. The general expansion, however, for the single-particle 
Green function in terms of classical paths of increasing complexity as discussed 
in Ref. [4a] did not converge in the limit h-» 0, and the Balian-Bloch theory 
was actually valid only for the special case of the spherical square well [4b]. It 
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could not, therefore, answer the intriguing questions related to deformed 
nuclei. Another technique - Feynman's path-integral method - has provided 
a more general solution. The earlier calculations by Gutzwiller along this 
line [5a, b] were extended [6-8] to the case of Hamiltonians with certain degrees 
of symmetry, where continuous families of classical periodical orbits appear. 
This extension made it possible to analyse the shell structure in deformed 
potentials and to find closed solutions for such important particular cases as 
the general spherical potential [6, 1\ the deformed harmonic oscillator [7, 8], 
and the ellipsoidal square well [9]. 

In accordance with Balian and Bloch's conclusions, the distance between 
the shells is determined by a condition which is similar to the familiar Bohr-
Sommerfeld quantization rule, i.e. 

л , » „ . 27rh 2тгп 
Ae(=M2)= =—- (1) 

d Sß (e)/de T^ 

Here, Sj3 (e) is the action integral for the /3-th family of, in general, degenerate 
periodical classical paths in the three-dimensional well, and 

Tß=dSß(e)/de (2) 

is the period of rotation. In contrast to the Bohr-Sommerfeld rule, condition (1) 
does not determine positions of specific eigenenergies. It gives, instead, the 
distribution of the shells, i.e. of the zones of allowed energies in the particle's 
phase space. The two rules are identical only in the exceptional cases of 
completely degenerate classical Hamiltonians, such as the one-dimensional well, 
the hydrogen-like atom or the harmonic oscillator with all partial frequencies 
related as ratios of integer numbers. Equation (1) is the true extension of the 
one-dimensional Bohr-Sommerfeld quantization to three-dimensional problems 
which could hot be found in treatises dealing with the subject: The traditional 
extension of the semi-classical quantization to many dimensions is not relevant 
since it ignores any special feature due to the appearance of periodical paths 
in the many-dimensional space. (Note, for example, that the textbook theory 
does not, at all, consider the apparent condition of periodicity, i.e. that the 
partial frequencies should be related as ratios of integer numers.) In contrast 
to the textbook case, condition (1) characterizes the properties of the averaged 
eigenvalue distribution and is related neither to properties of specific energy 
levels nor to the corresponding wave functions and quantum-mechanical quantities 
such as parity, orbital momentum or spatial distributions related to these. This 
is so because the very notion of classical paths requires a consideration of wave 
packets that extend over many quantal states. As an example, no solution for 
the spherical square well potential can be given [4b, 5]. The major contributions 
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FIG. 1. Eigenvalues for spherical, infinitely deep potential and their quantal degeneracy (bottom). 
Oscillating component of level density calculated by numerical averaging and — bold lines — 
by quasi-classical approximation (centre). Shell energy SE found numerically and in semi-classical 
approximation (bold line) in accordance with expression (4). 

to the shell structure are made by the orbits in the form of triangle- and square-
shaped polygons which by no means resemble the density distributions or the 
fi-values of the familiar wave functions in the quantal problem. The shell-spacing 
parameter h£2 obtained from relation (2) for such orbits is in good agreement 
with the value known for the semi-empirical nuclear potentials. On the other 
hand, the shell energies as well as the shell component of the level density 
derived from the general theory are in close agreement with the values obtained 
for the spherical square well by the traditional numerical technique (Fig.l). 

It should be mentioned that it is just this feature of the new theory, i.e. 
considering properties averaged over quantal states, that led to relatively simple 
solutions in the semi-classical limit. This is the case since classical properties 
manifest themselves only in such averaged quantities. One should therefore 
distinguish between such calculations and the attempts to approximate specific 
quantal eigenstates. 

The quantity important for the analysis of nuclear shell structure is the 
oscillating component of the single-particle energy distribution, which is the sum 
of contributions from all families of periodic paths: 

Sosc < e ) : I g ( , ? ) (e ) 
ose 

(3) 
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Jn each component, the main period is as in relation (1), and the amplitude is 
determined by such properties of the classical problem as the number of the 
degrees of freedom (the classical degeneracy D), which specifies a single path in 
the continuous family of classical periodical orbits with the same action integral 
Sß, the stability of the orbit, and the volume in the phase space occupied by the 
family of the orbits. The integer number D is restricted by the degree of phase-
space symmetry of the Hamiltonian, and it also cannot exceed a maximum of 
2n - 2, where n is the number of dimensions. In the case of maximum symmetry, 
all classical trajectories are periodical orbits, and families of orbits may exist in 
three-dimensional space with D up to four. In the one-dimensional well, Dmax = 0, 
which puts this case among other examples of completely degenerate classical motion. 

For the energy derivations the quantity of interest is not gosc itself but, 
rather, the related component of the single-particle energy which turns out to 
be given by [6, 7] 

ß ß 

K^lfiw 
Here, /*N is the Fermi energy for the given number N of particles, and Lß is the 
mean length of the ß-th periodical paths. Through formulas (4) and (5), the 
shell energy SE is expressed in terms of classical quantities. The quantity 5E 
plotted in Fig. 1 was derived from formula (4) with g^ (e) and Щ corresponding 
to the triangle- and square-shaped orbits in the spherical well. 

The shell energy is approximately proportional to 

h~D/2 a (kFR)D/2 * 2DAD'6 (6) 

where A is the atomic number. This explains why more pronounced shell 
structure can be found in Hamiltonians of higher symmetry. No less important 
is, however, the fact that, according to relations (4) and (5), contributions to 
the shell energy decrease abruptly with increasing length of the orbits (also 
because of the diminished stability of the lengthier orbits) and with decreasing 
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volume occupied by the orbits. Hence, only the shortest stationary orbits not 
too close to the perimeter of the well are of importance for the analysis of the 
shell structure. This, of course, simplifies the problem essentially, at the same 
time making the conclusions more reliable. 

The general theory sets the following conditions for a certain shape to be 
in equilibrium, such as the ground state or a shape isomer: 
(a) The shell distribution should correspond to the condition of minimum level 

density at the Fermi level (closed shell or the magic nucleus!): According to 
relations (4) and (5), the shell structure reduces the total energy in this case; 

(b) the intensity of the shell structure must be maximum. The most important 
condition for this to hold true is the presence of simple, short, periodical 
orbits of reasonably high degeneracy. 
The second condition should be clarified. Although 5E increases exponentially 

with D, as in relation (6), in real nuclei with k p R * 10 degeneracy and simplicity 
of the orbits play comparable roles and often less degenerate, but simpler orbits 
determine the shell structure [9]. This is true for the not too strongly deformed, 
axially symmetric harmonic oscillator. In realistic potentials, the shell structure 
leading to stable deformed shapes of nuclei in their ground states - the first well 
in the deformation energy — is due to the presence of periodical, rhomboid-
shaped paths in the axis-of-symmetry plane with D = 2. No analogous families 
of classical paths exist in the deformed harmonic oscillator. There, the main 
contributions to the shell energy are made by the Lissajous figures in the plane 
perpendicular to the symmetry axis. 

The difference is reflected in the positions of the shell minima in the familiar 
contour diagrams showing the distribution of the shell energies (Fig. 2). For not 
too strong distortions, the slopes of the minima valleys in the ellipsoidal square 
well and also in the Woods-Saxon potential are opposite to that derived for the 
deformed harmonic oscillator. This can be explained now as due to the fact 
that the rhomboids are stretched and elongated, and that the action integral 
increases with deformation. In contrast, the abovementioned Lissajous trajectories 
in the harmonic oscillator shrink and the action integral decreases under the same 
conditions. The theory gives, however, somewhat more than just a qualitative 
consideration. Indeed, as long as only one type of orbits contributes to the shell 
energy in expression (4), it can be expected that the positions of the exterma 
of the shell energies as shown in Fig. 2 will follow the lines of constant action-
integral value: 

Sß (MN, T?) = const (7) 

(equal to an integer multiple of 27r), where gosc is extremal. Here and in Fig.2, 
TJ is the deformation parameter and TJ = 1 corresponds to the spherical shape. 
From expression (7), the slope of the extremum line in (ju.Tj)-space is found to be 
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dix= dS/ду 
dr? dS/Эи ( } 

For contour diagrams showing the shell energies as functions of N and rj, the 
slope is found as 

dN „ dp 
d ^ = g ( ^ C* 

For the family of rhomboids with D = 2 in the ellipsoidal square well, we obtain 
( f o r i j « l ) 

du и. 
Т ^ = Г 1 < 0 (10) 
щ Зт? 

and, correspondingly, 

dN 1 
— " = - - - N (11) 
ar) 2 

The Lissajous figures in the plane perpendicular to the symmetry axis give for the 
harmonic oscillator: 

du u 
Т^- = ^ - > 0 (12) 
dr/ Зт? 

and 

dN n3 

— = Г ,3V (13) 
dr? 3 (hcj0)^ 

The fat solid lines in Fig. 2 mark the positions of the minima of the shell energies 
obtained from relations (8)—(13). The agreement with the numerical calculations 
is remarkable. From the same simple arguments an estimate for the nuclear 
ground-state quadrupole deformations follows directly. The broken line in Fig.3 
is drawn with slope (11), and it agrees with the data in the rare-earth region 
(see also the discussion in Ref. [9]). 

This 'catholic heresy' in the orthodox traditions on the origin of the nuclear 
deformations also led to the conclusion that it was not correct to relate the minima 
in the nuclear energy surface to special degeneracies in the harmonic-oscillator 
well which appear when the three partial frequencies (which here, at the same 
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FIG.2. Shell energies &E(N,ri) derived numerically with potentials as indicated. Bold solid 
lines designate positions of minimum valleys obtained for two-fold degenerate (D = 2) planar 
families of classical orbits in the plane of the symmetry axis for the ellipsoidal, infinitely deep 
well (also plotted in the Woods-Saxon diagram) and in the perpendicular plane for the axially 
deformed harmonic oscillator. Black dots in the left-hand upper diagram are experimental 
values of nuclear deformations in the ground states and in the second well (from Ref. [9]). 
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FIG.3. Quadrupole deformations of heavy nuclei. The broken line is drawn with slope given 
by expression (11) corresponding to rhomboid-shaped orbits in the axis-of-symmetry plane. 
The actinide region is too narrow for comparison (see also Fig.2). 

time, are the deformation parameters) are related as ratios of integer numbers. 
These special shapes of the harmonic potential do, indeed, provide conditions 
for the existence of families of orbits of the highest degeneracy with D = 4. 
However, for smaller deformations — except for the spherical shape itself — 
the lengths of such orbits are strongly increased: to adjust two, only slightly 
differing frequencies, one has to go to higher harmonics, which results in 
longer periods of rotations and, consequently, smaller contributions to the shell 
energy (4). (In the harmonic oscillator the periods Tß for such highly degenerate 
orbits decrease as (17 - 1 ) - 1 near the spherical shape where 7j -*• 1.) This can be 
recognized as a common qualitative feature. Simple periodic non-planar paths 
appear only at very large distortions of the order of 100%. The simplest of them 
are the three-dimensional orbits with the partial frequencies (such as cô , and озц 
in the ellipsoidal square well) related as 2:1. They are considered as making the 
main contributions to the shell structure, leading to the second well in the 
deformation energy surface and to the double-humped fission barrier. Such 
orbits appear naturally when the deformation approximately reaches the value 
of 2:1. This is not related to the special harmonic-oscillator degeneracies in the 
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FIG. 4. Rotation frequencies Щ for the shortest periodical orbits in the axially symmetric, 
infinitely deep ellipsoidal well; solid and broken lines are for the non-planar and planar paths, 
respectively (left); estimated shell energy contributions (right). With the curves the ratios 
oo^: CJU of the two partial frequencies are shown; this is analoguous to the o>x." со и ratios 
(but not as shape parameter!) in the harmonic oscillator. 

average nuclear potential. In fact, the realistic shells need not have the same 
strength as those observed in the harmonic oscillator at a 2:1 axis ratio. A reasonable 
degeneracy of D = 2, i.e. that of the rhomboids in the ellipsoidal well, would be 
sufficient to provide the shell structure which is observed in realistic nuclei in 
connection with fission. Another difference to the harmonic oscillator is that, in 
general, the partial frequencies are not uniquely related to the shape parameters. 
Consequently, the three-dimensional orbits of the required type can be found 
for all shapes starting at around a deformation of 2:1, in contrast to the harmonic 
oscillator, where they arise just at this particular axis ratio. Figure 4 illustrates 
the appearance of the planar and three-dimensional families of periodical orbits 
in the ellipsoidal square-well potential and also their estimated contributions to 
the shell energy. The data there show that not only the deformation where the 
second minimum occurs but also the strength of the shell structure required for 
the double-humped barrier can be explained in this way.. 
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At the still larger distortions corresponding to the second barrier and close 
to the scission point, the shell structure is the result of a complex superposition 
of contributions of stationary paths of rather different kinds and it allows for 
an easy — but also too ambiguous - qualitative explanation of the third well, 
as well. Such a minimum occurs systematically in the calculations of the fission 
barrier in the thorium region and in lighter isotopes of uranium and plutonium 
(see Ref.[ 10] and Fig.6). A simpler picture may arise after the neck has been 
formed: It can be assumed that at this stage of the fission process the necked 
shape of the nucleus does not allow the occurrence of any rhomboidal or 
other simple orbits crossing the nucleus from one end to the other. Instead, 
periodical paths constrained within either half of the nucleus become important 
and a transition to the shell structure in the fragments being formed takes place. 
In contrast to the whole-nucleus shell structure which apparently emphasizes 
symmetry, asymmetric shapes are now generally preferred. Within the model 
of two touching spherical wells, this problem has been approached by P. Bonche [11]. 

The general theory also sheds some new light on other aspects of the shell 
effects in fission. One of these effects is the transition to the classical droplet 
model limit at higher excitations. The temperature at which this transition takes 
place was found to be equal to 

TCTit=-hi2 =2.0-2.5MeV (14) 
7Г 

where h£2 is given by relation (1). This value is in good agreement with the 
numerical calculations [12-14]. It turned, however, out that, in the intermediate 
excitation range, the very notion of potential energy of deformation fails: 
Instead of a fission barrier, one deals here with the amount of work required to 
fission the nucleus, and this thermodynamic problem cannot be reduced to a 
mechanical - or a hydrodynamic — Hamiltonian with characteristic potentials, 
forces etc. The extreme cases of very low or very high excitation energies are 
the only exception to this [15]. Some new aspects were also found in the problem 
of shell structure in the density of neutron resonances [6, 7]. 

The general theory outlined here was not intended and does not pretend 
to replace the numerical derivations in obtaining quantitative results on the 
process of nuclear fission. For this purpose, several more effective numerical 
methods are available by now. Some of these methods are elaborations of the 
originally suggested method of energy averaging. Other methods are based on 
different principles. By now, a hew effective technique has been developed 
for finite-depth potentials, even when the Fermi energy is only a few MeV below 
the edge of the well (see Section 3). But this development has required 
clarification of some points in the theory of heavy nuclei treated as nearly macro­
scopic systems (see Section 4). 
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An important development in fission barrier calculations has been taking 
place since the breakthrough in the Hartree-Fock calculations had occurred. 
It has also contributed significantly to establishing the questioned accuracy of 
the shell correction expansion. This subject is partly dealt with in the review 
paper by Brack [33 ]. What is described in the rest of this paper refers to the 
traditional approach and, in particular, to those of its aspects that are most 
closely related to the question: 

2. WHAT ARE THE SHELL MODEL POTENTIAL AND THE 
NUCLEAR SHAPE? 

Apparently, the accuracy of the energy expansion depends on the quality 
of the shell model potential used in the calculations. Convergence requires what 
may be called the statistical self-consistency between the shell model potential 
and the spatial density distribution [23]: The statistically averaged shell model 
density distribution p s should be the same as the original (not self-consistent) _ 
smoothed distribution p which presumably generates the shell model potential V: 

V(r,) = t r 2 ( t ( l ,2)p( l ,2) ) = tr2( t( l ,2)p s( l ,2)) (15) 

Here, t(l,2) is the effective nucleon-nucleon interaction. The second-order term 
in the energy expansion is given by [15] 

5<2>E = ^ 6 p s Г S p s + S p s Г ( p s - p ) (16) 

Here, 

S p s = P s - P s O 7 ) 

and p s is the density matrix corresponding to the shell model problem with the 
potential of the given shape. In expression (16), Г is the statistically averaged self-
consistent effective scattering amplitude. The condition (15) of the relaxed statistical 
consistency makes the second term in expression (16) for all nuclear shapes. The 
second-order energy term, so far neglected in most of the calculations, is then 
determined entirely by the nucleon forces and the magnitude of the difference 
between the actual and the statistically averaged shell model density matrices (17). 
The consistency requirement (15) is a very natural condition, namely, that the 
density distribution in the deformed potential should follow the shape of the 
potential. It is, however, quite clear that this condition is met with different 
degrees of accuracy in different phenomenological shell model potentials which 
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were designed irrespective of this criterion. Quantitatively, the role of condition (15) 
is described in M. Brack's paper [33] within the framework of the Hartree-Fock 
theory. 

To satisfy the statistical self-consistency condition might be much easier 
than to go through the original Hartree-Fock routine, and the combined semi-
classical development might prove to be rather fruitful. The shell correction 
approach suggests, however, yet another way of handling the problem. Instead 
of the total rejection of the phenomenological shell model potential (as the 
popular Hartree-Fock way of thinking goes) one might try to exploit it as some 
valuable initial approximation and to correct it in such a way that condition (15) 
is met with sufficient accuracy. In the first order, the statistically self-consistent 
potential is 

V c = V + t r 2 ( r ( p s - p ) ) (18) 

where V is anyone of the commonly used shell model potentials. Other forms 
of this equation can be found in Ref.[16]. The corrected potential has the 
following remarkable feature: It is stationary with respect to the selection of the 
original potential, i.e. Eq.(18) would give approximately the same quantity no 
matter whether the Woods-Saxon or the Nilsson potential were in the input. Also, 
the nucleon force in expression (18) need not be as sophisticated as the one used 
in the Hartree-Fock calculations because the whole self-consistency routine need 
not be carried through. Instead, a simpler interaction can be used more suitably 
in reproducing the features essential for the shell corrections such as, for 
example, the structure at the diffuse nuclear surface. Unfortunately, little has 
been done along this line, as yet. 

The effort undertaken to clarify the higher-order terms in the shell correction 
expansion has emphasized the fact that, among statistically averaged quantities, 
not only the smoothed energy, but also all other quantities appearing in the 
theory, such as shell correction energy, single-particle potential as well as the 
very notion of nuclear shape are important. They should rather be interpreted 
as macroscopic quantities averaged over many intrinsic quantal states. Approximation 
of the independent motion involves averaging over the distribution of particle 
and hole states near the Fermi energy and the single-particle part of the 
deformation energy is the quantity averaged over a number of subsequent level 
crossings or particle-hole distributions. For example, the driving force due to 
the shell structure was found equal to 

Э5Е / ~ Э р Л F^-^r=tr(r^f) (19) 
where Ър0/дг) is the derivative of the averaged diagonal part of the density matrix 
due to the variation of the occupation numbers under deformation. No such 



488 STRUTINSKY 

effects are accounted for in the perturbation-based microscopic theories dealing 
with the so-called particle-hole interactions which assume that the given particle-
hole distribution does not change. The characteristic deformation which causes 
the re-distribution of the particle and hole states can be estimated rather easily 
because both the mean slopes of the levels in the Nilsson diagram and the distance 
between the levels are well known. Up to the sign, the first item is of the order 
of the Fermi energy per unit of the quadrupole deformation, and the second one 
is the Fermi energy divided by A. Thus, the mean level crossing deformation is 
given by 

г?**« —=0.01-0.03 (20) 
A 

It is easy to check that expression (20) agrees with what is actually seen in the 
Nilsson diagrams in strongly deformed nuclei. The quantity (20) is, however, 
so small that hardly any significance can be assigned to what happens within 
such a range of quadrupole deformation. On the other hand, quantities derived 
by the shell correction method become only significant as averages over a 
sufficient number of such re-distributions, which makes them appropriate to be 
used in the theory of processes where the amplitudes significantly exceed the 
characteristic deformation (20). Fission is one example of such large-amplitude 
macroscopic collective modes, which are the general feature of heavy nuclei, 
particularly at higher excitation energies, Dipole resonances on neutron shape 
resonances in heavy nuclei may also be recalled as examples of such modes. 
In all such cases, transition to the classical regime takes place, and collective states 
can only be seen in properly averaged quantities like the densities of certain 
states or strength functions. 

The phenomenon of particle-hole re-distribution is a very special feature of 
finite-size quantal systems. Here, in contrast to the plane waves of infinite 
matter, each of the wave functions — which are real — carries information 
on certain density distributions, which do not, in general, correspond to the 
mean shape of the body. The particle-hole re-distribution takes place when 
two levels crossing at the Fermi energy correspond to opposing density 
distributions. (This is the reason why the slopes are different!). Providing that 
the lower-energy state is predominantly inhibited, the re-distribution helps to 
restore the consistency between the mean shape of the density distribution 
and that in the specific quantal state. Redistribution of particle and hole states 
is also caused by the finite velocity of the deformation process. It corresponds 
to a transition to a dynamical ground state and should be considered in the 
dynamical theory of large-amplitude processes [17]. 

Alongside the somewhat abstract arguments of this section, the averaging 
process involved discussions of some more practical problems, one of which was 
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the use of single-particle energies in calculations with realistic finite-depth 
potentials. So: 

3. WAS THERE A CONTINUUM PROBLEM? 
The criticism with which the original prescription was met seemed to be 

partly supported by some ambiguities in the results of calculations with realistic 
finite-depth potentials. To avoid these difficulties (which were often exaggerated), 
several alternative approaches were suggested, such as a) obtaining [18—21] the 
smoothed single-particle energy by extrapolation to the temperature T = 0 of 
the asymptotic quantity for T > Тац (see expression (14)); considering the 
asymptotic limit for a very large number of particles [ 19, 22]; refined calculations 
within the so-called improved Thomas-Fermi theory [32]. These apparently 
different approaches are, in fact, closely related to each other, and in each of them 
the problem of averaging — though implicitly - is posed. The original method 
is advantageous in this respect, as it deals with the problem directly. Since we 
think that the difficulties were brought about by ignoring some first principles 
of the shell correction approach, or, in some cases, by a misuse of the original 
prescription, the rest of this paper will be devoted to a further development of 
the original method rather than to a review of these alternative suggestions. 

In the shell correction averaging, the specific form of the smoothing function 
f M (x, x') is determined by the condition that the smoothing should restore the 
function which is already a smooth function of the original arguments, such as 
the Fermi energy or the particle number N, or a simple function of such, as, 
e.g. N1/3. The smoothed quantity is 

Ё(х)э<Е(х ' )> х ' л , х = у fM(x,x ' )E(x ' )dx ' (21) 

Xl 

and if we denote the already smooth function as E(x), the condition can be 
formulated as 

E(x) = E(x) (22) 

If E(x) is defined as a polynomial of low degree, say, M, conditions (21) and (22) 
determine ?м(х,х') in a unique way, and it can be shown that the prescription (21) 
is equivalent to finding the least-square-deviation (LSD) fit to E(x) among the 
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polynomials of a degree smaller than or equal to M. The weight function w(x, x') 
can be introduced and is interpreted as an error's price in the LSD-fit. The 
function w(x,x') involves a parameter Д which determines its width. The 
7-parameter of the original prescription is relevant to the specific case of energy 
averaging in expression (21) and to the choice of w(x,x') as a Gaussian of (e-e'). 
The function £м(х>х') is expressed in terms of the system of the polynomials 
Pk(x'), orthogonal and normalized with weight w(x,x') in the interval (xi,x2): 

M 

fM(x,x')= 2 , PkOO Pk(x ') w(x,x') (23) 
k=0 

(?M(X,X') is the kernel in the formal theory of orthogonal polynomials [24]. 
These arguments solve the problem in the general form. Specific prescriptions 
are obtained for given averaging range (x!,x2) and w(x,x'). For the smooth 
quantity, prescription (21) should give a result independent of these and the 
other arbitrary parameters involved in the numerical calculations, such as M, Д. 

When applied to calculations of shell energy corrections, this — apparently 
very general - formulation involves, however, a very important physical 
assumption, i.e. that the so-called phenomenological droplet part (Ерм) is, 
indeed, the smooth function in the above sense. In other words, the smoothed 
quantity determined as in (21) should correspond to the phenomenological 
definition of the DM-energy. Otherwise, with the shell energy determined as 

5E = E S - E S (24) 

the total energy 

E = E D M + 6 E (25) 

contains some uncontrolled smooth component, and the whole idea of using 
the expression for the semi-empirical droplet-model energy is no longer meaningful. 

A check of this (yet another) consistency condition is that a certain smooth 
part was, indeed, lost in the calculations using the Myers-Swiatecki fit [24]: 
Their shell-correction modelling function S(N, Z, r\) contains a smooth energy 
component proportional to A"3, in contradiction to definitions (21)-(24), 
according to which the average of 5E should be equal to zero. This component 
should, correspondingly, be subtracted from the so-called empirical values of 
SE(N, Z). It would reduce the value of 6E in 208Pb to -17 to -18 MeV instead 
of the value of-13 MeV accepted at present. 
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Nearly all calculations exploit the original prescription which was developed 
specifically for the case of the infinite averaging range (x t = - °°, x2 = + °°) and 
the Gaussian w(x,x')- The uncritical use of this prescription with finite-depth 
potentials leads to misunderstandings: since the actual level distribution is, in 
this case, determined within the finite range of the argument only, the 
smoothing (21) yields an interpolation between the region of negative energies 
where the quantity is actually defined and the zero value outside. This accounts 
for the unstable results which, however, in no way provide an evidence for the 
failure of the prescription as such. The number of levels within the well is large 
enough to determine the smooth quantity, should the smoothing be adequately 
defined, i.e. for a finite range of the argument (e2 < 0). It seemed [26] that 
a better prescription could immediately be obtained from relations (21) to (23). 
The calculations have shown that the stability required was not reached although 
the quality of the plateau was significantly better than in any other calculation 
with the bound spectrum. The origin of this new and unexpected difficulty has 
become clear only recently [27]. It is related to the fact that in the total single-
particle energy the irregular component due to the shell structure is present on 
the background of a curved polynomial part (M = 3—8) and the averaging (21) 
involves the smoothing function £м(х,х'), sharply peaked at x = x' even if the 
weight w(x,x') is constant. It increases the uncertainty of the LSD-fit near the 
edge of the averaging interval, for x close to x2. The difficulty was removed by 
adding an auto-correction to the smoothing procedure. According to this 
improved prescription, the corrected value for the first-order shell energy is 
found as 

SE = E S - E S + S (26) 

where Es is the single-particle energy sum, and the smoothed quantities Es and S 
are both determined as in expression (21). In relation (26), S(N,Z,»?) is some 
function of the arguments shown which approximates the shell energy. It has 
been found that a convenient choice of S(N, Z, r\) is the expression which follows 
from the general theory described in Section 1, i.e. 

S(N,Z,77) = a5g(M) (27) 

except that the level density variation 5g in expression (27) is determined directly 
by the numerical method rather than from the theory. This quantity is easy 
to find for any nuclear shape and given single-particle potential as the difference 

6g(e)=g 0 (e ) -g(e ) (28) 

as soon as the single-particle spectrum is available. The first term in expression (28) 
is obtained by numerical averaging with a smaller у = 2—3 MeV, and the second 
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FIG. 5. Examples of plateaus in calculations with the Woods-Saxon potential and discrete 
spectrum extended into the continuum by means of diagonalization. The basis parameter was, 
in units of A'1'3 Me V, equal to 41 (broken line), 55 (solid line) and 69 (dot-dashed line). 

one is the inverse of the second derivative of the polynomial-smoothed 
energy ES(N), 

g(N) = (d^OSUVaN2)-1 (29) 

Let us note that the calculation of S through (27) to (29) requires only a 
moderate accuracy in determining the quantities involved there and can be 
obtained without difficulty by using only the energies of the bound states. The 
numerical coefficient a in expression (27) is found from the condition of maximum 
stability of the shell energy, as derived through expression (26), with respect to 
the position of the upper limit of the averaging interval, N2. 

It has turned out that in this way excellent plateaus in 5E as functions of all 
arbitrary parameters (M,N2,7) and by using the unambiguous bound energies 
only are obtained. Moreover, the value of SE can be determined even when the 
cut-off energy is only 2-3 MeV above the Fermi level. In Fig.6, the new values 
of the deformation energies of some heavy nuclei are compared with those 
obtained in the traditional manner with the spectrum extended into the positive 
energies by diagonalization in a restricted basis [28-29]. The basis size para­
meter hw0 in these calculations was equal to the traditional Nilsson value, 

hw 0 =41 A'1/3MeV (30) 

Constrained shape variations explain the — not too good — absolute values 
of the fission barriers in Fig.6. However, the data demonstrate quite clearly 
that the traditional and the new results agree well, except for some shift which 
is, however, nearly constant for the deformed shapes and, therefore, does not 
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FIG.6. Deformation energies (in MeV) of some actiniae nuclei, obtained by means of 
traditional method with extended spectrum (broken lines) and by N-averaging for deformed 
Woods-Saxon potential. The deformation parameter e is the same as that used in Ref. [12]. 

affect the deformation energies in the actinide nuclei. In particular, the formation 
of the third well at very large deformations is quite pronounced in thorium and 
the lighter isotopes of uranium and plutonium, such as was found in earlier 
calculations by Nix and co-workers [10]. In heavier nuclides, this well merges 
into the second well. The shift between the two sets of data was found as a 
common feature in all calculations involving N-averaging. Larger shifts were 
found for the spherical shapes and, in general, in cases of a particularly pronounced 
shell structure. The origin of this effect proved to be rather deeply rooted and, 
because of its possible implications, we shall deal with this topic again in the 
next section. The use of the discrete single-particle spectrum extended to the 
positive-energy region was one of the causae belli in the discussions around the 
shell correction prescription. In this connection, it should be noted that using 
the positive-energy spectrum has nothing to do with the foundation or the 
first principles of the shell correction calculations, because the definition of the 
average quantities involves neither the unbound nuclear states nor the scattering 
properties. Moreover, only states below the Fermi energy would be required 
if the change of the potential well volume with N had been taken into account. The 
need for higher states arises only because the averaging of the true single-particle 
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energies is replaced by averaging the single-particle states in a fixed well. The 
argument may ran as follows: 

Assuming that the energy ev(N) of the p-th single-particle state in a nucleus 
of N nucleons depends smoothly on N, we can approximately write the N-average 
of the total single-particle energy as 

N' 

<E S (N ' )>N'~N=( ]T e„(N')>N^N 

v=\ 

N' N' 

"=1 v = 1 (31) 

+ •••/ N « N 

The first term in the sum on the right-hand side of Eq.(31) is just the smooth 
single-particle energy in a fixed well such as that considered in the shell correction 
calculations. Should the slope de^(N)/3N be a smooth function of the level 
number v, all terms in Eq.(31), except for the first, would turn into zero, owing 
to the properties of LSD-averaging which restores the value of the smooth function 
at the central point N' = N. Therefore, in each of the sums in Eq.(31), except 
for the first, only the fluctuating parts of the level slopes contribute and, assuming 
that there is no correlation among them, we conclude that these sums are, by 
order of magnitude, equal to the mean value of the single item in the sum. The 
latter is estimated to be given by 

^ r « 2 j u / 3 N (32) 
oN 

and is of the order of the mean spacing between the single-particle energies. 
Neglecting such relatively small contributions we may state that averaging 
within a fixed well corresponds to N-averaging of the total single-particle 
energies, i.e. 

N' N' 

(33) 

N N 

( ^ e„(N')/-N'«N ~ \ 2 , e"(N)/N'~N 
v=l v=\ 
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It is clear now that the single-particle spectrum used in the shell correction 
calculations should be a smooth extrapolation of the energies in the average 
nuclear potentials of the nuclei around. In particular, the positive energy 
levels - if they are needed — are the extrapolations of the bound states in 
heavier nuclei. Such a spectrum need not represent the positive energy resonances. 
The spectrum extended by diagonalization with the constrained basis turns out 
as a simple and also very reasonable way of obtaining the required spectrum. 
From the practical viewpoint, this method has the advantage that such an 
extended spectrum is obtained in the computer simultaneously with the discrete 
energies. The significance of the extended spectrum was explained in Ref.[29]. 
it is merely a smooth extrapolation of the discrete-level distribution and 
significantly improves the quality of the plateau, in particular, if the parameter 
hco0 and the total number of harmonic-oscillator shells are fitted to the radius 
of the real nuclei. The best plateau is obtained with 

hco0 = (55-70)A"1/3 MeV (34) 

This value corresponds to the basis size normalized at the Fermi energy to the 
radius of the Woods-Saxon well. In contrast, the smaller Nilsson value (30) 
adjusts the radii averaged over all occupied states in the harmonic potential. 
Figure 5 shows the quality of plateaus obtained with different values of the para­
meter hco0 (Pashkevich 1978). Larger hco0 also improves the moments of inertia 
evaluated with the Nilsson model [1 ]. In spite of all these advantages, the value (30) 
for hw0 was, by tradition, used in all earlier calculations. Anyway, finding a 
plateau was never really a problem. 

Since the significance of the positive energy levels was doubted, the widely 
spread opinion was that the density in the extended spectrum should correspond 
to the real density of states in the continuum due to the presence of the 
potential well, 

«.«-Iva«) (35) 
7Г L-i oe 

j 

or, at least, represent the positions of the true resonances in the phase shifts, 
6j(e). Calculations along this line were performed in Refs [30, 31 ]. It has been 
demonstrated [31] that the plateau is, indeed, improved in comparison with the 
standard results if energies up to > 60 MeV and angular momenta up to 10 are 
included. This alone makes such calculations quite impracticable. (Furthermore, 
the derivation of the phase shifts for deformed potentials is not only much more 
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complicated, but also ambiguous because of their dependence on the orientation 
of the nucleus with respect to the beam). 

The use of the true continuum spectrum in the shell correction calculations 
is also erroneous simply because the density of the continuum states (35) is 
not a continuation from the bound-state region. This point can be illustrated 
by using the semi-classical expressions for the partial phase shifts in the spherical 
well V(r). A simple derivation gives for such an analogue of the Thomas-Fermi 
level density in the continuum: 

f(e) = ^ J r2 dr ( v 2 m ( e - V ( r ) ) - v / 2 r n i " ) (36) 

(Magner, 1979). There is a singularity at e = 0, and the behaviour at large 
values of e is also quite different from the polynomial approximation. In 
expression (36), it has been assumed that the potential V(r) = 0 for r > R; the 
conclusion is, however, ture in the general case. Moreover, for smooth potentials 
such a singularity appears also in the Thomas-Fermi density of the bound states, 
i.e. at e = - 0. Both these singularities hinder the use of the smoothing routine (21) 
whenever the edge of the potential well gets close to the Fermi energy, within 
the range essential for the averaging. 

The conclusion is that, should the use of the extended diagonalization spectrum 
be considered insufficient, the only way to do the averaging is to use the modified 
prescription not referring to any continuum states. This involves, however, 
an answer to the question: 

4. WHAT IS THE DROPLET ENERGY? 

Qualitatively, the droplet model is understood as one or more relationships 
between the exact (quantal) quantities, statistically averaged in the particle 
phase-space in a Thomas-Fermi-like manner. However, as the preceding discussion 
shows, there could exist at least as many specific definitions of the smoothed 
quantities as different definitions of the shell energy have been suggested. These 
definitions are essentially equivalent, except for the systematic shift of the newly 
found values of Es. These N-averaged exact quantities differ from the Thomas-
Fermi energy-averaged values because the shell structure in the single-particle 
spectrum introduces some irregularity in the relationship between the energy 
and the particle number. Quantitatively, the effect can be described in the 
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following way. For a given total nucleon number N, the energy-averaged 
quantity is 

E(e)(N)=<E(M ')>ju,a;_N (37) 

which is equivalent to the other, more familiar expressions, such as 

f(e)(N)= A e'g(e')de' (38) 

or 

E(e)(N)=/ , e'g(e')n(e',/ZN)de' (39) 

where g" and n are the smoothed level density and the nucleon ocupation 
distributions. In expressions (37) to (39), jü(N) is found from the conservation 
of the partial number: 

N = y g(e')n(e',j5N)de' (40) 

and piN was defined earlier. On the other hand, the N-averaged energy is 

E(N) ( N ) = <E(N')>N'~N = / E ( N ' ) fM (N,N') dN' (41) 

In both cases, the same quantity — the quantal energy E(N) — is being smoothed, 
but in the first instance it is regarded as a function of the argument MN> which in 
itself is not a smooth function of N, because of the shell structure. The two 
averaged energies, (37)—(39) and (41), are related as 

E~W = j3(e) + 2 (42) 
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FIG. 7. Symmetry corrections to the droplet-model S as determined according to expressions (43) 
and (44) and calculated for deformed Woods-Saxon potential of 23&U (top) and for deformed 
harmonic oscillator (bottom). In the top part of the figure, the deformations at first and 
second minima (Iand II) and at the two barriers, A and B, are shown. 

where 

S = ̂ gN<(M-/I)2>av (43) 

(Ivanyuk, 1979). In expression (43), §N is the mean level density at the Fermi 
energy. According to expression (43), the difference between the two smoothed 
energies is proportional to the mean squared flucation of the actual Fermi energy 
around the mean Thomas-Fermi-type value. We note that the shift of the Fermi 
energy (i- д is proportional to the local deviation from the mean value of the 
level density. Thus, it can be concluded that the correction S is proportional 
to the amplitude of the shell energy 5E for the given shape and approximately 
equals one third of it. (There is a numerical coefficient of the type of (sin2 x>av 
which depends on the form of 5g(e). The specific definition of averaging is of 
no importance for this correction.) Now, we explained in Section 1 that the 
amplitude of SE increases with the degree of the degeneracy of classical motion 
and sharply decreases with the length of the orbits. Because of the last factor, 
nuclear shell structure is usually related to simpler orbits whose lengths are of 
the order of the perimeter of the well and change little with deformation. Now 
an important conclusion can be drawn: The variation of S with deformation 
mainly reflects the change in degeneracy D of the families of orbits responsible 
for shell structure. This agrees with the calculated results (Fig. 7). In the 
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Woods-Saxon case, 2 drops sharßpy around the spherical shape (D = 3) and then 
remains nearly constant (D = 2 in the deformed well). In the harmonic oscillator, 
2 jumps at deformations where higher-symmetry (D = 4), three-dimensional 
Lissajous orbits occur. It is, therefore, natural to call 2 the symmetry correction 
to the smoothed energy. It gives the difference between the Thomas-Fermi-type 
energy and the LSD-fit to the nuclear mass (for a given shape) in N-space. In 
realistic potentials, 2 varies rather smoothly as a function of N, but changes 
rapidly around the spherical shape. It may be noted that 2 assumes the asymptotic 
value characteristic of the deformed well at a deformation significantly slighter 
than that for the shape of the ground state. This is one further evidence for 
nuclear ground state deformations being due to a special shell structure developed 
in the deformed nucleus, analogous to that in the ellipsoidal square well, and 
not constituting a secondary effect of spherical symmetry, as was argued in Ref.[l 9]. 

Since 2 varies so little in the deformed nucleus, the symmetry correction 
does not affect the shape of the fission barriers in deformed nuclei, but may 
be of importance if spherical nuclear shapes are concerned. This argument could 
have repercussions on the practice of fitting the droplet-model-based semi-
emphirical mass formulas to the nuclear masses, which corresponds to a LSD-fit 
in N-space as employed in the new shell correction prescription. A better 
approximation to the nuclear masses should include the symmetry correction 2 
to the smooth energy term: 

M(N, Z,T?) = EDM + 2(7?) + S(N, Z,r?) (44) 

Here, M is the nuclear mass, EQM the classical droplet-model energy, and 
S(N,Z,ij) is the shell correction. According to expression (44), the correction 2 
should be subtracted from the mass values before fitting the Thomas-Fermi 
theory to them (including the shell energy obtained by energy averaging). For 
a rough estimate, the symmetry correction can be neglected in deformed nuclei, 
and the empirical values of S found in this way for spherical nuclei are then to 
be decreased according to the value of 2 (0), i.e. by several MeV. This would 
further diminish the so-called lead anomaly. The inclusion of the symmetry 
correction into the mass fit may also affect the values of the parameters of the 
droplet model, in particular the surface energy term. 
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Abstract 

ON THE SHELL CORRECTION ENERGY AT DOUBLY MAGIC NUCLEI. 
The close relation between the Landau expansion and Strotinsky's energy theorem is 

used to evaluate the shell correction energy for ^ ^ b . Using the Landau-Migdal theory, the 
authors find that the energies e£ to be used in the shell correction term for 208Pb differ from 
the excitation energies of the neighbouring odd nuclei by shifts which describe polarization 
effects due to the addition or subtraction of a particle. It is the distribution of single-particle 
strength typical for the region of shell closures which then implies that all the shifts have the 
same sign and are directed towards the Fermi energy. This reduces the shell correction for 
208Pb by some 5 MeV in agreement with the empirical data. A similar renormalization is 
expected to be important for superheavy nuclei and may lead to appreciable changes in the 
expected life-times. 
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If the excitation energies ДЕд of the neighbouring odd nuclei of 2fjfPbi26 

are interpreted as 'single-particle energies' of 2jj!Pbi26 and the phenomenological 
shell correction energy in the form 

= }_ , А ЕМ5 ЙМ E s c = 2 _ A EM5 nM ( 1 ) 

ß 

5nM = n M - n M (Г) 

where 

V 
1 for occupied single-particle states 
0 for unoccupied single-particle states 

and n„ is the smooth occupation pattern following Strutinsky's prescription, 
a value Esc «= - 2 0 MeV is obtained. The empirical binding energy of 2°2РЬ126 

would require a shell correction 

Esc = -13(±2)MeV 

where the uncertainty of ± 2 MeV reflects the uncertainty of the average liquid-
drop energy one refers to. This discrepancy is known as the 'lead anomaly' and was 
extensively discussed in the famous 'funny hill' paper [1 ]. It is substantially larger 
than the typical errors obtained if the Stratinsky method is applied to calculate 
the ground-state energies of deformed nuclei on the basis of phenomenological 
deformed shell-model potentials fitted to excitation energies of odd nuclei. 

The striking analogy between Strutinsky's energy theorem and the Landau 
expansion was noted quite early [2], and it is the close relation between the two 
expansions which we shall use to calculate an improved shell correction energy 
starting from the experimental levels of the neighbouring odd nuclei of 2s2Pbi26. 

We assume that the energy of the system can be represented as a functional 
of the one-body density in a unique way, a hypothesis which, according to Kohn-
Hohenberg [3], is valid under very general premises. We choose the single-particle 
representation in such a way that the one-body density is diagonal: 

puv: = <A; 0|а£а„|А;0>= : Ö^n^A) (2) 

where I A; 0> is the ground state of the (even-even) nucleus of A nucleons. 
If the occupation numbers n„ are infinitesimally modified, the resulting change 
of the energy of the system can be represented by a Taylor expansion of the 
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energy functional around the 'unperturbed' value of the energy. This 'Landau 
expansion' has the general form: 

5E = ^ % К + - 2^ *W bnv 8nv> (3) 
vv 
+ . 

We refer to the energies e„ as 'Landau energies' and to the matrix-elements Yvv' 
as the (reducible) interaction between the quasi-particles. In the Landau-Migdal 
theory, the matrix Vw' cart be obtained by starting from an effective density-
dependent phenomenological interaction ('Migdal interaction') which is adjusted 
to a large body of experimental data [4] (energies, transition probabilities, magnetic 
moments, etc). 

Strutinsky's expansion of the ground-state energy E0 of a system is in terms 
of the deviations bnv of the actual occupation numbers n„ from the occupation 
numbers of an artificial smooth level distribution which is determined in such a 
way that the value of the energy functional for this smooth density can be 
represented by the liquid-drop model. The 'Strutinsky expansion' has, thus, the 
general form 

E0(A) = E0[p] + У № V . «Й, + • • • (4) 
L-i \Sn„/n„ 

= Е ш
 + Esc (5) 

The energy E0 [p] is the energy of a (hypothetical) A-particle system which is 
characterized by the smooth occupation pattern nv. Thus, in contrast to the 
changes On,, of the Landau expansion, the бй,, add up to zero: 

I Sn„ = 0 (6) 

If the functional is taken to be the Hartree-Fock (HF) expression, the 'true' 
occupation numbers nv are one up to the Fermi energy л and zero above. It is 
in this HF-case that the term of 0[6ny Siy] in expression (4) was calculated and 



504 WERNER et al. 

generally found to be small (^0.2 MeV in the absolute value). This is largely 
due to the cancellation between terms of different signs (note that 6n„ > 0 for 
ev < \ and Sn„ < 0 for e„ > \ ) . Neglecting terms of second order in b%v, we 
may identify the energies (SE0/S%)nj, of the Stratinsky expansion (4) with the 
Landau energies e„ of expansion (3): 

6E0\ /SEo 
о 

{nu..} {ni-.} 

We now use the Landau-Migdal theory to calculate the energies ev from the 
experimental excitation energies of neighbouring odd nuclei and use them to 
evaluate the shell correction term E^. in Eq. (5): 

{ni..-} ^ 

In the following, we first describe the calculation of the energies ev and then 
present the results. 

We consider an odd nucleus in which the last odd particle (hole) is assumed 
to be in the 'quasi-particle state ß\ The quasi-particle energy is defined as 

е м : = Е д ( А + 1 ) - Е 0 ( А ) 

w ere E0(A) and Ед (A <±, 1) are the ground-state energy of the even-even and 
the excitation energies of the odd nucleus, respectively. The occupation number 
distribution in the excited states \p; A t±> 1> of the (A (±> 1)— particle nucleus 
differs from the distribution in the A-particle nucleus by the presence of an 
additional particle which is predominantly added in the single-particle state ц, 
and to a small extent also in all the other single-particle states; 

np(A+l) = nI>(A) + Ai4, (9) 

with Дп^ » 1 and i A n ^ J <§C 1. 

In the Landau-Migdal quasi-particle picture [4, 5], the quasi-particles form 
independent excitations of the system (for states close to the Fermi surface). 
Therefore, the quasi-particle distribution is that of an ideal gas: 
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NM = 
1 if quasi-particle state /u is occupied 
0 otherwise 

(We denote quasi-particle (q.p.) occupation numbers by capital letters in order 
to distinguish them from single-particle occupation numbers.) 

Performing an infinitesimal change of the q.p. occupation number 
N„ -*• N„ + SN„, we, evidently, have to change the occupation numbers nv of all 
trie single-particle states v which are associated with the lp-, 2plh-, 3p2h-
components, etc. of the quasi-particle state |д; A+l>. The resulting change of 
the occupation number of the single-particle state v is denoted by 5n#"), where 
the superscript ju keeps track of the q.p. state which we want to modify. We 
evidently have thus: 

6N„ = £-e„Ö0 (10) 

To be able to calculate the energy change 5ЕД induced by the variation 6N„, 
we have to consider the q.p. energy e„ as a function of NL: 

ед = ед(ГУ 

where 

е д ( ^ = 1 ) : = Ем(А + 1)-Е0(А) 

We may imagine that the energies е^(Ыд) can be calculated, also for N^=£1, from 
the many-body theory, for instance on the basis of the Landau expansion. We 
now define energies # д (N^): 

ед(?у = : ^ fpQip) (11) 

and the energy change 5e„ induced by the variation N^ = 1 -*• N„ = 1 + 6N„ 
becomes . , 

Se„ = * 3N„ NM < ^ ( r y NM=1 5NM 

Sep = EM(A+l)-E0(A) + f ^ ) 6N„ (12) 
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The derivative dtf^/dN^ can be further evaluated by making use of the identity 

^ ( N ^ = e/1(NM) + M/l(eAt,NM) (13) 

which results from the Dyson equation (see* e.g. Ref. [4]). Here e„ is an approxi­
mate q.p. energy which is obtained if the nuclear field acting on the q.p. is 
replaced by a self-consistent, generally non-local, but energy-independent potential 
field. A possible choice for e^ (N^) could be a Hartree-Fock energy. By the 
requirement of self-consistency this potential field depends on the occupation 
number N^. The quantity M is the energy-dependent self-energy of the q.p., which 
takes account of the interaction processes not yet contained in e„ (N„). The 
principal contributions to this quantity originate from the coupling of the single-
particle degrees of freedom to the low-lying collective states of the A-particle 
nucleus. 

Thus, we obtain from Eqs (12) and (13): 

^V Е , ( А + 1 ) - Е о ( А ) + | ^ + ^ ( е , ; Н ^ 1 ) 5NM (14) 

We assume that SN^ is sufficiently small so that in the Landau expansion (3) 
we may safely neglect second-order terms; we then have 

eß = 2^ ^ 5n^ Setl= ) e y 5 n ^ (15) 

with the additional restriction (10). It is important to note that the quantities 
ev - ЭЕ/Эпу have to be evaluated at the occupation numbers щ' corresponding 
to one q.p. in the state ju, i.e. n^ *»1 and n j ^ <$C 1. 

Since |5N„| <3C 1, we define the infinitesimal changes Snjf to be proportional 
to the changes Anjf̂  of the occupation numbers which are obtained from the 
addition of a q.p. in the state ft: 

A n j j ^ i V t a A + D - n ^ A ) (16) 

Therefore, we have 

finS°= Anjjf0 6NM (16') 
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Combining Eqs (14), (15) and (16'), we obtain 

VA«>-B.«"^*f-X4WbW 

? 4 w ) + IKH-f-("»w) AnJ0 (17') 
1>Ф(Х 

where we have used the sum rule 

I An?> - 1 

Eq. (17') serves to determine the quantities ep = §E/5n„ which should be used in 
Strutinsky's expansion (4). The occupation numbers njf' which occur as argu­
ments of the Landau energies in Eq.( 17) are approximately equal to the quantities 
n„ of Eq.(4) for рфр whereas for v = ß this is not the case, since Дп^ «* 1. 
We can remedy this defect taking the term Эе„/ЭНд from the left-hand side to 
the right-hand side of Eq.(17) and making use of 

l"("?))~ | f - ^ Л ^ 0 ) ^ 1 1 ^ ) (18) 

This has the following reason: The quantity 3e„/3N^ is approximately equal to 
the rearrangement energy of the self-consistent field eigenvalue e^ which results 
from the addition of a particle. Now, whereas e„ and e^ are certainly not equal, 
their rearrangement energies are indeed approximately equal, because they are 
both determined by the change of the self-consistent nuclear field resulting from 
the addition of a particle. This is the physical meaning of Eq.( 18). We further 
simplify Eq.( 17) by neglecting the quantity dMJdN^ on the left-hand side for 
the following reason: The dependence of M„ on N„ through the external lines 
which brings about a factor N^ is already taken into account by the definition 
of Eq.(l 1)'. Therefore, the derivative 9M^/dNM in Eqs (14) and (17) receives non­
zero contributions only through the dependence of the single-particle energies 
and wavefunctions on N^. Since for these contributions |9MM/dNMl <$C lE^A+l) 
— E0(A)|, we can neglect the derivative of M^. Equation (17') now becomes 

E/X(A+1) - EoCA) = e > „ ) + £ [g, ( n ^ ) - l M ( n f ) 

ифц 

Дп^ } (18') 
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We rewrite this equation in a form which is more appropriate to later use. 
To simplify the reasoning we think of a situation where the single-particle state 
couples to 2p—1 h configurations only. The inclusion of more complicated 
configurations is then straightforward. If a 2p—lh configuration with particles 
in the states Kj and к2 and a hole in the state Xj couples with the amplitude 
ак,к X t o t n e single-particle state ju, the change in the occupation number 

Д п ^ к ^ corresponding to this configuration is given by 

Substituting this into the right-hand side of Eq.(18') and summing over Kj, к2, X,, 
we obtain 

£ (!„Л) An?>= £ <)2X]P (lKi + eK2 - ! Л 1 - в м ) + е>,) 

or 

EM(A+1) - E0(A) - iß + £ togj^l» AEg^x, (18") 

K1K2X1 

where we have introduced the excitation energy 

* r-.fu'i ^ о . о о . о 
AEZ2x-K+eK2-e^-% 

of the configuration к ъ к2, Xj relative to the single-particle configuration ju. 
The generalization of Eq.(18") to the inclusion of more complicated configurations 
is obvious. 

As it stands, the set of Eq.(18") cannot yet be solved for e^, since it contains 
too many unknowns: The sum over v on the right-hand side extends over all the 
states which couple to the state д. On the other hand, the number of equations 
of the set (18") is equal to the number of empirically known q.p. energies in the 
four odd neighbours of the A-particle nucleus. Even for 208Pb, this number is 
considerably smaller than the number of states which contribute to the sum over 
v in Eq.(18"). We can circumvent this difficulty in the following way: The 
coupling of the single-particle state ß and each individual competing configuration 
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is weak and can be treated by perturbation theory. The amplitudes <x£ K \ 
depend on the energy spectrum through energy denominators which contain only 
energy differences (see the later Eq.(19)), just as the energy-weighting factor does. 
Therefore, we commit only a small error if we evaluate the sum over v by using 
shell-model energies instead of the energies ep. This has been checked numerically. 

For the numerical treatment we introduced a further simplication: For the 
odd neighbours of 20SPb, the coupling of the single-particle degrees of freedom to 
more complicated configurations is governed by particle-phonon coupling. We, 
therefore, want to replace Eq.(18") by the equation 

EM(A+1) - E0(A) = §M + £ | / g p (lK + „ , - e y (18'") 

K, S 

where ß j^ is the amplitude for the coupling of the particle-phonon state K,S to 
the single particle configuration м (ws denotes the energy of the phonon state s). 
The justification for this replacement is as follows: 

The coupling of each individual 2p—Ih or particle-phonon configuration to 
the state ju is weak and can, therefore, be treated in perturbation theory. The 
difference between the second terms of Eqs (18") and (18'") is that in the latter 
case a diagonalization in the space of ph-states of the A-particle nucleus has been 
performed before the coupling of the odd particle to the degrees of freedom of 
the core is taken into account. We denote the Hamiltonian by 

H 2 P , l h = I * o ; Hp-Ph = H " + v
P h = H 

respectively (for the definitions, see Fig.1). We obtain, by using first-order 
perturbation theory for a^K ^ and pj™: 

I ÄxJ'lW'x,-1«.! 

= 1 
KIKA 

ifolVjK.iCjXxM2 

,o ,o о о , , , ^ . • ' • « J Ö - ^ . - V 

= -(p\V- V\ß) (19) 
е ц - Н о 
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( a ) 

<E 

<SS> 
32 - _i ,V0 h • ^ 

< b ) 

F1G.1. Graphical representation of particle-core coupling: the box V is the irreducible 
(p)-(2p lh) interaction. 
(a) Diagram corresponding to the Hamiltonian # 0 ; 
(b) diagram corresponding to the Hamiltonian H. V„n represents the irreducible ph-interaction; 
W is the reducible ph-interaction. 

and, analogously, 

yi^ )l2(e°K + <os-gM) = - (MlV o ' V|„ \ 09') 

The difference D of the two terms becomes 

1 1 
D = U | V 

e ^ - H o - V p h etx-H° 
V||i> (20) 

Making use of the operator identity 

1 1 1 . 1 
(21) z - H o - V p h z - H 0 z - H 0 P h z _ H o - V p h 

and of the expansion 

1 1 1 1 
+ — 7 r V n h — + . . . (21') z - H o - V p h z ~ H o z - H o p h ^ - H 0 " 
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TABLE I. EXCITED STATES OF THE 
CORE NUCLEUS 208Pb TAKEN INTO 
ACCOUNT IN THE CALCULATION 

^exp. 

2.61 

3.19 

3.47 

3.71 

3.92 

3.96 

4.08 

4.32 

4.61 

we obtain 

z - H 0 - V p h z - H 0 z - H 0 

1 1 
W(z) 

V_v. + V, V „ ,+ ph Ph Z - H 0 Ph 

z - H , z - H 0 

1 
z - H 0 

where we have introduced the reducible ph-interaction W(z) defined by 

W(z) = Vnh + V 1 
' P h " v P h z _ H o

 vPh 

We thus can write for Eq.(20); 

V_v. + .. 

(22) 

(23) 

D = ^ V j - L - W ( l M ) r i - V | A 
\ e^ - H0 е д - M0 / 

-I «S'k Wî iiwc ,̂)!«, «A>«&Xl (24) 

«1*2X1 
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where 

<кУ2 X', |Ще^кгк 2Х,>: = SK>Kj { / ^ |Ще^ - eKi)M,> 

The first (second) term on the right-hand wide is the contribution where particle 
к i (к 2) is the spectator. 

Comparing the right-hand side of Eq. (24) with the second term on the right-
hand side of Eq.(18") we can make the following statements: 

(i) Considering at first only the contribution of the sum over diagonal terms 
(«! = к\, к2 = K2 . *•! = M) in Eq. (24) we have 

Z CA , лл /<KI/C2X1|W|K:,/C2X1>\ 

K ( l x, I2 A B £ U V ÄiW J (25) 

'KiKjX] 

Typical matrix elements of W are smaller than 0.2 MeV in absolute value and 
they have varying signs; the excitation energy Д Е ^ ^ is several MeV, on the 
average. The partial sum D (diagonal terms) is therefore small compared to 

\ e „ - H 0 / n - " 0 

(seeEq.(19)). 
(ii) The absolute values of the non-diagonal matrix elements are, on the average, 
still one to two orders of magnitude smaller than the diagonal ones. Because of 
the summation of the terms of changing signs, we may expect that the contribution 
of the non-diagonal terms does not qualitatively change the conclusion reached in (i). 
We have, in addition, checked this statement by a numerical calculation for the 
following three states: 

3p 2 in ?gPb i a s 

lj-tf in 2g?Pb127 

l h f in 2glBi 
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TABLE II. SHIFTS ДЕ^ OF THE EXPERIMENTAL ENERGY LEVELS OF THE 
ODD NEIGHBOURS OF 208Pb ACCORDING TO Eq,(26) 
The sign convention is such that ДЕ^ > О yields a shift towards the Fermi energy 

207pb 

3p 1/2 

2f 5/2 

3p 3/2 

li 13/2 

2f 7/2 

lh 9/2 

*Eju 

0.34 

0.35 

0.42 

0.54 

0.90 

0.30 

2g 

li 

lj 

3d 

4s 

28 

209pb 

9/2 

11/2 

15/2 

5/2 

1/2 

7/2 

ДЕ^ 

0.50 

0.13 

0.85 

0.30 

0.30 

0.51 

3s 

2d 

' lh 

2d 

lg 

207npi 

1/2 

3/2 

11/2 

5/2 

7/2 

ДЕ„ 
0.40 

0.35 

0.65 

0.80 

0.65 

lh 

2f 

li 

2f 

3p 

3p 

*»Bi 

9/2 

7/2 

13/2 

5/2 

3/2 

1/2 

ДЕ„ 
0.30 

0.70 

0.80 

0.80 

0.80 

0.90 

FIG. 2. Empirical and calculated shell correction energies (Me V) as a function of neu tron 
number N for given proton number Z. 
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FIG. 3. Typical distribution of spectroscopic factors for 
(a) spherical, closed-shell nuclei plus one particle; 
(b) open-shell or deformed^nuclei plus one particle. 

We have calculated the difference D directly, obtaining - D = 0.06, 0.08, 0.05 MeV, 
respectively. These quantities are small compared to the energy corrections of 
interest of Table I which will be discussed below; the approximation which 
consists in the replacement of Eq.(18") by Eq.(18'") is thus justified. 

The final form of the equation for e^Cn^) which is obtained in this way 
and which was solved numerically is 

EM(A+1) - E0(A) = ем(Нм) + V (eK + ws - е„)|/а£ .0012 
S ' 

(26) 

with the following meaning of the symbols: 

eK : shell-model energies of the (A + l)-particle nucleus (see proceeding discussion). 
ws: phonon energies of the A-particle nucleus. 

J3J|~: amplitude for the coupling of the particle-phonon configuration к ®s to the 
quasi-particle ц. 

The main contribution to the sum on the right-hand side originates from low-
lying collective levels from the following reasons: 

(a) Their coherence properties considerably increase the coupling vertices j3KS 
compared to the single particle, vertices. 

(b) The product (eK + o>s - e^) Щ 
(eK + cos — e„). The small excitation energy of collective states makes this 
energy denominator particularly small. 

? ^ 1 2 is roughly inversely proportional 



IAEA-SM-241/C26 515 

The excited states of 28iPb126 that have been taken into account in the 
calculations are listed in Table I. 

In Table II we show the quasi-particle (hole) states of the four odd neighbours 
for which the energy e^ has been calculated from Eq.(26). The vertices / 3 ^ 
were taken from an earlier publication [6] on particle-phonon coupling in the lead 
region. For the energies which appear in the sum over к and s, experimental values 
were used. Therefore, no adjustable parameters entered the numerical calculations. 

The columns headed by ДЕД show the energy shift leading from the experi­
mental energy to e^. The sign convention is such that Де > О means a shift 
towards the Fermi energy (for particle and hole states equally). 

The shell correction obtained from the energies e„ is given by 

E s c=-12.7MeV 

in good agreement with the empirical value. The variation of the shell correction 
energy Еж as a function of neutron and proton numbers in the vicinity of 208Pb 
is shown in Fig. 2. 

Whereas the actual value of the energy shift ДЕ„ for a given level must be 
determined by a numerical calculation from Eq.(26), the general trend of the 
level shifts can be recognized by inspection of the distribution of spectroscopic 
factors for single-particle transfer (single-particle strength): 

For the quasi-particle states of the odd neighbours of 208Pb lying within 
one shell above or below the Fermi energy, all core-excited states к ® s lie higher 
in energy than the q.p. state, i.e. eK + ws > e„ for all к, s, ß. The distribution 
of single-particle strengths is shown in Fig. 3a, and !„ is shifted towards the 
Fermi energy (relative to the q.p. energy). 

For states in the second shell above or below the Fermi energy, the situation 
is qualitatively different: the distribution of single-particle strengths is more like 
in Fig. 4b. This reduces the energy shift ДЕ„ practically to zero, and ед becomes 
almost identical with the experimental energy. The same is true for all single-
particle states in nuclei far away from closed shells; in particular, this is also the 
characteristic situation in deformed nuclei where, mainly because of the effect 
of pairing, the single-particle strengths are distributed as in Fig.3b. This was 
checked in a calculation for the deformed nucleus '^Yb. 

Therefore, for nuclei sufficiently far away from closed shells, the energies 
to be used in Eq. (1) are practically identical with the quasi-particle energies, 
whereas in the vicinity of closed shell nuclei they must be determined from Eq. (26) 
or (18'). 

A similar calculation would be desirable for the superheavy element. 
Unfortunately, this is impossible since the excitation energies of neighbouring 
odd nuclei are not available. If a similar result were obtained, consequences for 
the stability of the superheavy elements would result. If the binding energy of 
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the spherical ground state of the superheavy nucleus were similarly reduced, the 
heights of the fission barrier would be lowered by about this amount. The fission 
life-times could thus change by orders of magnitude because of the strong 
dependence of the penetrability on the height of the potential barrier. Similar 
results concerning the shell correction energy of 208Pb were obtained by Hamamoto 
and Siemens within the collective model [7]. 
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DISCUSSION 

K-H. SCHMIDT: In your comparison of the measured and calculated shell 
effects around 208Pb there still seems to be a minor systematic deviation. While 
the slopes of the experimental shell corrections close to N = 126 decrease with 
increasing distance from the doubly magic 208Pb, they do not vary for the 
calculated values. This deviation would probably show up more clearly in the 
neutron binding energies. 

E. WERNER: Yes, that is right. It is hard to say what the exact reason for 
the deviation is. We ourselves were interested only in the quantitative effect. 
Hard work will be needed to obtain better agreement. 
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В. ARMBRUSTER: Does your approach in other mass regions yield data 
different from the usual Strutinsky procedure? And can you estimate corrections 
for other doubly magic nuclei such as 132Sn? 

E. WERNER: Calculations similar to those we made for 208Pb can be 
performed for all cases in which there is enough information on the excited states 
of all neighbouring odd nuclei. Unfortunately, for other doubly magic nuclei 
these data are not available, or are not available to an adequate extent. 

H.C. PAULI (Chairman): Comparing the data presented by Dr. Brack 
(see SM-241/C1 in these Proceedings) on the basis of the Hartree-Fock approach 
and your own, I conclude that your respective fission barriers will be different 
by roughly 8 MeV. Is this correct? 

M. BRACK: No, not necessarily. In both approaches the total binding 
energy of 208Pb is within ~ 1 MeV of the experimental value. So one starts from 
the same ground state energy, although it is arrived at by different methods. If 
the effect of correlation vanishes in the case of the deformed nuclei, as Dr. Werner 
seems to suggest, we arrive at the same fission barrier. 

K.M. DIETRICH: I think the answer to Dr. Pauli's question is that, 
according to our results, the main difference between the experimental excited 
levels of the neighbouring odd nuclei and the energies (9E/dn„) to be used in 
the shell corrections for 208Pb is given by the 'static' part (8p in our table) 
of the p-phonon coupling. This 'static' part is precisely the difference between 
the self-consistent Hartree-Fock levels for 208Pb on the one hand and for the 
odd neighbours on the other. 
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Abstract 

HEAVY-ION-INDUCED FISSION FOLLOWING FUSION. 
The dramatic lowering of fission barriers with increasing angular momentum has provided 

a firm bridge between the fields of fission and of heavy-ion-induced reactions. The purpose of 
this review paper is to explore problems of current interest at the intersection of these two 
fields. — Theoretical considerations of fission of systems with high angular momenta are usually 
made in the framework of the rotating-liquid-drop model. The most stringent tests of this 
theory involve studies of excitation functions for evaporation residue.products. At present, 
there is no evidence for the survival of any rotating system which is predicted not to have a 
fission barrier. The extent to which the vanishing fission barrier imposes a limit on evaporation 
residue cross-sections will be discussed with reference to several cases, ranging from very light 
systems, such as 14N + 12C, to medium mass systems, such as **Kr + 6SCu. The prevalence of 
deeply inelastic processes in heavy-ion reactions poses a problem for arriving at an operational 
definition of heavy-ion-induced fission. This, in turn, makes it difficult to define fusion of 
complex nuclei. While some yield at symmetric mass divisions is usually observed and while 
the products in this region often have fission-like kinetic energies and even angular distributions, 
indications are that in most cases tails of strongly damped distributions are involved, rather 
than the fusion-fission process. This point will be illustrated with reference to the Ne + Ni 
and Kr + Bi reactions. In some cases, there is strong evidence for the existence of a separate 
and distinct fission component. Reference will be made to the Ar + Au and Xe + Fe cases. -
When excitation functions for both evaporation residue products and for well-characterized 
fission fragments are available, it is possible to carry out a statistical model analysis and extract 
values of the fission barrier. Beckerman and Blann have carried out such analyses for systems 
ranging from 35C1 + 62Ni to 3SC1 + 116Sn and concluded that liquid-drop fission barriers must 
be reduced by «40% to reproduce experimental results. A critical appraisal of this conclusion 
will be given. New results will be introduced for the compound nucleus I53Tb* obtained from 
MNe + 133Cs and 12C + 141Pr reactions. These data allow a very stringent test of the theory 
of angular-momentum dependence of fission barriers. 

* Research sponsored by the Division of Physical Research, US Department of Energy, 
under contract W-7405-eng-26 with Union Carbide Corporation. 
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1. Introduction 

The rapid lowering of the fission barrier B f with increasing angular 

momentum was first discussed more than 15 years ago [1], and detailed 

calculations in the framework of the liquid drop model were published in 

1974 [2]. It was emphasized [2,3] that the fission barrier is predicted to 

become zero for all nuclei provided that the angular momentum is sufficiently 

high; thus, at angular momenta greater than about 100-fi, no nuclei are 

expected to have a finite fission barrier. Since angular momenta of 100-fi 

are easily achieved in reactions with heavy ions from present-day facilities, 

the consequences of the lowering of B, with increasing angular momentum have 

aroused considerable interest in recent years. Among the possible conse­

quences, we may consider the following: First, heavy-ion-induced fission 

may be observable for nuclei in all mass regions; second, cross sections for 

evaporation residue (ER) products may be limited by the angular-momentum-

dependent fission competition; and third, the vanishing fission barriers may 

imply a limit on the probability of compound nucleus formation and/or on the 

probability of fusion of the heavy-ion nuclei with those of the target. 

In this review paper we shall discuss some of the above effects with 

reference to experimental results. We shall also discuss quantitative 

aspects of the angular-momentum dependence of fission barriers, including 

the extraction of B f values from experimental data on heavy-ion-induced 

fission. In section 2 fission-imposed limits on evaporation residue products 

will be considered. In section 3 we shall address the question of charac­

terization of heavy-ion-induced fission, and, finally, fission barriers will 

be discussed in section 4. 

2. Cross Section-Limits for Evaporation Residue Products 

In some sense, comparisons of measured cross sections aER for evapora­

tion residue products with theoretical predictions constitute the most 

stringent tests of the theory of the angular-momentum dependence of fission 
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barriers. This is due to the fact that such tests are essentially indepen­

dent of the reaction mechanism giving rise to the ER products. Thus if aER 

for any given case were to be found to exceed substantially the predicted 

B f = 0 limit, nuclei predicted to be unstable against fission would have had 

to deexcite by particle emission rather than by fission. Such a situation 

would certainly imply a serious quantitative discrepancy between theory and 

experiment. 

Before reviewing experimental results, we wish to comment on quantita­

tive limitations of the rotating liquid drop theory. As was pointed out in 

Ref. 2, the liquid drop calculations have been made under the assumption of 

axial symmetry. This approximation, however, is believed not to lead to 

serious error, since most of the shapes under consideration are either very 

elongated or are, in fact, predicted to be axially symmetric (see Ref. 2). 

A more serious problem can be raised by questioning the validity of the 

liquid drop model in general. The first point we wish to make in this 

regard is that the lowering of fission barriers with increasing angular 

momentum is relatively independent of model assumptions. The basic require­

ment is that the moment of inertia of the saddle-point shape be significantly 

greater than that of the rotating ground state and that this situation 

persist with increasing angular momentum. Since rotational energy varies 

inversely with the moment of inertia, the total energy of the saddle-point 

shape will increase more slowly with increasing angular momentum than the 

energy of the rotating ground state. Thus the fission barrier, which is the 

difference between the energies of the two shapes, will decrease. Since the 

saddle-point shapes are believed to be very elongated in the case of most 

nuclei and since there is no reason to believe that this situation changes 

as the angular momentum 1s increased, the above condition is very probably 

satisfied. 

The second point to be made regarding the validity of the liquid drop 

model refers to conditions under which single particle effects may dominate. 
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65Cu+86Kr 

300 400 500 600 700 

W M e V ) 

FIG.l. Experimental and theoretical excitation functions for evaporation residue products 
from the system 6SCu + ^Kr. The difference between the two theoretical curves is discussed 
in the text. An estimate of the total reaction cross-section aR is also shown. From Ref.[4]. 

These conditions may apply in the case of systems with relatively few nucleons, 

where the description of nuclei in liquid drop terms may be inappropriate, 

as well as in the case of very heavy systems, where shell effects may strongly 

influence the value of the fission barrier. 

In addition to keeping in mind the points mentioned above, it is 

necessary that we examine only those cases where a_R is not limited by 

entrance channel conditions. All these constraints lead us to the region of 

medium mass nuclei as being the most favorable for comparison between experi-
86 

ment and theory. In Fig. 1 <JER results are shown for Kr bombardments of 

Cu [4]. Theoretical curves were obtained by means of statistical model 

calculations [5-8] in which angular-momentum dependent fission barriers are 

included [2]. The experimental points are seen to fall between two extreme 

assumptions of the approximate statistical model calculation. (In one case 

evaporated particles are assumed not to change the angular momentum dis­

tribution, while in the other case each evaporated neutron decreases the 

angular momentum by 2 -ft, each proton by 3 -fi, and each 4He by 10 -fi [8].) 
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FIG.2. Fusion cross-sections versus 1/Ecm for the systems uO + 10B and 14N+ i2C. The 
steeply sloping solid line appearing at 1/Ecm values of<0.02 MeV1 corresponds to the 
predicted liquid-drop limit for Bf = 0. From Ref.[l3]. 

Thus agreement between experiment and theory for this system is good. 

Similar good agreement is obtained in a number of other cases, including the 
109Ag + 40Ar reaction of Bri t t , et a l . [9]. 

If we consider very light systems in spite of the reservations ex­

pressed above, we find that o£R values often approach the liquid drop limit 

[10-11]. In a recent study, Stokstad, et a l . [12-13] investigated the 

deexcitation of 26A1 formed in the reactions В + 160 and 12C + 4N. Their 

results [13] are shown in Fig. 2. While the differences between the two 

reactions are beyond the scope of this paper, i t is interesting to note that 

both reactions exhibit a remarkable decrease in a™ as a function of energy 

at exactly the Bf = 0 limit predicted by the rotating liquid drop model [2]. 
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or 

Given the Tow mass of the Al compound nucleus, this striking agreement is 

perhaps better than one might have expected. 

Another interesting case involving the relatively light system 0 + 

Ca was investigated recently by Vigdor, et al. [14]. The a E R values were 

found to be essentially constant near 1150 mb over an energy range from 

40 MeV to 214 MeV. At the highest energy, the ER cross section reached the 

value calculated to correspond to the B^ = 0 limit. Recently, measurements 

on this system were extended to 316 MeV by Britt, et al. [15], and from 

preliminary results it appears that the ER cross section is considerably 

lower than 1150 mb. The decrease Is consistent with the predicted Bf = 0 

limit. 

We are not aware of any case in which the measured a „ values exceed 

substantially the calculated B- = 0 limit; nevertheless, caution must be 

used when calculations with liquid drop fission barriers are used to predict 

evaporation residue cross sections. Such predictions are reasonably 

reliable only when the non-rotating barrier, B f°, is considerably larger 

than typical particle binding energies. This point is illustrated in 

Table I for the reactions 65Cu + 86Kr and 109Ag + S6Kr [4]. The compound 

nucleus 1 5 1Tb* has a calculated value of Bf° £ 33.5 MeV, while for
 1 9 5Bi*, 

Bf° Z 11.7 MeV. It can be seen that in the 65Cu + 86Kr case calculated 

ocR values are relatively insensitive to the choice of af/a , the ratio of 

the statistical model level density parameter for fission to that for 

particle emission. On the other hand, the calculated ER cross sections are 

very sensitive to the value of the level density parameter ratio in the 
109 86 

Ag + Kr case, and since the af/a values in the table all fall within 

a reasonable range, it is not reliable to use calculated fission barriers 

and the statistical model to predict aER for such a relatively high-Z case. 

Thus we may conclude that the liquid drop theory of angular-momentum-

dependent fission barriers predicts absolute limits on ER cross sections 
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TABLE I. EFFECTS OF LEVEL DENSITY 
PARAMETER VARIATION ON CALCULATED 
EVAPORATION RESIDUE CROSS-SECTIONS 

аЛа 
•T V 

1.0 
1.01 
1.05 
1.10 

65Cu + 86Kr 
(mb) 

245 
243 
216 
173 

109Ag + 86Kr 
(mb) 

76.1 
59.1 
8.70 
0.0024 

which are not known to have been exceeded. Furthermore, provided that the 
non-rotating fission barrier is considerably larger than the particle 
binding energy, and, provided that entrance channel effects do not limit the 
fusion cross section, the rotating liquid drop theory gives reasonable pre­
dictions for total ER cross sections. Finally, the liquid drop model appears 
to work even for very light systems such as N + C, at least as far as the 
limit on o E R is concerned. In these light cases, o>R is often observed to 
be close to that corresponding to the calculated B- = 0 limit. 

3. Characterization of Heavy-Ion-Induced Fission 
In this section, we will attempt to categorize heavy-ion-induced fission 

and fission-like phenomena. In early studies of heavy-ion-induced fission, 
the question of definition of the fission process did not pose a problem. 
In the systems studied, fission was induced with relatively light heavy ions 
ranging from С to Ne [15-21], and fission products constituted a well-defined 
and separated peak in the mass and kinetic energy distributions of reaction 
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products. The peak in the mass-yield distribution was found to be centered 

at symmetric mass divisions, and the angular distributions of the fission 

fragments followed a 1/sin e functional form. The kinetic energies were 

understood in terms of Coulomb repulsion between the elongated nascent frag­

ments at the time of scission, and it was concluded from all indications 

that fission followed compound nucleus formation. Empirically, the four 

observable conditions characterizing fission are: (i) a distinct peak in 

the mass (or charge) yield distribution of products that is centered at 

symmetric mass divisions; (ii) a 1/sin e angular distribution; (iii) a 

predictable fragment kinetic energy distribution [22]; and (iv) full momen­

tum transfer from the projectile to the fissioning system (as determined by 

angular correlation measurements [16,20,23]). 

Conceptually, fission following compound nucleus formation is cer­

tainly a well-defined process. Target and projectile nuclei fuse with each 

other, the system equilibrates in all degrees of freedom while undergoing 

several rotations, and fission finally takes place during the deexcitation 

process if it has successfully competed with particle emission. In prac­

tice, compound nucleus formation may be difficult to achieve in systems with 

very high excitation energies and angular momenta, since the composite 

system of target and projectile is likely to have a short lifetime and may 

begin to deexcite by particle emission even before equilibrium in all 

degrees of freedom has been achieved. We shall refer to the fission of a 

fused composite system as fusion-fission (FF). Thus compound nucleus 

fission, CNF, is a special case of FF; namely, one in which equilibrium in 

all degrees of freedom has taken place prior to fission. While FF in 

general may satisfy all of the fission conditions listed above, a statis­

tical model treatment is applicable only to CNF. 

Before giving examples of experimental results, we would like to des­

cribe one more reaction category which may give rise to fission-like 
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FIG.3. АБ-versus-E map for the system 1S0Nd + 175-MeV™Ne. The principal reaction-
product groupings are labelled. From Ref. [24]. 

products, namely, deeply inelastic collisions, DIC. These have been very 
successfully described in terms of diffusion models. In many cases, when 
the collision time is sufficiently long, diffusion processes may involve 
sufficient mass and charge transfer so that DIC products can be observed in 
the same mass region as FF products. Since the time associated with the 
tail of the DIC distribution may be similar to the time relevant to FF, the 
distinction between FF and the DIC tail may be only academic. It is unlikely, 
however, that DIC will result in a peak in the mass distribution centered at 
symmetric mass divisions (except, of course, in those cases when the target 
and projectile have nearly equal masses), and thus distributions of products 
resulting from DIC will in general not satisfy fission condition (i) listed 
above. 

By way of illustrating the above discussion, we shall first consider 
fission events resulting from reactions with relatively light heavy ions 
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FIG. 4. Production cross-section versus Z for the system Ni + 164*Me V 20Ne. From Ref. [25 ]. 

such as Ne. An example of raw data in which the fission products stand out 
clearly is shown in Fig. 3 for the case of Ne + Nd [24]. The fission 
events form a separate peak at relatively high values of ДЕ and medium 
values of E. From the kinetic energy measurement and from studies of 
similar systems, it can be concluded that the fission peak shown in Fig. 3 
is definitely a result of FF and Is very probably due to CNF. 

20 A quite different picture emerges for the case of Ne + Ni [25]. In 
Fig. 4 the overall charge distribution of the lighter reaction products is 
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shown. Since the composite system has Z = 38, symmetric charge divisions 

correspond to Z = 19, or about 2 units of charge less (Z = 17) if evapora­

tion from the composite system and/or from the products is taken into 

account. It is clear that there is no hint of a peak at symmetric 

charge divisions. On the other hand, other conditions characterizing fission 

are satisfied. For example, the angular distributions shown in Fig. 5 are 

given in terms of da/de , and thus a constant distribution implies a 1/sin e 

functional form. It can be seen that for products with Z > 15 this condi­

tion is satisfied. In Fig. 6, the kinetic energy of the observed reaction 

products is plotted as a function of Z. Theoretical predictions for kinetic 

energies of fission fragments, derived from the work of Davies, et al. [22], 

are indicated by the curve. When the theoretical calculations are corrected 

for particle emission from the excited fragments, the open circles are 

obtained. For Z > 15, the calculated fission fragment energies are in 

20 

excellent agreement with measured values. Thus the case of Ne + Ni con­

stitutes a typical example of a system in which the tail of the deeply 

inelastic products extends to the region of symmetric charge divisions, and 

in which the characteristic properties of the near-symmetric products, such 

as angular distributions and kinetic energies, are identical to those expected 

for FF. As was discussed above, whether or not these events are due to DIC 

or FF is perhaps a matter of personal preference, since on the one hand the 

near-symmetric events display fission characteristics, while on the other 

hand, these characteristics evolve smoothly from the deeply inelastic proper­

ties, It is unlikely, however, that compound nucleus formation was involved 

in this case, and thus the, events observed are very probably not due to CNF. 

An intermediate case between the CNF of Ne + Nd and the DIC of Ne + Ni 

is the case of Ne + Ag [26]. The charge distributions at several angles and 

at two bombarding energies are shown in Fig. 7. At the lower bombarding 

energy there appears a peak at near-symmetric charge splits, but it is not 
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FIG.5. Production cross-sections versus 0cm for various elements from the system 
Ni + 164-MeV20Ne. Flat distributions for Z> 15 in this plot indicate an angle-equilibrated 
1/sin в functional form. From Ref. [25 ]. 
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S 20 — 

FIG.6. Experimental and theoretical kinetic energies for products from the reaction 
Ni + 164-Me V 20Afe. The filled points are the experimental single-fragment kinetic energies 
in the centre-of-mass system; the theoretical curve is derived from Ref.[22]; the open points 
are the theoretical results corrected for evaporation. From Ref. [25]. 

well separated from the deeply Inelastic events. At the higher energy, the 
peak is even less distinct. Babinet, et al. [26] have interpreted the data 
of Fig. 7, in terms of the diffusion model, but in view of the fact that at 
near-symmetric charge divisions the kinetic energies and angular distribu­
tions of the products satisfy the FF criteria, and since a distinct peak 
1n the charge yield curve does exist, it is possible that products with 
Z г 16 consist of a mixture of DIC and CNF events. The washing out of 
the peak in the charge distribution with increasing bombarding energy is 
consistent with this point of view. 
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FIG. 7. Production cross-sections versus Z at various laboratory angles for the system 
Ag + 20Ne. From Ref.[26]. 

Turning to reactions with heavier ions, it is possible, once again, to 
find examples in which a distinct fission component appears, as well as 
examples where yield at symmetric mass or charge splits may be associated 
with tails of distributions of DIC products. In Fig. 8, a mass-energy 
distribution is shown for the reaction 201-MeV 40Ar + 197Au [27]. The 
various types of reaction products are identified in the figure, and it can 
be seen that fission events form a well-defined peak, separated from other 

од ?HQ 

events. This case may be contrasted with Kr + Bi data shown in Fig. 9 
[28]. Mass distributions derived from coincidence measurements are shown at 
34° and 59°. Once again, there is no peak at near-symmetric mass divisions, 
and the yield in that mass region appears to be due to a tail of the DIC 
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FIG.8. Kinetic energy versus mass contour diagram of products from the system 
197Ли + 201-МеУ*°Аг. Principal reaction-product groupings are labelled. From Ref.[2T\. 

events. The reason that the y ie ld at symmetric mass division appears only 

at 59° and not at 34° is probably due to the fact that events appearing at 

59° involve longer reaction times than those appearing at 34° and allow more 

mass transfer. This view is supported by the somewhat lower total kinet ic 

energy associated with the 59° data (275 MeV, compared to 290 MeV at 34°), 

which implies a greater degree of energy damping. 

The f ina l point we wish to make in th is section concerns very f i s s i l e 

systems, in which the to ta l f iss ion cross section exceeds the В- = О l i m i t . 
ort P^R 

Two such examples are the Ne + U system studied by Viola, et al. [23] 
using the angular correlation technique and the Xe + Fe system of 
Heusch, et al. [29]. In both of these cases the fission events satisfy 
all criteria for FF listed earlier in this section, and in both cases the FF 
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FIG.9. Relative mass yields for DIC products from the system 209Bi+ 600-MeV ** Kr at two 
laboratory angles. Average kinetic energies of products detected at 34° and 59 are 290 MeV 
and 275 MeV, respectively. From Ref. [28]. 

cross section exceeds substantially the В- = О l im i t discussed in section 2. 

The three possible conclusions that can be drawn from these results are: 

( i ) while a l l of the fragments observed result from FF, only some are the 

products of CNF; ( i i ) compound nuclei with В* = О are able to ex is t ; and 

( i i i ) the calculated B- = 0 l im i t is inaccurate, and the true B f = 0 l im i t 

corresponds to a higher f ission cross section. Of the three alternatives 

given above, ( i i i ) seems unlikely to be correct in view of the considerations 

given in section 2. On the other hand, alternative ( i ) , namely, that not 

a l l observed f ission fragments result from CNF, is very l i ke ly to be true, 

and thus the description of a "new type of strongly damped co l l i s ion" evoked 

in Ref. 29 to explain the Xe + Fe data is not necessary. 

We conclude this section by pointing out that i f we wish to res t r i c t 

our attention to compound nucleus f ission we should consider only f iss ion­

ing systems with 130 <, A < 210, and only those cases in which f ission was 

induced by ions with A s 40. 
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4. Fissiori Barriers from Heavy Ion Reactions 
In this section we examine problems associated with the extraction of 

fission barriers from excitation functions for heavy-ion-induced reactions. 
In view of the discussion of the previous section as to which cases consti­
tute CNF, it is clear that considerable care must be exercised in choosing 
appropriate fissioning systems. First, systems to be used for the deter­
mination of fission barriers must not be dominated by DIC products. This 
excludes such light systems as the Ne + Ni case discussed in section 3, as 

ОС 

well as the CI + Ni case considered by Beckerman and Blann [30]. Systems 
in which target and projectile masses are similar are also unsuitable, 
since it is not possible in these cases to separate CNF from DIC products. 
An example of such a case is the Cu +, Kr data of Ref. 9. This same 
difficulty applies to cases in which fission-like events consist of a 
mixture of DIC and CNF products and in which the separation into two dis­
tinct components is ambiguous. Examples of such cases are the Ag + Ne data 40 109 discussed in the previous section, as well as the Ar + Ag data of 
Britt, et al. [9], which were used by Beckerman and Blann [30] to deter-

149 mine the fission barrier of the compound nucleus Tb. Finally, very 
fissile systems such as the °Ne + 2 3 5U of Viola, et al. 2 3 are also not 
appropriate. While they almost certainly involve FF, it is probable that 
not all of the events result from CNF, and thus they do not lend themselves 
to a statistical model analysis. With all of the above constraints-, we are 
restricted to cases in which fission is induced by relatively light heavy 
ions such as С and Ne and to systems in the mass range 130 s A s 210. 

The most important region of the fission excitation function for the 
purpose of extracting fission barriers is, not surprisingly, the steep part 
of the excitation function in the threshold region. This point is discussed 
and illustrated in Ref. 31 and has been confirmed from an examination of a 
large number of systems for which data are available. It was found that the 
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value of Bf is determined primarily by the slope of the a* function and that 
poor fits at higher excitation energies did not affect extracted Bf values. 
It was also found by Moretto, et al. [32] that for He- and proton-induced-
fission, fits to entire excitation functions can be obtained over a wide 
energy range, provided that level densities are based on realistic single 
particle schemes and that energy-dependent pairing effects are included. 
Fission barriers extracted by Moretto, et al.[32], however, do not differ 
substantially from those extracted by Khodai-Joopari [33] on the basis of a 
statistical'model using Fermi gas level densities. 

In this work, we have used Fermi gas level densities, and the angular 
momentum variation of the fission barriers (but not their absolute values) 
was assumed to be that given by the rotating liquid drop model [2]. The 
procedure of obtaining statistical model fits to heavy-ion-induced fission 
excitation functions allowing B-°and a*/a to be free parameters has been 
described earlier [3,30]. In Refs. 3 and 30 the computer code ALICE [34] 
was used in this type of analysis. Here, we shall use a recently updated 
version of the code, ORNL ALICE [7]. Since ALICE-type calculations essen­
tially divide the compound nucleus cCN cross section into its evaporation 
residue, < w , and fission, a^, components, measured values of a ™ are needed 
along with o^ values. By assuming that a*.. = aER + a*, it is then possible 
to apply the statistical model treatment. 

Finally, in order to isolate angular momentum effects and in order to 
provide a stringent consistency check, it is desirable to obtain excita­
tion functions for two systems leading to the same compound nucleus. This 
motivated us to study the systems С + 'Tr and tuNe + Cs, both lead-
ing to the compound nucleus Tb [35]. The fission data for these systems 
were dicussed earlier [3], but 1t is only recently that we have succeeded in 
measuring the o E R values needed for an unambiguous statistical model 
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FIG. 10. Fission excitation functions for fission of the lS3Tb compound nucleus produced 
in two different reactions. 

analysis, the a ™ measurements indicate that for Ne + Cs aCN is approxi­
mately equal to the geometric cross section, while for С + Pr oCN is equal 
to about 63% of the geometric cross sections. 

The fission excitation functions for the two systems are shown in Fig. 
10. The effect of the increased angular momentum in the Ne + Cs case is 
clearly reflected in its enhanced fissility. As was stated above, the 
fission barrier for the non-rotating system, B. » is determined from the 
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FIG.11. Experimental and theoretical fission excitation functions for the system M1Pr+ 12C. 
The curves, which are fit to the lowest energy point, are labelled with the fraction of the 
liquid-drop fission barrier used in the fit (see text). The best fit was obtained with 
0.8 5 f L D and at/av = 1.06. 

slope of the <j* function. This is shown in Fig. П . A number of different 
fits has been made to the data point at the lowest energy, with Bf° values 
ranging from the liquid drop value B-°, D to 0.7 B-0.«. The corresponding 
a-r/ay values needed to obtain the fits' ranged from 0.985 for 0.7 B f°, D 

to 1.245 for В f,LD* It is clear that a fission barrier of 80$ of the liquid 
drop value best fits the observed results. For 0.8 B- ,D, a-/a was found 
to be 1.06. In Fig. 12 a fit with 0.8 B f ° L D and af/av = 1.0 is shown for 

20 133 the Ne + Cs case. It can be seen that the fit is excellent, and, as in 



IAEA-SM-241/D1 541 

12 141 the case of С + Pr, it was also found to be unique. Thus it seems 
153 reasonable to conclude that the fission barrier of the Tb compound 

nucleus is 80% of the liquid drop value. This conclusion is consistent with 
the calculations of Krappe and Nix [36]. 

One troublesome feature of the above fits is that the value of a-/a 
is not the same in the two cases; whereas it might have been expected to be 
identical. The reason for this may be due to errors arising from the <?-„ 
values used in the calculations. In our recent work, it was found that the 

ratio acN/°qeonietnc ^ ° Г Ne + CS 1S a pP r o x i n i a t e ly equal to 1.0, while for С 
+ Pr it is equal to 0.63. The corresponding ratio of af/a for С + Pr to 
that for Ne + Cs is 1.06. In Ref. 3, in which <^м/оаеоте+Г1-с

 was assumed to 
be 1.0 for both systems, the ratio of a-/a for С + Pr to that for Ne + Cs 
was found to be 0.97. Thus neither here nor in Ref. 3 was a^/a found to be 

I V 

the same for the two systems studied, but while it was calculated to be 
smaller for С + Pr than for Ne + Cs in Ref. 3, the reverse appears to be 
true in the more recent work. In any case, it is gratifying that the same 
conclusion was obtained in Ref. 3 as was obtained here: the fission barrier 
of 1 S 3Tb is 80% of the liquid drop value. The fits obtained in Ref. 3 are 
shown in Fig. 13. 

The kinds of problems that may emerge when we attempt to fit data that 
consist of a mixture of CNF and DIC products are illustrated in Fig. 14 for 
the case of Ne + Ag [3,37]. Attempted fits to the lowest energy data point 
are shown with B-° values as low as 60% of B-°, D. It is dear that it is 
not possible to obtain a fit to the data over a reasonable range (about 25 
MeV) of excitation energy. (An earlier fit reported by Beckerman and Blann 
[30] to the Ne + Ag data made use of reported [3] a ™ values that were 
recently found to be in gross error [38].) The reason for this failure is 
almost certainly that the DIC component, which has been shown to be present, 
does not vary with excitation energy at the same rate as CNF, and thus the 
data are not suitable for B-° extraction. 
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FIG.12. Experimental and theoretical fission excitation functions for the system 133Cs + 20Ne. 
The theoretical curve is a fit to the lowest energy point using tf.&BJ? L D and афч = 1.0. 

In Ref. 30, Beckerman and Blann have concluded that, based on an 
analysis of five different systems, fission barriers appear to be 50-70% of 
the liquid drop values. This discrepancy seems surprisingly large, and it 
is necessary to examine each system involved individually to determine its 
validity. We have already pointed out that in the case of three of the five 
systems, namely, CI + Ni, Ne + Ag and Ar + Ag, there is a strong DIC com­
ponent present that makes the analysis ambiguous at best. 
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FIG.13. Experimental and theoretical fission excitation functions for fission of the Tb 
compound nucleus produced in two different reactions. The fits are those from Ref.[3] with 
the assumption that ffER/?geometric^ 1-0 for both systems (see text). 

We have examined in some detail the case of CI + Sn, one of the 
two remaining systems of Ref. 30. The data are shown in Fig. 15 together 
with the MB-I1 fit of Ref. 30, in which final angular momentum states were 
treated explicitly (solid curve). While in ALICE calculations angular 
momentum is treated only approximately, it can be concluded from Ref. 30 
that adequate fits can nevertheless be obtained with ALICE. This is also 
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FIG.14. Experimental and theoretical fission excitation functions for the system 101Ag + ^Ne. 
Theoretical curves, fit to the lowest energy data point, are labelled with the fraction of the 
liquid-drop fission barrier used in the fit (see text). Experimental data are from Refs [3, 37]. 

shown in Fig. 15 (dashed curve), and we shall.thus continue to use ALICE to 

illustrate the following point. In Ref. 3 it was pointed out that a possible 

severe source of error in the case of relatively light systems may be the 

sharp cutoff approximation. In Fig. 15 we show the results for a diffuse 

cutoff in the angular momentum distribution of the deexciting compound 

nuclei (dash-dot curve). It can be seen that this calculated fission excita­

tion function lies above the sharp cutoff ALICE result, but that the slope 



IAEA-SM-241/D1 545 

500 

200 -

150 160 165 
Elob(MeV) 

FIG.15. Experimental and theoretical fission excitation functions for the system ll6Sn + 3sCl 
The data and the solid curve (a fit using the program MB-IIj are from Ref. [30]. The dashed 
curve is a fit using the program ALICE, and the dash-dot curve shows the result of using a 
diffuse cut-off in the angular-momentum distribution. The dotted curve represents a calculation 
using the program PACE ofRef.[40]. 

is changed only slightly. This implies that a diffuse cutoff does not lead 

to significantly different values of B-°. This same conclusion was reached 

by Blann [39] and co-workers. 

Also shown in Fig. 15 is the result using a Monte Carlo-type program 

PACE, which does take final angular momentum states specifically into account 

[40] (dotted curve). Since all of the calculations of Fig. 15 involve the 

same parameters, the relatively large difference between our Monte Carlo-

type calculation and that of Ref. 30 is not understood. Since the slope of 

our calculation is less steep than that of the fit of Ref. 30, it is possible 

that, if our results are correct, the B-° is not as low as the MB-II 
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calculation would imply. The final point to be made is that the CI data 
considered by Beckerman and Blann span a rather narrow range of excitation 
energy (about 12 MeV), compared to an excitation energy range about twice as 

153 large for our Tb system. 
In concluding this section, we wish to observe that, based on the study 
l яя of the Tb system formed in two different ways and over a fairly large 

range of excitation energies, the fission barriers in this mass region are 
probably lower than those calculated from the liquid drop model, but only by 
about 20%, and not the 30-50% deduced earlier. 

5. Concluding Remarks 
We have shown that the rapid decrease of fission barriers with increas­

ing angular momentum has important implications for heavy-ion-induced fission. 
Currently, there appear to be no cases in which measured evaporation residue 
cross sections appreciably exceed the В, = О limit. This gives us considerable 
confidence in the quantitative aspects of current fission theory. The charac­
terization of fission is complicated by the fact that experimentally it is 
impossible to distinguish between fission following fusion in general, and 
the fission of compound nuclei specifically. Furthermore, tails of deeply 
inelastic reactions may extend into the fission region, and these two types 
of products may also be indistinguishable from one another. Thus caution 
must be used when fission barriers are extracted from heavy-ion-induced 
fission data. However, we have concluded that, in the region of А ъ 150, 
fission barriers have values of about 80% of the liquid drop values and not 
the 50-70% indicated earlier. 
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DISCUSSION 

J.B. WILHELMY: Did you attempt to determine the af/aj, ratios using micro­
scopic level densities? And do you think an analysis such as that would alter 
your conclusions regarding the height of the liquid-drop barrier? 

R.L. FERGUSON: We have made calculations, based on a Monte-Carlo-type 
programme compiled by A. Gavron, of the fission excitation function for 
35C1 + u 6 Sn (see Fig. 15 in the paper). Since we do not yet understand the dis­
crepancies between the Monte-Carlo calculation and that of Beckerman and Blann 
for this same system, I would be reluctant to try to guess what the effect of 
such an analysis would be. 

B. SCHR0DER: Regarding the statement at the end of your paper that the 
80% reduction in the rotating-liquid-drop model (RLDM) prediction agrees with 
the single Yukawa model proposed by Nix and co-workers, I would say that it 
is only true at the |3-stability line. For a system beyond this line the liquid-drop 
model and the single Yukawa model yield much the same barrier values, for 
instance, for 1S3Tb. 
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W. REISDORF: As far as I can see, what you are actually doing is determining 
the fission barrier for the same average weighted angular momentum. Your con­
clusions regarding the absolute height of the fission barrier are also based on the 
angular momentum dependence predicted by the RLDM. How well is this 
dependence determined by the data? 

R.L. FERGUSON: The barrier we calculated is, in fact, the one for the 
non-rotating-liquid-drop model. We feel that in the restricted range of reactions 
considered the rotating-drop model has been shown to agree reasonably well with 
experimental data. 

E. CHEIFETZ (Chairman): In non-rotating-liquid-drop calculations there 
is a point in the fissility parameter (Z = 35—40) below which the system tends 
to become asymmetric. What is the effect of angular momentum on this point, 
and can it explain some of the results for the light systems? 

R.L. FERGUSON: The predicted effect of angular momentum on the 
Businaro-Gallone point is to transform it into a curve that increases with increasing 
angular momentum and decreasing fissility. Thus the expected asymmetric insta­
bility sets in at higher angular momentum values for lower values of the fissility 
parameter. I do not believe that any of the systems we considered were affected 
by the Businaro-Gallone asymmetry. 
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Abstract 

MASS AND KINETIC-ENERGY DISTRIBUTIONS OF FRAGMENTS FORMED IN THE 
HEAVY-ION-INDUCED FISSION OF 208Po. 

Fission fragments following the decay of a 208Po compound nucleus have been observed 
by using radiochemical and particle-counting techniques. The (a + 2(MPb), (12C + I96Pt) and 
(160 + 192Os) reactions were studied at two or three bombarding energies, covering overlapping 
ranges of excitation energies. — Radiochemical separations of As, Br, Y, Nb, Tc, Ag, Sb and I 
isotopes were made from catcher foils sandwiching isotopic targets, and their isotopic yield 
distributions determined. The distributions are used to estimate the average number of neutrons 
associated with each fission event, including neutrons emitted before and after fission. — Prompt 
coincidence measurements of fragments are used to derive the overall mass and kinetic-energy 
distributions of primary fragments, taking into account the effects of pre- and post-fission 
neutron emission. The mass distributions are well fitted by the statistical theory, at a temperature 
corresponding to an excitation about 10 MeV above that at the saddle point. No evidence is 
found for an increase of kinetic energy with increasing angular momentum of the compound 
nucleus. 

1. . INTRODUCTION 

The compound nucleus 208Po can be produced in the (a + 20<tPb), 
(12C + i96Pt) a n d (160 + i920s) reactions. We have studied fission 
products from these reactions at bombarding energies available from the 
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TABLE I. NUCLEAR PROPERTIES IN THE DECAY OF A 208Po (COMPOUND NUCLEUS) to 

Reaction 

a + Pb 

С + Pt 

0 + Os 

E lab 
(MeV) 

50 
65 
80 

93 
105 

106 
119 

F * 

44.4 
59.1 
73.8 

70.9 
85.0 

76.3 
88.3 

FS 

17.1 
23.1 
28.1 

26.7 
29.8 

27.2 
31.1 

T2 

384 
463 
561 

1256 
1577 

1456 
1946 

TKE 

147.0 
147.1 
147.1 

147.1 
147.0 

144.4 
146.8 

E rot 

0.4 
0.5 
0.6 

1.4 
1.7 

1.6 
2.1 

aE 

9.4 
9.8 

10.1 

9.1 
9.1 

9.9 
10.5 

°A 

exp 

11.2 
12.3 
13.0 

11.6 
12.4 

12.7 
13.4 

saddle 

10.6 
11.2 
11.6 

11.4 
11.7 

11.5 
11.7 

10 MeV 

11.8 
12.2 
12.5 

12.4 
12.6 

12.4 
12.6 

20 MeV 

12.7 
13.0 
13.3 

13.2 
13.3 

13.2 
13.4 

a I 

exp 

1.6±0.1 
1.7±0.2 

1.6±0.1 
1.5+0.1 

-

calc 

1.7 
1.8 

1.8 
1.8 

-

vpre 

0.7 
1.6 
2.4 

2.3 
2.9 

2.4 
3.0 

v t o t 

5.9 
6.9 
7.3 

7.3 
7.3 

7.8 
8.6 

с * 

т2 
TKE 
E rot 

°I 
vpre 
vtot 

is the excitation energy of the compound nucleus; 
the average excitation of the fissioning nucleus above the saddle point; 
the mean square angular momentum of the fissioning nucleus; 
the mean total kinetic energy of primary fragments; 
the rotational contribution to TKE; 
the standard deviation of TKE for a particular mass ratio; 
the standard deviation of the overall mass distribution - the calculated values are for the saddle 
point temperature and for temperatures 10 and 20 MeV above the saddle point; 
the standard deviation of the mass distribution for a single element - the calculated values are for 
a temperature 10 MeV above the saddle point; 
the average number of pre-fission neutrons estimated with ALICE; 
the total number of neutrons per fission derived from radiochemical measurements. 

о 
cj 55 Z 
О 

к 
и 
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FIG.]. Comparison of measured Pt ( C, xn) cross-sections with the predictions of the 
ALICE code. 

Harwell Variable Energy Cyclotron. The excitation ranges of the 208Po 
nuclei resulting from the different reactions overlap, and cover a wide 
range of average angular momenta. The aim of the study is to learn, using a 
combination of radiochemical and particle counting techniques, how the 
properties of fission products depend on excitation and on angular momentum. 
Unfortunately, if the bombarding energy is high enough to overcome the 
Coulomb barrier, the 208Po nucleus is already at an excitation high enough 
for multichance fission to occur. Polonium nuclei are not very fissionable, 
and neutron emission is the most probable decay mode. The fission barrier 
is lower in the daughter nucleus, so that the loss of excitation is largely 
compensated, and fission competes effectively until the excitation energy 
is close to the barrier height. In order to measure the kinetic energy of 
primary fission fragments, we must know the number of neutrons emitted after 
fission, and i t is therefore important to be able to make reliable estimates 
of multichance cross-sections. 

The multichance fission cross-sections have been estimated with a 
modified version of the evaporation code ALICEH). The level density in the 
code has the form described by Djjssing and Jensen(2), in which shell and 
pairing effects are allowed to fade exponentially with increasing excita­
tion. Collective enhancement of the saddle-point level density(3) is also 
allowed to fade exponentially, and the fission barrier is reduced to 95% of 
i t s liquid-drop value. The level density parameter is taken to be A/15 both 
for ground-state and saddle-point deformations. At bombarding energies well 
above the Coulomb barrier, a small fraction of the reaction cross-section is 
in partial waves above the cri t ical angular momentum for complete fusion 
proposed by Bass (4); all partial waves above the cri t ical value are 
discarded. 

To test the code, we have measured cross-sections for the 2 •+ 0 ground 
state band transitions in even-even Po nuclei in the (a + 2(HPb) and 
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(12C + 196Pt) reactions. The ALICE predictions are compared with the 
measured values in figure 1 , which also includes the cross-section for the 
641.3 keV transi t ion in 203Po (clearly the 203Po nuclei do not a l l decay 
through this t rans i t ion) . The same set of parameters also gives a good f i t 
to the 20l,Pb(a,xn) cross-sections and to the rat io r-f/rt in the a + 2u6Pb 
reaction 

(5); 
The code shows that fission following proton or a-emission is 

negligible, but that fission does persist in the neutron evaporation chain 
to excitation energies close to the barrier. The average number of pre-
fission neutrons, and the average angular momentum and excitation of the 
fissioning nucleus, are listed in Table I for all the systems studied. All 
these quantities are required in the analysis of the radiochemical and 
particle counting data. 

2. RADIOCHEMICAL MEASUREMENTS 

The same beam line at the A.E.R.E. Variable Energy Cyclotron is used 
for particle coincidence measurements and for the irradiations for 
radiochemical measurements. The beam (defined by a multistage |" diameter 
collimator) passes through a scattering chamber into a small chamber contain­
ing a target mounted between two magnesium catcher foils. The target and 
the catcher foils are mounted on separate cooled holders, and the catchers 
can be removed through a vacuum interlock without disturbing the target. The 
target itself can be withdrawn from the beam axis under vacuum, during 
particle measurements in the scattering chamber. 

The 20£*Pb and 196Pt targets were self-supporting rolled metal foils. 
It proved very difficult to make satisfactory osmium targets. Some 
irradiations were carried out on targets consisting of 1920s powder pressed 
between Al foils, and others on 1920s electroplated onto a thin nickel 
backing from a solution of 0sC"4 dissolved in ammonia. The plated osmium is 
not very cohesive, and satisfactory targets could not be made thicker than 
lmg/cm2. Comparison runs with the two types of targets gave similar mass 
distributions for chemically separated fission fragment activities, confirm­
ing that the particle size of the osmium powder was small enough not to 
introduce a bias in the mass distribution of fragments reaching the catcher 
foils. The magnesium catcher foils were thick enough to stop all fission 
fragments. 

Irradiation times were between half an hour and three hours. The beam 
was collected in a Faraday cup, and monitored by a current integrator driving 
a chart recorder and printing the integrated count at frequent intervals. 
After an irradiation the catcher foils were removed and dissolved in acid, 
and the element of interest separated by conventional radiochemical • 
techniques: As and Sb were separated by volatilisation of their hydrides I") 
and all other elements by solvent extractions (7). In a typical run, y-
counting began 15-20 min after the end of the irradiation. Peak fitting was 
done with the SAMPO programme, and in all cases assignments of activities 
were based on half-lives as well as energies. Cumulative yields were 
derived from the fitted decay curves, making corrections where necessary for 
beam fluctuations. The contributions from feeding by 6-decay precursors 
were calculated assuming that for each reaction the mass width before $-
decay was the same for all elements, and requiring the yield of each element 
to be consistent with the overall mass distribution measured in the particle 
experiments. 
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FIG.2. Isotopic mass distribution for the system 12C+ 196Л at 93 MeV. Experimental points 
are normalized to 100% for each element. 

The mass y ie ld of Y, Sb and I , normalised to 100% y ie ld for each 
element,is shown in f igure 2 for the (C + Pt) reaction at a mean bombarding 
energy of 93 MeV (corrections have been made to allow for energy loss in the 
target and the backward catcher foil). The most probable masses are shown 
for all the reactions in Table I I and the mass widths ot for the a+Pb and C+Pt 
reactions are shown in Table 1 . I t is very str ik ing that the 
width of the isotopic mass distr ibut ions is more or less independent of the 
excitat ion and angular momentum of the 208Po compound nucleus, even though 
up to six Po nuclei make comparable contributions to the multichance f iss ion 
cross-section. This is in contrast with high energy proton-induced f i ss ion , 
in which pre-compound processes cause the fragment mass distr ibut ions to 
broaden with increasing exctiation energy (8). In the heavy ion reactions, 
pre-f ission and post-f ission neutron evaporation are evidently associated 
with almost the same loss in excitat ion energy, and thus multichance f ission 
is not a source of mass dispersion. Evidence from the coincidence 
experiments shows that the spread in excitat ion energy of the 
primary fragments is small enough not to contribute much to the mass 
dispersion of the chemically separated fragments: the observed mass widths 
are therefore close to the mass width of the primary fragments at any one 
stage of the multichance f iss ion process. These widths are further consid­
ered in section 5. 

In f igure 3, the most probable mass Ap of chemically separated 
fragments is plotted (on an expanded scale) as a function of Z. Also plotted 
(curve (a)) are the values of Ap for the primary fragment, calculated on the 
MEESS prescription (maximum excitat ion energy sans shell) with the mass 
routine from ALICE; these Ap values are averages for the chain of Po nuclei , 
weighted by the multichance f iss ion cross-sections. The data are consistent 
with the assumption that the average number и of post-f ission neutrons 
emitted by the fraqments is proportional to Ap - the l ine (b) through the 
points in the figure assumes vecAp. 
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TABLE II. MOST PROBABLE MASSES Ap OF CHEMICALLY 
SEPARATED FRAGMENTS IN HEAVY-ION FISSION 

Reaction 

a + 201ФЬ 

12C + 196pt 

" 0 + 1920S 

Element 

As 
Br 
Y 
Ag 
Sb 
I 

As. 
Br 
Y 
Nb 
Tc 
Ag 
Sb 
I 

Y 
Nb 
Tc 

Bombarding Energ> 
50 65 

83.0±0.7 
93.4+0.4 
113.5+0.3 
125.5±0.5 
130.6±0.3 

79 

83.8±0.5 
92.8Ю.1 
98.0±0.5 
103.2±0.5 
113.0±0.6 
123.3±0.1 
128.8±0.2 

90 

92.5±0.1 
96.9±0.2 
102.5±0.4 

Ap 
77.2+0.5 
83.7+0.4 
93.1+0.1 
112.9±0.3 
123.8±0.1 
129.4±0.3 

(MeV) 
80 

77.1±0.3 
83.1±0.3 
92.8±0.1 
112.2±0.3 
123.2±0.1 
128.4±0.2 

Bombarding Energy 
93 105 

Ap 
78.4+0.3 
83.6+0.5 
92.5±0.1 
97.7+0.2 
102.9+0.4 
П2.8П.0 
122.6±0.1 
127.7±0.1 

78.2±0.3 
83.3±0.5 
92.6±0.1 
97.4±0.2 
102.8±0.5 
П2.6±0.7 
122.6±0.4 
128.0+0.1 

Bombarding Energy 
106 119 

Ap 
92.5±0.2 
97.6+0.5 
102.2+0.6 

96.9+0.2 
102.1+0.3 

3. FISSION FRAGMENT COINCIDENCES 
A target ladder on the axis of the scattering chamber carries targets 

and a 2 5 2Cf source for calibrations: one of the ladder positions is left 
blank to allow high beams to pass during radiochemical irradiations. The 
two surface barrier counters used for measuring fission fragment coincidences 
are not mounted symmetrically with respect to the beam axis. This is because 
in heavy ion reactions the centre of mass velocity is not small compared with 
the fragment velocity, and the laboratory correlation angle between the 
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FIG.3. Most probable mass as a function of Z for the system 12C+ i96Pt at 93 MeV. The 
calculated distribution (a) is for primary fragments; (b) is for final fragments, assuming 
VCLAp. 

fragments depends on the total kinetic energy of the fission event. The 
spread in correlation angles is reduced when the fragments are observed close 
to the beam axis. One counter is fixed at 30° to the beam direction, and the 
other is on a moveable arm. The forward counter is about 1m from the target 
and subtends a small solid angle, while the collimator on the backward counter 
is adjusted to select a solid angle large enough to ensure collection of 
almost all the complementary fragments in coincidence with fragments reaching 
the 30° detector. To minimise the electron and photon flux, the backward 
detector is protected by a ring magnet and a thin nickel foil. 

For accurate measurement of fragment energies and masses in the heavy 
ion reactions, careful calibration procedures are essential. Preliminary 
calibrations were made with a precision pulse generator and a-sources to 
establish the zero channel and amplifier gain, but the final counter para­
meters were determined with a 2 5 2Cf source on a thin nickel backing. 
Calibration runs were made with this source facing each counter in turn. 
Pulse heights from both counters, together with the pulse heights from a TAC 
registering coincidences, were recorded event-by-event. The parameters for 
both counters are fitted simultaneously to the coincidence data; the method 
of analysis is described in more detail in the next section. Calibrations 
of this kind were carried out before and after heavy ion runs. Singles 
calibrations were also taken from time to time, to check the calibration of 
the backward counter, which was subjected to a much higher particle flux than 
the 30° counter. 

In the heavy ion runs, the mean angle between the fragments was up to 
9° away from collinearity. The best setting for the backward detector was 
found by measuring the angular correlation at 1° intervals. In the (a + Pb) 
reactions the correlation function was clearly flat-topped, showing that all 
coincidences were detected. The correlations for the (C + Pt) and (0 + 0s) 
reactions did not have well-defined flat tops, and indeed the full analysis 
of the data shows that some events are missed in the extreme wings of the 
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fragment distributions, when energetic particles of very low mass reach the 
forward detector and the slow-moving complementary fragments are thrown 
forward of the acceptance angle of the other detector. 

The 204РЬ targets were evaporated onto thin carbon backings; both 196Pt 
and 1920s were electroplated onto nickel-plated copper, and the copper later 
dissolved away. As for the radiochemistry targets, osmium proved trouble­
some, and the 1920s targets, at about 0.5mg/cm2, were more than their 
optimum thickness. Important mass- and energy-dependent corrections have to 
be made for fragment energy loss in traversing target and backing. The 
target and backing thicknesses were therefore measured usingthe fission fragments 
themselves. Coincidence spectra were taken with the target at different 
angles to the fragment directions, with the backing towards each counter in 
turn. Interpolating Northcliffe and Schilling's tables to estimate the 
energy loss of symmetrical fragments, target and backing thicknesses were 
determined by a least-square f i t to the mean energies in the two detectors. 

4. ANALYSIS OF THE EVENT-BY-EVENT DATA 
The 2 5 2Cf source data are used to determine the best values of the 

counter parameters. Labelling the counters 1 and 2, the data for each event 
are the pulse heights, Pi and P2. (P] + P2) is a rough measure of the total 
kinetic energy (TKE) of the pair of fragments, and for a stationary source 
P2/P1 is on average equal to the mass ratio of the primary fragments; thus the 
quantity P2/(Pl + P2) indicates the mass of the primary fragment which, after 
emitting neutrons, reaches counter 1. Events are assigned to a cell in an 
equally spaced mesh using the co-ordinates (Pi + P2) and P2/(Pl + P2)- The 
yield in each cell is converted to a point value at the centre of the cell by 
making second order finite difference corrections. 

A grid is now set up with equal spacings in primary fragment mass and 
TKE. At each point on the grid, pulse heights are calculated for both 
counters. The pulse-height defect is estimated using the empirical 
expression of Kaufman et al (9), which is a one-parameter function valid for 
all masses, expressed in terms of the dimensionless energy units defined by 
Lindhard et al ( Ю ) . The primary fragment energies are modified to allow for 
emission of the mean number of neutrons for each TKE and mass: the neutron 
data is taken from Bowman et al O 1 ) . The energy losses in the source back­
ing and the nickel foil are estimated as in the target thickness measurement 
with an empirical stopping power function, using effective charges derived 
from the most probable atomic number for fragments of each mass. Each mesh 
point on the primarymass-TKE array is now located on the pulse-height grid, 
and yields and masses may be interpolated from one grid to another. The 
yield on the primary mass-TKE grid must be symmetrical, since both counters 
are observing the same source. The counter gains and the pulse-height defect 
parameters are then varied to give symmetrical yields and to reproduce the 
mean masses and energies of light and heavy fragments measured by Kaufman et 
al (9). (This procedure is analogous to the method of Schmitt, Lide and 
Pleasonton (12) for measuring neutron numbers in 2 5 2Cf fission. Time 
differences were recorded in our event-by-event data, and the counter para­
meters were also constrained to match the time differences. Excellent fits 
to the neutron number data were obtained by allowing the counters to have a 
small linear time-walk). 

Exactly the same procedure is then applied to the data from the heavy 
ion runs. In the heavy ion reactions we have studied,the ratio of the 
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FJG.4. Overall mass and kinetic-energy distributions in 20SPo fission. The full line assumes 
an excitation above the saddle point of 10 MeVfor the a + Pb data, 20 MeV for the C + Ptdata. 

energies of the forward and backward fragments is roughly two to one, and it 
it better to use (P] + P2) and 2P2/(2P2 + Pi) as the pulse-height coordinates. 
Kinematic corrections must be made to allow for the centre of mass motion, 
but once again yields can be found by interpolating between the two grids. 
In all cases, the forward fragment had an energy within the range covered by 
the z52Cf calibration. The backward fragment, however, has an energy below 
the heavy fragment peak in the 2 5 2Cf spectrum. In deriving the yields in 
the heavy ion fission reaction, the pulse-height defect parameter in the 
backward counter was again allowed to float, and the yield map constrained 
to be symmetrical about the central mass. The fissioning nucleus was 
assumed to have a fixed mass equal to the mass of the compound nucleus less 
the mean number of pre-fission neutrons. Post-fission neutron numbers were 
assumed to be proportional to fragment mass; an increase of 10 MeV in TKE is 
associated with a reduction of one in the sum of the neutron numbers of the 
two fragments. The total number of neutrons emitted before and after fission, 
and averaged over all energies, is required to agree with the radiochemical 
mass yields. 

The final result of the analysis is a set of point yields on a regular 
grid of primary fragments masses and TKE values. Projections of the yields 
onto the mass axis, and average TKE for different masses, are shown in 
figure 4 for the (a + Pb) reaction at 50 MeV and for the (C + Pt) reaction at 
105 MeV. Mass widths and mean TKE values for all the systems studied are 
summarised in Table I. 

5. DISCUSSION 

Most of the fissions in the heavy ion reactions occur at excitations 
far above the barrier. Statistical considerations apply and the mass and 



560 CUNINGHAME et al. 

charge distributions of the fragments are determined by the density of states. 
We have taken the view that the relevant density of states is for a nucleus 
which has moved beyond the saddle point, some way towards scission, and 
having a temperature greater than the saddle point temperature. The excita­
tion energy of a fragment pair (Z-|, A-|), (Z2, A2), from which their 
temperature is derived, is assumed to be the excitation above the saddle 
point plus a fixed amount to allow for the change in potential energy in 
motion towards scission plus a Q-value correction plus a Coulomb correction. 
The Q-value correction, which is the difference between the Q-value for the 
fragment pair and for symmetric fragments, is calculated with liquid drop 
masses. The Coulomb correction is (l-4Z,Zj/Z2)TKEmax, which applies if the fragment kinetic energy is simply proportional to Z-jZ2. The full lines 
through the TKE data in figure 4 are based on this approximation, which 
accounts reasonably well for the variation of TKE with mass ratio. 

The yield of each fragment pair is taken to be proportional to the 
product of level densities, which are calculated with a level density para­
meter A/15. The yield distributions for each step in the multichance fission 
are summed, with weightings according to the cross-sections given by the 
ALICE programme, with the results shown in figure 4. The data in the figure 
are well fitted over the whole mass range by a suitable choice of excess 
excitation beyond the saddle point. Overall mass variances are listed for 
all the systems in Table I, and in every case the saddle point temperature is 
too low. The biggest uncertainty in the analysis is the magnitude of the 
multichance fission cross-sections. In our judgement, however, the level 
densities used in ALICE are realistic, and our observations favour the notion 
that the fragment mass distributions are determined near an "exit" point (I3) 
rather than at the saddle point. 

The theoretical yields for different masses of the same element are 
shown for (C + Pt) at 93 MeV by the full line in figure 2, assuming a 
temperature 10 MeV higher than the saddle point value. The experimental 
distribution is a little narrower than the calculated one, a finding which is 
repeated for all systems. A possible reason for this is that because the 
symmetry force is very strong, Z/A equilibration persists almost to scission, 
until a moment when the mass ratio is already roughly determined. It is 
known from deep inelastic scattering measurements that Z/A equilibration is a 
very rapid process (I4). 

The column in Table Л labelled a^ represents an average value for the 
standard deviation of the TKE values within one mass bin. In all cases q: is 
almost constant except in the extreme wings of the mass distribution, where 
it becomes smaller. The associated spread Jag in the excitation energy of a 
single symmetric fragment is about 5 MeV, or in terms of a mass distribution, 
about 0.5amu. The experimental observations have shown that the width of the 
post-neutron emission mass distribution is insensitive to compound nucleus 
excitation, and we may deduce that this width is almost the same as for the 
primary fragments. 

The mean value of TKE does not reproduce the increase with angular 
momentum reported by Unik et al ( 1 5). However, Unik et al assumed only first 
chance fission, and did not allow for the reduction in energy available for 
neutron emission at high angular momenta. The 2 0 8Po nucleus is very elonga­
ted even at its saddle point, and the rotational energy is consequently small. 
The column headed Erot in Table 1 is the rotational contribution to TKE expected with classical moments of inertia for the saddle point nucleus, i.e. 
its total rotational energy minus the collective rotational energy of each 
fragment. In each reaction the relative uncertainty in TKE to errors in 
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neutron number is estimated to be 0.4 MeV; in addition there may be 
systematic errors in the energy loss corrections. Apart from one of the 
osmium runs which appears to be anomalous, the TKE values are essentially 
constant. Since the target thickness measurements were based on the energies 
of the fission fragments themselves, it is unlikely that the energy loss 
measurements are in error by as much as the 1.6 MeV spread in rotational 
contributions to TKE. The data suggest that in the range of angular momenta 
covered by these experiments, the rotational contribution is roughly 
compensated by centrifugal stretching of the saddle point nucleus. 
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DISCUSSION 

J. PETER: Just a short comment. We have also observed that there was no 
increase in the total kinetic energy with angular momentum (within an experimental 
accuracy of 1 —2 MeV, which is much lower than the rotational energy), even for 
Й up to 100 or 110. The only explanation we can give is that the increase normally 
due to the rotational energy is compensated here by the more elongated shape of 
the scission point and that this reduces the Coulomb repulsion. 
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Abstract-Resume 

INFLUENCE OF ANGULAR MOMENTUM ON TOE WIDTH OF THE MASS DISTRIBUTION 
OF HEAVY-ION INDUCED FISSION: IS THERE A THIRD MECHANISM BETWEEN 
FISSION AND THE HIGHLY INELASTIC COLLISIONS? 

The systems 20Ne + na tRe at 124 and 206 MeV and '"»Ar + 16sHo at 192 and 197 MeV 
were used to produce the 20S At nucleus with different populations of angular momentum. 
The mass distributions of the fission products were measured. After allowing for the effects 
of temperature and neutron evaporation, it is found that the widths of the mass distributions 
increase considerably when the fission barrier disappears. Comparison of the results obtained 
here with those of other authors suggests that a third intermediate mechanism exists between 
fission and the highly inelastic collisions. 

* Fonds national de la recherche scientifique, detache de Physique nucleaire experimentale, 
CP229, Universite libre de Braxelles, Bruxelles, Belgique. 
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INFLUENCE DU MOMENT ANGULAIRE SUR LA LARGEUR DES DISTRIBUTIONS 
DE MASSE DE FISSION INÖÜITE PAR IONS LOURDS: EXISTE-T-IL UN TROISIEME 
MECANISME ENTRE LA FISSION ЁТ LES COLLISIONS TRES. INELASTIQUES? 

Les systemes 20Ne + natRe ä 124 et 206, MeV et 40Ar + I65Ho a 192 et 197 MeV 
ont ete utilises pour produire le noyau 205At avec differentes populations de moment angulaire. 
Les distributions de masse des produits de fission pnt 6te mesurees. Apres avoir tehu compte 
des effets de la temperature et de l'evaporation de neutrons, on observe que les largeurs des 
distributions de masse augmentent considerablement lorsque la barriere de fission a disparu. 
Une comparaison des resultats obtenus dans ce travail et par d'autres auteurs amene ä penser 
qu'il existe un troisieme mecanisme intermediaire entre la fission et les collisions tres 
inelastiques. 

INTRODUCTION 

On admet pour le moment l'existence de deux mecanismes de reactions faisant 
intervenir un grand nombre de nucleons: 

- La fusion de deux noyaux en un noyau compose. Ce dernier, lorsque sa 
masse est suffisamment elevee, peut avoir une probabilite non negligeable de se 
desexciter par fission. Cette probabilite augmente d'une part avec l'energie 
d'excitation mais egalement avec le moment angulaire — les reactions induites 
par ions lourds presentent un grand interet pour etudier l'influence de ce dernier 
parametre car de grandes valeurs de moment angulaire peuvent etre mises en jeu. 
Les caracteristiques principales des produits de fission du noyau compose sont: 
une distribution de masse centree ä la masse moitie de celle du noyau compose 
en ce qui concerne les produits primaires et une distribution angulaire 
da/dSl tres proche de 1/Sin0. 

- Les reactions tres inelastiques. Dans ce cas, tous les nucleons ne participent 
pas ä la reaction mais un grand nombre d 'entre eux interagissent et Ton observe un 
haut degre d'inelasticite dans la reaction. La majorite des produits ont une masse 
proche des masses initiales des noyaux incidents et leur distribution angulaire est 
assez fortement focalisee dans un petit domaine d'angle. Toutefpis on observe 
egalement des produits correspondant ä des transferts de masse de plus en plus . 
importants et done ä des temps d'interaction entre les deux noyaux de plus en 
plus grands, les produits ont alors une distribution angulaire qui se rapproche 
d'une distribution en 1 /Sin в. 

- Dans le cas oil l'on a simultanement les deux mecanismes precedents, il 
est possible de les distinguer si Ton part d'un Systeme tres asymetrique et si 
l'energie de bombardement n'est pas trop elevee au-dessus de la barriere d'inter­
action [ 1 ]. En effet l'observation des distributions de masses permet de separer 
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les contributions respectives de ces deux mecanismes. A haute energie de bombarde-
ment, cette separation ne devient plus possible car les distributions de masse des 
produits tres inelastiques ainsi que celle des produits de fission s'elargissent et se 
melangent tellement qu'il n'est plus possible de distinguer deux composantes. 
Dans le cas d'un Systeme symetrique, quelle que soit l'energie de bombardement, 
il n'est pas possible de separer les produits de fission des produits tres inelastiques 
qui ont une distribution angulaire proche de 1/Sin в [2]. 

L'evolution de la largeur de la distribution de masse des produits tres 
inelastiques avec l'energie de bombardement est ä present bien comprise: eile 
augmente d'une part ä cause des fluctuations statistiques qui deviennent de plus 
en plus importantes mais aussi parce que le nombre de parametres d'impact 
contribuant au processus tres inelastique augmente. Au contraire revolution 
de la largeur des distributions de masse des produits de fission avec l'energie 
d'excitation et le moment angulaire du noyau fissionnant reste encore mal connue. 
L'ensemble des resultats experimentaux semble montrer que les largeurs augmentent 
avec la temperature du Systeme fissionnant. En ce qui concerne l'influence du 
moment angulaire, lorsque celui-ci est assez important on observe une forte 
dependence des largeurs, qui augmentent avec lui. Ceci a ete constate en utilisant 
des ions lourds comme projectiles pour former un noyau compose [3]. Toutefois, 
pour des valeurs de moment angulaire du noyau fissiohnant plus faibles, la depen-
dance n'est pas aussi brutale et des resultats contradictoires ont ete obtenus [4]. 

Nous nous sommes done propose d'etudier cet effet en formant le meme 
noyau compose, le 205At, par deux voies d'entree differentes de telle maniere 
que la temperature soit ä peu pres la meme mais; que les populations de moment 
angulaire soient differentes. Deux experiences ont ete effectuees: l'une en formant 
le noyau de 205At ä la temperature d'environ 1,6 MeV, par les reactions 20Ne + na tRe 
a 124 MeV et 40Ar + 165Ho a 192 MeV; l'autre en utilisant les memes systemes 
mais des energies incidentes de 206 MeV pour 2<?Ne et 297 MeV pour 40Ar. Dans 
ce dernier cas, le noyau compose est alors forme avec une temperature voisine de 
2,2 MeV [5]. 

RESULTATS 

Les fragments de fission ont ete detectes et identifies par un telescope a 
temps de vol. L'energie cinetique du fragment etait mesuree ä l'aide d'un detec-
teur ä barriere de surface de 900 mm2 situe ä 120 cm de la cible. Le temps zero 
etait donne par un Systeme к galettes de microcanaux place a 20 cm de la cible. 
La resolution en temps etait de l'ordre de 500 ps alors que la resolution en masse, 
surtout limitee par la resolution en energie du detecteur ä semiconducteur evaluee 
ä 2%, etait de l'ordre de quelques unites de masse sur les fragments de fission. 



ОН 
ON 
0 \ 

TABLEAU I. ENERGIE DE BOMBARDEMENT DANS LES SYSTEMES DU LABORATOIRE (EL) 
ET DU CENTRE DE MASSE (ECM), ENERGIE D'EXCITATION MOYENNE (E*), ANGLE DE DETECTION DES 
FRAGMENTS (0), LARGEUR A MI-HAUTEUR DES DISTRIBUTIONS DE MASSE, MESUREE (FWHM) ET 
CORRIGEE POUR L'EVAPORATION DE NEUTRON (FWHMC), MOMENT ANGULAIRE CRITIQUE CALCULE (£c) 
ET TEMPERATURE (T) DU NOYAU COMPOSE FISSIONNANT 20SAt 

Systeme E.(MeV) ECM(MeV) E*(MeV) S(deg) FWHM FWHMC *c T(MeV) 

В 
124 112 73 40 29+3 > 

30+3 49 1,6 > 
27 38 + 3 " 5g 

И 
. а 

206 186 149 40 39+3 £ 
50 39+3 42+3 86 2,2 
60 37+3 

20N +nat 
10we 75 K e 

10Ar+65 H o 

192 154,5 68,5 30 34+3 

60 33+3 
34+3 55 1,6 

297 239 153 30 52+4 

60 54+4 
56+4 120 2,2 
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FIG.l. Section efficace doublement differenciee en fonction de I'angle centre de masse et 
de la masse du fragment. 

Pour les systemes que nous avons etudies, il est aise de separer les produits 
tres inelastiqueS des fragments des fission apres fusion complete. Ceci est illustre 
ä la figure 1 ou est donnee une distribution de masse des produits dans un des cas 
pourtant parmi les plus defavorables. Les resultats experimentaux concernant les 
largeurs de distribution de masse sont consignee dans le tableau I. La largeur a 
mi-hauteur de la distribution de masse des produits de fission correspond ä celle 
des produits secondaires. On peut corriger l'effet du ä levaporation de neutrons par 
les fragments primaires au moins de maniere moyenne, en supposant que 1'energie 
d'excitätiön (ä laquelle on a soustrait l'energie de rotation) se partage entre les 
fragments en proportion de leur masse [6]. Comme on peut le constater, l'evapora-
tion a pour effet de diminuer les largeurs d'ä peu pres 1 uma a 1,6 MeV et 3 uma a 
2,2 MeV. Les largeurs corrigees sont done legerement superieures aux largeurs 
mesurees. 

Les largeurs corrigees sont portees sur la figure 2 en fonction du moment 
angulaire maximum contribuant au processus de fusion l c . Le moment angulaire 
critique (lc) a etc calcule comme suit: ä basse energie incidente au-dessus de la 
barriere d'interaction, le processus de fusion est determine par la barriere de fusion 
du Systeme. Lorsque l'energie de bombarderrient augmente, cette barriere ne 
represente plus le parametre determinant pour que les deux noyaux fusionnent 
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FIG.2. Largeur ä mi-hauteur des distributions de masse de fission en function de Lc 

• T= 1,6MeV; о T = 2,2 MeV [ 5]. 

et il est alors necessaire de tenir compte du concept de distance critique [7]. 
Nous avons calcule le moment angulaire critique en utilisant ces concepts et le 
potentiel d'interaction des deux ions calcule par le formalisme de la densite 
d'energie dans l'approximation soudaine [8]. Une fois le parametre de distance 
critique choisi, il est aise de voir dans quels cas la barriere de fusion ou la distance 
critique est le parametre determinant pour la fusion. Pour rc, parametre de distance 
critique, nous avons adopte la valeur de 1,05 fm obtenue par compilation des 
resultats experimentaux [9]. L'utilisation de се potentiel particulier permet de 
reproduire les moments angulaires avec une precision de l'ordre de 10 a 15% [ Г0]. 
Pour les systemes ä haute energie de bombardement, la fusion s'est averee 
gouvernee par la distance critique, alors qu'ä basse energie on observe un regime 
transitoire entre la barriere de fusion et la distance critique. 

DISCUSSION 

La variation de la largeur des distributions de masse des produits de fission 
est le reflet de deux effets: d'une part la temperature du Systeme intrinseque et 
d'autre part du moment angulaire du noyau fissionnant. L'effet de la tempera­
ture est d'augmenter la largeur de la distribution de masse [1,11]. On comprend 
qualitativement cet effet dans le cadre d'un modele statistique: en effet les fluc­
tuations statistiques augmentent avec la temperature. L'effet du moment angulaire 
est celui que nous voulons observer. Pour une temperature donnee, la figure.2 nous 
indique que l'effet est important et nous allons faire l'hypothese que ces deux effets 
sont decorreles. En d'autres termes nous allons supposer que, pour une temperature 
donnee, l'influence du moment angulaire est independante de la temperature 
choisie. Cette hypothese semble plausible dans la mesure ou l'effet du moment 
angulaire a une influence plus importante sur la largeur que la temperature. Ceci 
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FIG. 3. Largeur ä mi-hauteur des distributions de masse pour 20SA t (ce travail »J, et des 
noyaux composes voisins [13]. 

etant, il est possible d'estimer comment varie la largeur de la distribution de masse 
lorsque pratiquement aucun moment angulaire n'est mis en jeu, et ce ä partir de 
resultats dejä existants dans la litterature et obtenus en utilisant des particules 
legeres comme projectile [12]. Nous pouvons ainsi corriger les points obtenus 
pour 2,2 MeV et les ramener ä une temperature de 1,6 MeV. La figure 3 donne 
le resultat de cette correction. Sur cette figure on a egalement porte les donnees 
d'autres mesures effectuees par d'autres auteurs et relatives ä des distributions de 
masse des produits de fission de noyaux composes proches ou identiques ä 20sAt 
[3,4]. On observe qiie jusqu'ä lc superieur ä 80, la largeur de la distribution reste 
ä peu pres constante ou n'augmente que tres peu. Pour lc superieur a 80, on 
observe un tres fort aecroissement de la largeur. Cette brusque augmentation a 
lieu au voisinage de la valeur lc pour laquelle la barriere de fission devient nulle [13]. 
Dans notre cas, ceci correspond ä une valeur de 1 == 82. Cela signifie que lorsque 
lc est superieur ä cette valeur, de plus en plus d'ondes partielles conduisent ä un 
noyau compose ayant une barriere de fission nulle. Le resultat que nous mettons 
ici en evidence ne semble pas particulier aii noyau de 20sÄt. Des mesures effectuees 
par d'autres auteurs permettent de tirer la valeur de la largeur de distribution de 
masse des produits de fission d'autres noyaux composes [14]. Afin de comparer 
la largeur des distributions de masse des produits de fission provenant de noyaux 
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FIG.4. Largeurs ä mi-hauteur corrigees des distributions de masse en function de la barriere de 
fission pour differents systimes [15]. 

composes differents, nous avons fait l'hypothese simple que la largeur de la distri­
bution est proportionnelle au nombre de nucleons A. Les largeurs sont prealable-
ment corrigees pour l'effet de la temperature (elles sont ramenees ä T = 1,6 MeV), 
puis divisees par la masse du noyau compose considere. Pour ces reactions, 
la valeur de la barriere de fission du noyau compose a ete calculee Selon le modele 
de Cohen, Plasil et Swiatecki pour un moment angulaire du noyau compose egal 
au moment angulaire critique. Lorsque cette barriere est positive nous avons trace 
Г/А (rapport de la largeur au nombre de nucleons) en fonction de la valeur de la 
barriere. Lorsqu'elle est negative ou nulle, nous avons porte la valeur de Г/А sur 
Taxe correspondant ä une barriere nulle. Les resultats sont donnes ä la figure 4. 
On observe que Г/А reste constant lorsque pour toutes les ondes partielles con-
duisant ä la fusion, la barriere de fission est superieure ä zero. Au conträire, des 
qu'il existe des ondes partielles pour lesquelles la barriere de fission est nulle, on 
observe une augmentation importante de Г/А. 
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Се resultat nous amene ä nous demander si, lorsque la barriere de fission 
devierit nulle, on forme un reel noyau compose et si, dans ce cas, la fission observee 
est celle qui correspond au noyau compose. En effet on concoit fort bien que 
lorsque la barriere de fission est nulle, le temps de vie du noyau compose, s'il se 
forme, est tres bref. Par consequent, on s'attendrait qualitativement ä une diminu­
tion des largeurs plutöt qu'ä une brusque augmentation puisque le Systeme n'aurait 
pas eu le temps d'atteindre l'equilibre que constitue le noyau compose. Cet argu­
ment suggere que nous observons plutöt un nouveau type de mecanisme, inter­
mediate entre la formation du noyau compose et les collisions tres inelastiques. 
Cette distinction se situe alors au niveau des temps de reactions: pour les colli­
sions tres inelastiques on a affaire ä des temps courts (10"22 ä 10"20 s) tels qu'un 
grand nombre de variables collectives n'ont pas le temps de se relaxer dans un 
etat d'equilibre. Au contraire le noyau compose fissionnant est caracterise par 
un temps de vie long (10"18 ä 10"16 s) permettant l'oubli de la majeure partie de 
la voie d'entree. Entre ces deux mecanismes, on peut en imaginer un troisieme 
ou le temps d'interaction est süffisant pour relaxer les degres collectifs observes 
tels dans les collisions tres inelastiques. Notamment, le degre d'asymetrie de masse 
aurait juste le temps d'atteindre un equilibre, ce qui explique les distributions de 
masse analogues aux distributions de masse de fission. Toutefois, le temps d'inter­
action est assez bref pour que l'identite des deux fragments ne soit pas perdue au 
cours de la reaction. On imagine alors un Systeme composite symetrique se decompo-
sant en deux fragments semblables aux fragments de fission. Le temps d'un tel 
Systeme serait de l'ordre de 10"20 a 10"19 s, ce qui signifie que la transition entre 
une approximation soudaine et une approximation adiabatique du potentiel 
d'interaction entre les deux ions incidents est un phenomene relativement lent. 

REFERENCES 

p.] NGO,C.,PETER,J.,TAMAIN,B.,BERLANGER,M,,HANAPPE,F., Z.Physik 
A283 (1977) 161. 

[2J Voir discussion dans i HANAPPE,F.,TAMAIN,B., Proceedings 
of the IPCR Symposium on Macroscopic Features of Heavy-Ion 
Collisions and Pre-equilibrium Process, Hakone, September 
2-3, (1977) IPCR Cyclotron Progress Report, Supplement 6 
(1977) 293. 

[3] PLASIL,F.,BURNETT,D.S.,BRITT,H.S.,THOMPSON,S.G., Phys.Rev. 
112 (1966) 696. 

[<+] UNIK,J.P.,CUNINGHAM,J.G.,CROALL,I.F., Proc.IAEA Symp. on 
Physics and Chemistry Fission, IAEA-SM- 122/58, Vienna, 
(1969) 717. 

[5] LEBRUN.C.,HANAPPE,F.,LECOLLEY,J.F.,LEFEBVRES,F.,NG0,C., 
PETER,J.,TAMAIN,B., Nucl .Phys . Sous p r e s s e . 

[6] MORJEAN.M.,NGO,C.,PETER,J.,TAMAIN,B.,DAKOWSKI,M.,LUCAS,B., 
MAZUR.C.,RIBRAG,M.,SIGNARBIEUX,C.,BERLANGER,M.,HANAPPE,F., 
CHECHIKjR.,FUCHS,H., cette conference. 



572 HANAPPEetal. 

[7} GALIN,J.,GUERREAU,D.,LEFORT,M.,TARRAGO,X., Phys.Rev. C9. 
(1974) 1018. 

[8] NGO.C, These (1974) IPN-Orsay. 
[9] LEFORTjM., Lecture notes in physics, _3_3 (1975) 274. 
ILO] LEFORT.M., NGO.C, Ann. de Phys. .3 (1978) 5. 
[11] BORDERIE,B.,HANAPPE,F.,NGO,C.,PETER,J.,TAMAIN,B., 

Nucl.Phys. A220 (1974) 93. 
[12] CHECHIKjR., communication privee. 
[13] COHEN,S.,PLASIL,F.»SWIATECKI,W.J., Ann,of Phys., 82 

(1974) 557. 
[14] TAMAIN.B.,'These (1974) IPN-Orsay. 

HEUSCH.B.,VOLANT,C.,FREIESLEBEN,H.,CHESNUT,R.P.,HILDENBRAND, 
K.D.»PUHLHOFER.F.SCHNEIDER,W.F.W.,KOHLMEYER,B.,PFEFFER,W., 
Z.Physik A288 (1978) 391. 
OGANESSIAN,Ju.Tz., Preprint Joint Institute for Nuclear 
Research, E2/3942 DUBNA (1968). 
CHEIFETZ.E.,FRAENKEL,Z.,GALIN,J..LEFORT,M.,PETER,J.,TAR-
RAGO.X., Phys.Rev. £2 (1970) 256.. 
OLMI.A.,SANN,H.,LYNEN,U.,METAG,V.,BJ0RNH0LM,S.,HABS,D., 
SPECHT,H.J.,B0CK,R.,G0BBI,A.,STELZER,H., 15th Int.Meeting 
on Nuclear Physics, BORMIO (1978) 724. 

DISCUSSION 

H.J. SPECHT: The fission properties of nuclei with a vanishing fission barrier 
are providing us with some very interesting information, as we shall doubtless 
continue to see during this session. Within this context I would personally like to 
see more data on fragment angular distribution for these non-compound fusion-fission 
reactions, not so much in terms of 1/sin 0, but rather of quantitative deviations 
from 1/sin в close to 0°. Are you aware of any such data in connection with the 
nuclei that you have discussed? 

F. HANAPPE: Although I would agree with you on the importance of 
studying the deviations from the 1/sin в angular distribution close to 0°, I do not 
think that there any experimental data available at the present time because of the 
obvious difficulty involved in detecting products at an angle near the beam direc­
tion without the use of a sophisticated experimental set-up permitting high detec­
tion efficiency. 

J.B. WILHELMY: I should like to ask how you decide on the time limits 
given for this new process. If the system does not have a fission barrier, what 
enables it to stay together for such a long period of time? 

F. HANAPPE: The time scales for this new process are given, first,by the 
upper limit imposed by the fissioning compound nucleus (10"18 - 10"16 s) and 
then by the time scales usually associated with deep inelastic collisions. A zero 
fission barrier does not imply the absence of a potential well, and before 
scission the system needs some time to find the fission direction for which the 
barrier has vanished. 
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E. CHEIFETZ (Chairman): I wonder if you could elaborate on that point. 
For example, let me put the question this way — what is the experimental 
evidence for lifetime associated with the process described? 

F. HANAPPE: Well, firstly, since the fission barrier is zero, the lifetime 
must be shorter than that associated with the compound nucleus which has 
attained complete thermodynamic equilibrium. Secondly, in this process the 
initial relative motion is completely relaxed and the angular distribution is close 
to 1/sin 0, which must correspond to the longest life-time of the composite system 
of deep-inelastic collision associated with an intermediate system of this kind. 
In addition, the mass-asymmetric degree of freedom is equilibrated, showing that 
the life-time is longer than that calculated for the composite system of deep-
inelastic collisions in such systems where the deep-inelastic products are not 
mass equilibrated. The absolute value is difficult to obtain, but the range must 
be intermediate between those of the compound nucleus and the deep inelastic 
process. 

H. FREIESLEBEN: Let me just comment on the time scale over which 
the "fission without a fission barrier" occurs. From our data for the 132Xe +56Fe 
(HEUSCH, B. et al., Z. Phys. A 288 (1978)) it can only be qualitatively calculated 
that two time limits apply to the process. The lower time limit is given by the 
period needed for at least half a revolution of the dinuclear complex, since the 
fragment distributions are proportional to 1/sin в. On the other hand, the system 
has no fission barrier, so it should be short-lived as compared with a fully equili­
brated compound nucleus. 
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Abstract 

FISSION PROPERTIES OF VERY HEAVY NUCLEI PRODUCED IN DEEPJNELASTIC 
COLLISIONS. 

Kinematically complete experiments have been performed on the three-body exit 
channels in the reactions 7.5 MeV/u 238U on ^Zr, 238U and M8Cm to investigate the fission 
properties of nuclei with a vanishing liquid-drop fission barrier. Thus far, no evidence was 
found for true instantaneous three-body break-up of the collision system. Instead, a seemingly 
sequential fission pattern in the sense of unperturbed fission-fragment kinetic energies (as 
found before for lighter systems) is observed even for the heaviest elements. However, a 
considerable broadening of the fragment mass distributions as well as angular distributions 
incompatible with the usual saddle-point concept are also observed in this region. Possible 
explanations in terms of non-equilibrium processes or a revision of the equilibrium liquid-
drop picture near instability are discussed. 

1. INTRODUCTION 

The availability of very-heavy-ion beams like Pb and U at energies well 
above the Coulomb barrier for all elements has raised expectations for the 
observation of a new type of fission process [ 1 ] — 'fast' fission under the influence 
of strong Coulomb and nuclear forces exerted by a heavy reaction partner. The 
first experiments in this direction using Pb and U beams on Ni and Zr targets [2] 
did not find any evidence for such phenomena. Instead, all characteristics 
observed pointed to a sequential process which then proved to be a powerful 
probe for the investigation of angular-momentum transfer and angular-momentum 

* Visitpr from Los Alamos Scientific Laboratory. 
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orientation in deep-inelastic collisions [2, 3]. In continuing these studies, we 
turned to the heaviest available target-projectile combinations, i.e. 2 3 8u+2 3 8U 
and 238U+248Cm. These systems are of particular interest because of their 
enhanced mass diffusion [4] and the strong external forces, combined with 
decreasing stability against fission. The behaviour of fission in this region has 
also important bearings on the possibility of super-heavy element production in 
heavy-ion collisions. 

In the present experiments, we have specifically concentrated on the three-
body exit channel which allows the investigation of the fission properties of 
nuclei extending into the super-heavy region. We find a strong increase in the 
width of the fission mass distribution in the region of the heaviest elements 
where the liquid-drop fission barrier is expected to vanish. We find, in addition, 
that the standard liquid-drop model [5], together with the usual statistical 
distribution of K-states at the saddle point [6], completely fails to describe the 
observed fragment angular correlations. It is not clear, at present, whether this 
failure is associated with more general deficiencies of the model for very heavy 
nuclei, or whether, indeed, non-equilibrium processes are observed for nuclei 
produced outside their fission saddle point. 

2. EXPERIMENTAL PROCEDURE 

238 U and 248Cm targets of 100 to 200 /ig-cm-2 were bombarded with a 
238U beam of 7.5 MeV/u from the Unilac at'GSI. Two- and three-body exit 
channels were investigated in a kinematically complete way. One heavy fragment 
was analysed in a 40 X 12 cm2 position-sensitive ДЕ-Е gas ionization chamber [7] 
centred at 50° (lab), spanning centre-of-mass (CM) angles between 45° and 110° 
(effectively, 135° for the symmetrical system U+U). The atomic number Z was 
deduced from ДЕ and time-of-flight rather than ДЕ-Е, yielding a better separation 
for slow particles. In the region of 60 < Z < 96, a Z-resolution of four to five 
units was achieved. The other binary reaction partner or its two fission fragments 
were detected in coincidence in a 1 X 1 m2 position-sensitive parallel-plate 
avalanche counter [8] with an overall time-resolution of < 0.5 ns (in connection 
with the bunched beam). Because of the high lab velocity of the fissioning nuclei 
as compared to the velocity of the fission fragments in the moving frame, the 
possible directions of the fragments are compressed into a narrow cone of less 
than 60° opening angle. Thus, one angle setting of the detector was sufficient 
to cover the entire cone, resulting in 47r-efficiency for the investigation of the 
various fission parameters. For a certain fraction of the events, only one fission 
fragment was detected, owing to losses on the support structure of the counter 
window and on an adjustable beam stop located in front of the detector, shielding 
it against small-angle (< 6°) Rutherford scattering. 
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In the off-line analysis, a two-step procedure on the basis of the ionization 
chamber data was employed, yielding the charge Z and the mass M of the non-
fissioning deep-inelastic collision fragment as well as the Q-value and the CM-angle 
of the first binary reaction step. With the data from the other detector, the 
fission direction in the frame of the fissioning nucleus can then be evaluated 
unambiguously, even in the case where only one fragment has been observed. 
With the detection of both, full information including total fission kinetic 
energy and fragment mass ratio is obtained. The background from four-body 
events stemming from double sequential fission is rejected very effectively by 
testing the complanarity of the three observed particles in the CM-system. The 
possibility of confusing a light transfer product of the first reaction step with a 
heavy fission fragment of the second step is strongly reduced for three-particle 
coincidences compared to one-particle-inclusive measurements [4]. In Monte-Carlo 
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simulations of the system U+U we have verified that essentially no contamination 
occurs down to Z » 70 for the non-fissioning partner, corresponding to Z » 114 
for the fissioning nucleus. 

3. RESULTS 

In a truly instantaneous break-up of the collision complex into three 
particles of comparable mass, one would expect strong Coulomb force influences 
of one particle on the total kinetic energies of the other two as well as specific 
directional correlations. Conversely, the non-existence of such effects in a 
sequential break-up process would allow some lower limit for the time difference 
between the two reaction steps to be extracted. We shall, therefore, first discuss 
the fission fragment total kinetic energies and their azimuthal angular correlations. 

The distribution of the vector difference VR = jvj - v î of the fragment lab 
velocities, integrated over all other observables, is shown in Fig.l for two 
different bins for the charge Z of the fissioning nuclei (determined as the 
Z-complement to the particles in the ionization chamber). The quantity VR 
essentially determines the total fragment kinetic energy Eg = 1 /2 /*VR, /I being 
the reduced mass of the two fragments. All distributions clearly demonstrate 
the existence of intermediate fissioning nuclei as 'resonances'. Whereas unperturbed 
fragment energies for nuclei close to U are to be expected in view of large 
contributions from quasi-elastic reactions as well as sizeable fission barriers at 
very large deformations in this region, the persistence of a seemingly sequential 
pattern up to nuclei with a vanishing liquid-drop fission barrier is quite surprising. 
The only visible difference appears to occur in a significantly increased variance 
of the distributions. More quantitatively, the centre of gravity, transformed 
into average total kinetic energy <Efc> and plotted versus the charge Z of the 
fissioning nuclei in Fig.2, very well follows the known Viola systematics [9]. 
It is also essentially independent of the fission direction and the energy 
dissipation in the first reaction step. 

Taken together, these observations definitely rule out an instantaneous 
three-body break-up of the collision complex up to the heaviest nuclei. Simple 
Coulomb-trajectory calculations for the distortion of the fragment energies in 
the presence of the non-fissioning partner give a lower limit on the separation 
of the fissioning nucleus and the other partner at scission of 70 to 100 fm, 
corresponding to 2 to 4 X 10 -21 s ('scission-to-scission time'). For smaller 
separations, a substantial distortion depending on the azimuthal fission angle 
should have been seen. 

The fission fragment angular correlations are described in spherical co-ordinates 
in the rest frame of the fissioning nuclei [2, 3]. The normal to the reaction plane 
of the first step is chosen as the quantization axis (0 = 0°). The reaction plane 
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itself then corresponds to the equator (0 = 90°); the beam axis defines the zero 
direction of the azimuth angle ф for в = 90°. The overall fragment azimuthal 
distributions, integrated over all polar angles, are shown in Fig.3 for cuts in Z 
corresponding to the heaviest elements. Within our present accuracy, no 
significant dependences can be recognized. 

For a really fast process, anisotropics like increased probabilities for fission 
parallel to the CM recoil axis of the first reaction step should have been observed. 
In qualitative agreement with the findings discussed above, the isotropy found 
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implies that the scission-to-scission time has to be comparable to or longer than 
the average rotational half-period of the fissioning system, assuming a symmetrical 
triangular angular momentum distribution. With an average angular momentum 
of 50 h (compare Fig. 5 below), the rotational half-period of a mass-280 nucleus 
amounts to times between 7 and 25 X 10 -21 s, where the lower limit applies to 
rotation of a rigid sphere, the upper to that of two mass-140 spheres sticking 
together (demonstrating some necessary increase in the lower limit by the 
increasing deformation attained during the descent towards scission). Quantitatively, 
these times are significantly longer than the limit obtained from the lack of 
Coulomb distortions. They are also longer than the usual saddle-to-scission time 
estimates of about 4 X 10~21 s and up, depending on the type and strength of 
the friction force [10, 11]. It may, however, be premature to try to distinguish 
between different models on this basis. One should, in any case, expect very 
large fluctuations in the scission-to-scission time, considering the flat potential 
energy surface of a nearly spherical nucleus without a fission barrier (random 
walk with a superimposed path to scission). 

On the other hand, the remaining aspects of the reactions investigated do 
not favour an interpretation as fission of a truly equilibrated system, either. 
Although upper limits for the scission-to-scission time cannot be given at this 
stage, both the fission fragment out-of-plane angular correlations and the 
behaviour of their mass distributions point, for the heaviest elements, to a process 
which is not described by the standard liquid-drop model. 

As observed before for sequential fission of lighter elements [2, 3] the out-
of-plane angular distributions exhibit the strong concentration within the 
reaction plane expected for the decay of a system with considerable angular 
momentum aligned perpendicularly to that plane. The half-width of these 
distributions as a function of the atomic number Z of the fissioning system is 
shown in Fig. 4 for all three reactions. Owing to the smaller mass diffusion in 
238TJ+ 9(>2rj a fuu comparison can only be made up to Z ^ 100. In this region, 
the behaviour is identical, i.e. the width decreases — within only 4 units of Z -
from about 110° for nuclei close to U to a rather constant value of about 75°. 
As demonstrated before [12], this rapid drop basically reflects the rapidly 
increasing dissipation of kinetic energy and angular momentum (correlated with Z) 
rather than a direct effect of Z. 

From these widths, average-oriented spins < I> of the fissioning nuclei can 
be deduced as in our previous work [2, 3], relying on empirical values for the 
variance K0 of the Gaussian distribution of the spin projection К on the 
symmetry axis of the fission saddle-point configuration, and assuming the same 
amount of randomly oriented spin components (M0 = 13h) as established for 
the system 208Pb + 90Zr [2]. In all cases, a rise of <I> from about 15 hfor the 
quasi-elastic region to a plateau of 40—50 his obtained, rather independent of 
the system (compare also Ref.[2]). This independence is due to an approximate 
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cancellation between the target mass dependences of the orbital angular 
momentum brought in by the entrance channel and that fraction of it as is 
transferred to the U-like nuclei in the sticking limit. Selecting only deeply 
inelastic events (TKE < 340 MeV), the average spins <I> deduced for 238U + 90Zr 
are shown in the upper part of Fig. 5 as a function of the atomic number Z of the 
fissioning system [12]; the values of K0 employed are given for comparison. 
A sticking dependence of ~ A5/3 describes the data reasonably well. 

For nuclei with Z > 100, the observed widths of the out-of-plane 
distributions (Fig.4) both for the 238U and 248Cm targets remain surprisingly 
constant up to the heaviest elements, irrespective of the fact that the rotating-
liquid-drop model for rotationally symmetric nuclei at these angular momenta 
(40—50 h) leads to a complete loss of stability and a corresponding divergence 
of K0 around Z = 107 (Fig. 5, lower part). Empirical values for K0 are not 
known in this region. Any attempt to deduce spin values for elements with 
Z > 100 (as successfully done before for Z < 100) on the basis of the theoretical 
values of K0 obviously yields unphysical results. In the following, we, therefore, 
reverse the argumentation. Assuming, together with the previous value for M0, 
the smooth sticking dependence of the average oriented spin <I> established 
for Z < 100 to remain valid up to Z > 110, 'experimental' values for K0 can be 
deduced from the measured widths. As shown in Fig. 5, only a very slow increase 
up to about 25 his found, contrary to the theoretical divergence. 

The heavy elements under discussion are characterized by a more or less 
spherical saddle-point shape with a near-degeneracy of levels with different K. 
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Two alternative interpretations of our results are, therefore, possible. If we 
assume both (i) thermal equilibrium to be established at the saddle, and (ii) К 
to be conserved throughout the descent from saddle to scission, then, at least, 
an indication of the divergence of K0 should have been observed. Since this was 
not the case, either of the assumptions has to be incorrect. 

(i) K-non-conservation could solve the problem in the following way: During 
the descent towards scission, the near-degeneracy of levels with different К 
is removed. A strict conservation of К would drive the system away from 
thermal equilibrium. However, because of the long scission times, relatively 
small perturbations may tend to re-establish equilibrium. Such re-orientations 
will always favour small values of К because of the higher density of such 
levels, resulting ultimately in effective parameters K0 representative of 
nuclear shapes somewhere between spherical and scission. The influence of 
Coriolis forces will actually be increased for nearly spherical shapes because 
of the inverse relation between perturbation and moment of inertia. 
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(ii) A non-statistical, relatively 'fast' process could alternatively solve the problem. 
It is conceivable that the fissioning system, formed already beyond its saddle 
point, receives the information on the final fission direction from the collision 
partner of the first reaction step. In an extremely simple picture, an initial 
direction collinear with the separation axis of the first step may be 
expected [ 14]. If fluctuations are also considered, again effective parameters 
K0 may arise which now do not resemble properties of the fissioning nucleus, 
but rather those of the deep-inelastic collision (possibly related to M0)-

We finally turn to a discussion of the fission fragment mass distributions. 
The well-known asymmetric mass split of U-like nuclei is only observed in the 
vicinity of U, whereas a rapid transition towards symmetric fission occurs for 
heavier elements, mainly caused by the larger average energy dissipation. The 
RMS-widths of the mass distributions as a function of the atomic number of the 
fissioning nuclei are plotted in the upper part of Fig.6. Rather system-independent, 
a strong increase is observed in the region of Z > 100 up to the heaviest elements. 
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The slight differences between the light and the heavy targets visible around 
Z я* 100 are possibly due to a specific selection of excitation energies for the 
latter, originating from losses by four-particle events. In the lower part of Fig.6, 
the average trend of these data (solid line) is compared to various scattered 
results from heavy-ion fusion-fission reactions, compiled by Hanappe et al. [15]. 
Within the present accuracy, the overall behaviour appears to be rather universal. 

The observed increase in the width of the mass distributions for heavy 
elements is much stronger than expected for a slight change in nuclear tem­
perature [13], correlated with Z (see above). It is intriguing to speculate again 
about a relatively fast process, in which the shape of the observed mass 
distributions reflects an incomplete thermalization of the asymmetry mode, 
strongly excited in the first step of the reaction [14]. The apparent independence 
of the entrance channel, however, rather suggests these results to reflect inherent 
properties of the liquid-drop model, i.e. a close correlation between a decreasing 
stability against mass asymmetry and the loss of stability in the fission degree of 
freedom for nuclei with a vanishing fission barrier. Further support for this 
interpretation stems from a possibly related increase in the widths observed for 
lighter elements with fission barriers reaching zero because of very high angular 
momenta [15]. There does not seem to be a need to define a new reaction 
mechanism intermediate between fusion-fission and deep-inelastic collisions [15]. 

4. CONCLUSIONS 

In our present experimental investigations of the heaviest collision systems 
available, no evidence has so far been obtained for instantaneous three-body 
break-up. The observed kinetic energy release of fission as well as the absence 
of any fragment azimuthal anisotropies confirm the existence of a dominantly 
two-step process up to the heaviest elements produced, with a lower limit of 
the scission-to-scission time of ~ 10"20 s. The strong fragment out-of-plane 
anisotropies for these elements are, however, not compatible with the current 
picture of a statistical equilibrium at the liquid-drop saddle point, combined 
with strict K-conservation down to scission. In addition, the heaviest nuclei 
exhibit a considerable increase in the width of the fragment mass distributions. 
There is no way, at present, to decide whether these observations reflect 
deficiencies of the liquid-drop model for nuclei at the limits of stability or 
whether, truly, fast non-statistical processes are being observed. 
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DISCUSSION 

J. PETER: Your final 'universal' curve does not hold for Z < 90, where 
the maximum ß is higher than the ß value at which Bf (£) = 0. 

D. von HARRACH: The broadening of the mass distribution seems to be 
fairly independent of the way in which we destabilize the liquid drop. So we 
mainly studied the influence of X(Z2/A), whereas in your work you increased 
the rotational parameter у for lower Z. 

HTG. CLERC: How did you disentangle the various effects of the large 
nuclear charge and angular momentum on the stability of the fissioning nucleus? 

D. von HARRACH: Empirical K0 values are available for around Z «* 92. 
By taking these values we can derive J. The additional assumption is that the 
dependence of J on Z is described fairly well by sticking model so that we can 
extrapolate to the high Z region, where no empirical K0 values are available. 
In this manner K0 can be derived and compared with theoretical predictions. 

HTG. CLERC: Thank you. What was the angular momentum in your case? 
D. von HARRACH: It was about 45 h at Z > 92 for deep inelastic events. 
H.J. SPECHT: Perhaps at this point I could revert to the problem of the 
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conservation of К. We learnt from Dr. Tsipenyuk (see SM-241/A2 in these 
Proceedings) that at excitations close to the barrier К may actually be known 
with accuracy better than 1 % on the basis of photofission data. This might be 
associated with the apparently small coupling of the fission mode to qp excita­
tions, as will be discussed later on at this meeting. What convincing evidence 
is there, however, that the conservation of К is not increasingly violated at higher 
energies, where that coupling presumably becomes much stronger? Mechanisms 
influencing К other than those associated with the saddle shape could be relevant 
not only for the work you have reported, but also for the systematics of the 
effective moments of inertia Jeff, which, after all, have been used for quantitative 
verification of the liquid drop model. In this connection I should also recall the 
very good experiments carried out by Dabbs and co-workers, and also by Postma 
and co-workers, with polarized neutrons on polarized targets, although they have 
unfortunately not been continued. In the case of 23SU + n, a broad К distribution 
peaking around 2 - 3 h and with hardly any contribution from О was found. 
This is very different from the low fission channels one might have expected. 

D. von HARRACH: I think that Dr. Kapoor is more qualified to comment 
on that point. 

S.S. KAPOOR: As regards the possibility of non-conservation of К at 
medium excitation energies we can indicate two experimental observations 
which can be interpreted as showing that the К distribution further broadens 
during descent from saddle to scission. These are, first, a plot of J0/Jeff versus X, 
i.e. data derived from fragment angular distribution analysis, and, second, values 
of Jeff versus excitation energy. Generally speaking, the J0/Jeff values are found 
to be lower than those calculated for LDM shapes for actinides. In the past the 
LDM parameters have been adjusted and curvature correction has been introduced 
to account for this fact. Alternatively, the interpretation can be that K0 becomes 
larger during descent from saddle to scission. If this broadening is dependent on 
excitation energy, it will lead to an increase in Jeff with Ex , which was in fact 
observed in some work I did a few years ago at Berkeley. 

F. DICKMANN: I would like to add with regard to the conservation of К 
between saddle and scission that due to dynamic effects the pairing correlations 
are reduced in a deforming nucleus. So I think that quasi-particle states are more 
easily excited and that this fact gives rise to К mixing. 
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Abstract-Resume 

RELATIONSHIPS BETWEEN THE PROPERTIES OF HIGHLY INELASTIC COLLISIONS 
AND FISSION. 

The second stage of a highly inelastic collision — separation of the fragments — resembles 
fission beyond the saddle point. The advantage of highly inelastic collisions for nuclear 
macrophysical studies is that the different combinations of projectiles, targets, energies, 
angles and masses of the nuclei detected enable one to study the behaviour of the different 
collective modes with time. Mass transfer between the two fragments takes place slowly 
(several 10 -21 s), as in fission. The transfer from orbital angular momentum to spin angular 
momentum of the fragments is also slow; as in fission, the collective modes of rolling oscilla­
tion, gliding oscillation and torsion can be excited and modify the magnitude and direction 
of the angular momentum of the fragments. The other collective degrees of freedom — 
relative velocity, N/Z equilibrium and energy thermalization — are damped very quickly 
(~ 10~22 s). Part of the charged-particle emission accompanying the highly inelastic collisions 
is very similar to ternary fission. The de-excitation of fragments by neutron evaporation is 
also similar to that of fission fragments, but in addition the high mass asymmetry ratios 
enable the energy of deformation at the scission point to be demonstrated. For heavy systems 
the transition between compound nucleus fission and quasi-fission is discrete, and an inter­
mediate type of reaction is proposed, i.e. 'beyond-the-barrier' fission. 

RELATIONS ENTRE LES PROPRIETES DES COLLISIONS TRES INELASTIQUES 
ET LA FISSION. 

La deuxieme etape d'une collision tres inelastique (CTI) - la separation des fragments -
ressemble ä la fission au-delä du point seile. L'avantage des CTI pour les etudes de macro-
physique nucleaire est que les differentes combinaisons de projectiles, cibles, energies, angles 
et masses des noyaux detectes permettent d'etudier Involution des dif ferents modes collectifs 
en fonction du temps. Le transfert de masse entre les deux fragments s'effectue lentement 
(plusieurs 1СГ2' s), comme en fission. Le transfert de moment angulaire orbital en moment 
angulaire intrinseque des fragments est egalement lent; comme en fission, les modes collectifs 
d'oscillation de roulement, d'oscillation de glissement et de torsion peuvent etre excites et 
modifient la grandeur et la direction du moment angulaire des fragments. Les autres degres 
de liberie collectifs sont amortis tres rapidement (~ 10~22 s): vitesse relative, equilibre N/Z, 
thermalisation de l'energie. Une partie de remission de particules chargees accompagnant les 
CTI est tres semblable ä la tripartition. La desexcitation des fragments par evaporation de 

* En visite au Lawrence Berkeley Laboratory, Berkeley, Etats-Unis d'Amerique. 
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neutrons est egalement semblable ä celle des fragments de fission, mais en plus, les rapports 
d'asymetrie de masse eleves permettent de mettre en evidence l'energie de deformation au 
point de scission. Pour les systemes lourds, la transition entre noyau compose-fission et 
quasi-fission est discrete, et un type de reaction intermediate est propose: la fission 
•<hors barriere»-. 

1. INTRODUCTION 

Pendant tres longtemps — plus de 30 ans — l'etude de la fission est restee 
un domaine distinct du reste de la physique nucleaire. Ce processus est si 
different qu'il requerait une approche differente de Celles utilisees dans les 
autres secteurs. L'evolution qui amene un noyau ä se scinder en deux noyaux 
represente une transformation d'une echelle qui n'etait atteinte par aucune 
autre desintegration radioactive ou reaction nucleaire. Les physiciens nucleaires 
fascines par l'etude de cette transformation devaient avoir un etat d'esprit 
quelque peu different. lis n'hesitaient pas ä employer des concepts aussi simples 
que celui de la goutte liquide [ 1 ] ou les proprietes individuelles des nucleons 
etaient totalement negligees et le noyau considere comme un ensemble de 
matiere nucleaire dont seules les proprietes macroscopiques etaient prises en 
consideration. Quelques beaux succes avaient ete obtenus; en particulier l'etude 
dynamique de Г evolution depuis l'etat du noyau initial jusqu'aux deux fragments 
separes avait ete capable de reproduire une grande partie des proprietes obser-
vables des fragments dans la fission ä energie d'excitation elevee. D'autres 
tentatives essayaient d'incorporer les effets de couches qui jouaient ä l'evidence 
un grand röle dans revolution de la fission spontanee ou thermique. La prise 
en compte de ces effets dans le trace des cartes d'energie potentielle dans l'espace 
des deformations ä plusieurs dimensions [2] permit de faire un grand pas, ou 
plutöt de suivre les bons chemins. 

Mais une grande gene dans la comprehension resulte de ее qu'on doit a 
chaque fois considerer la totalite de 1'evolution depuis le noyau initial jusqu'aux 
deux fragments finaux sans pouvoir isoler un etat defini a. un instant donne. 
L'etat du noyau compose peut certes etre change, mais une fois que revolution 
vers la scission est commencee, on n'a aucune maitrise du chemin qui est suivi. 
Pendant toute la duree de cette evolution, les differents degres de liberte collectifs 
se modifient, chacun avec son temps caracteristique propre, sans qu'il soit possible 
d'en isoler un independamment des autres. 

Les faisceaux d'ions lourds ne changerent pas d'abord cette situation. Les 
reactions de fusion pouvaient certes etre considerees comme l'inverse de la 
fission, mais cela n'apportait guere de renseignements, pour la meme raison que 
pour la fission: une fois que les noyaux commencent a fusionner, le processus 
se poursuit sans que 1'experimentateur en ait la moindre vue. Done les premiers 
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faisceaux d'ions lourds furent surtout utilises comme outils supplementaires 
pour completer les donnees obtenues avec les particules chargees legeres, en 
particulier dans les reactions de transfert. 

C'est seulement au bout de dix ans que chacune des differentes reactions 
nucleaires induites par ions lourds conduisit, presque fortuitement, ä decouvrir 
un nouveau type de reactions communement appelees main tenant collisions 
tres inelastiques (CTI). Les appellations d'origine dependaient de la preoccupa­
tion qui avait amene ä leur decouverte: en etudiant les reactions de transfert 
avec des ions de masse 10 a 20, on observe des transferts tres inelastiques ГЗ], 
en detectant les fragments de la fission consecutive ä la fusion induite par des 
ions de masse 40, on trouve des produits semblables ä la fission [4], et en cherchant 
si la fusion intervenait entre noyau lourd et ion de masse 84, on decouvrit des 
quasi-fissions [5]. 

Ces denominations font tout de suite pressentir la liaison entre cette 
nouvelle physique des ions lourds et la fission: les caracteristiques des produits 
de CTI ressemblent ä Celles de la fission, et done une partie du processus est 
commune. En effet, une CTI peut schematiquement etre scindee en deux etapes. 
Dans la premiere etape, les deux noyaux s'interpenetrent en perdant une grande 
partie — voire la totalite — de leur energie cinetique relative. lis forment ainsi 
un Systeme dit composite ou binucleaire. Dans une deuxieme etape, les deux 
parties du Systeme s'ecartent en raison de la repulsion coulombienne et finale-
ment se separent (fig. I ) 1 . Cette deuxieme etape represente une partie de 
1'evolution d'un noyau fissionnant entre le point seile et le point de scission. 
L'interet remarquable des CTI par rapport ä la fission est de permettre de 
modifier l'etat du Systeme composite, done le point de depart de revolution 
vers la scission. Pour cela il suffit de modifier la charge et la masse du projectile 
ou de la cible et l'energie incidente. 

Cette separation en deux etapes ne correspond pas ä la realite, qui est ä la 
fois plus complexe et plus riche. L'ensemble des degres de liberte du Systeme 
evolue au cours de la collision. Chacun a un temps propre qui peut etre deter­
mine par comparaison avec les autres. En modifiant les conditions initiates et 
en choisissant les produits finaux, on peut etudier selectivement revolution d'un 
degre de liberte particulier, ce qui est impossible en fission. Le developpement 
constant des faisceaux d'ions lourds disponibles a permis d'elargir le domaine de 
la macrophysique nucleaire. Alors que les etudes detaillees sur la fission ont du 
se limiter ä la region des noyaux lourds, les systemes etudies en CTI vont de 
quelques dizaines de nucleons ä plus de 400 uma (deux fois le nombre de masse 
de Puranium 238). 

Les figures sont groupees en annexe. 
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Nous examinerons successivement les renseignements obtenus sur les 
differents degres de liberte par les CTI en les comparant aux informations 
recueillies en fission et en nous attachant aux aspects experimentaux. Une 
bibliographie plus complete pourra etre trouvee dans les articles de revue sur 
les CTI [6]. Puis nous discuterons de la transition entre CTI et fusion suivie de 
fission. Nous ne parlerons pas des techniques de detection. Bomons-nous ä 
rappeler qu'elles sont pour la plupart issues des techniques utilisees pour la 
fission, en particulier la fission induite par ions lourds; elles ont ete adaptees a 
un domaine de noyaux detectes beaucoup plus large en energie, masse et charge; 
ce sujet est bien decrit dans la ref. [7]. 

2. PROPRIETES DES COLLISIONS TRES INELASTIQUES 

Le temps de reaction est defini par Tintervalle entre l'instant de contact 
des deux noyaux initiaux et l'instant de scission. Une tres large gamme de temps 
de reaction est couverte dans les CTI, et chaque partie de cette gamme permet 
d'etudier particulierement tel ou tel degre de liberte collectif ayant un temps 
de relaxation voisin. Pour suivre revolution, on utilise des «horloges» de 
differentes periodes qui sont foumies par d'autres aspects des reactions. En 
classant leur temps de relaxation par valeur approximativement decroissante, 
les modes etudies concernent: 

— l'asymetrie de masse (ou de charge) 
— la deformation 
— le moment angulaire relatif 
— la vitesse relative 
— l'energie d'excitation 
— l'asymetrie de la masse par rapport a la charge. 

2.1. Temps de reaction et distribution angulaire 

En fission, la distribution angulaire des fragments est symetrique par 
rapport a 90° cm. Cette propriete manifeste la grande duree de vie associee au 
processus. En CTI, la situation est fondamentalement differente: le Systeme a 
generalement garde la memoire de la direction de l'ion incident car sa duree de 
vie est beaucoup plus courte. Dans une collision quasi elastique, les produits 
sont retrouves autour d'un angle appele angle d'effleurement. Quand la collision 
est plus profonde, le potentiel nucleaire «retient» un instant supplemental les 
partenaires en contact. Pendant ce temps, le Systeme composite tourne et les 
quasi-projectiles sont observes a 0$ plus en avant de Tangle coulombien 0jg. 
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Le temps de reaction tg se deduit de Tangle de rotation 0 r = (0fg — Öjg) et de 
la vitesse de rotation cog (fig.l): 

£h 
wg= (1) 

МГо 

ой ц est le moment d'inertie du Systeme (suppose ici toumant comme un corps 
rigide (voir 2.4)) et £ le numero de l'onde partielle consideree. 

tg = wg • (0fg - e ig) (2) 

La relation n'est en fait pas toujours aussi simple, pour trois raisons: 
d'abord le Systeme peut ne pas avoir atteint le Stade du collage pour lequel la 
relation (1) est valable (voir 2.4); ensuite, il peut se faire qu'ä certains angles, 
on trouve des produits venant de deux zones de moment angulaire done de temps 
differents; enfin, le fait que de nombreuses ondes partielles conduisent souvent 
aux CTI induit des melanges dans le cas des systemes lourds. Sur la figure 2, on 
voit que pour le Systeme Xe + Au, tous les CTI se retrouvent ä peu pres au meme 
angle et que la correspondance temps de reaction - angle n'est plus valable. 

2.2. Asymetrie de masse 

Dans le cas du Systeme 63Cu 365 MeV + , 97Au (figure 3) on observe que 
la distribution de masse s'elargit quand on s'eloigne de Tangle d'effleurement, 
done pour des valeurs des angles de rotation 0 r et du temps croissantes. On 
observe correlativement un deplacement du maximum de cette distribution. 

Cette evolution peut etre simplement comprise comme etant due ä un 
processus de diffusion en physique statistique. La meme hypothese avait ete 
formulee en ce qui concerne les distributions de masse des fragments de fission [8]: 
on peut considerer que les fragments sont definis au depart (masses initiales en 
CTI, fragments egaux au point seile en fission) et qu'un transfert au hasard de 
nucleons, de la nature d'un processus de Markov, a lieu entre le point seile et le 
point de scission. 

La probabilite P de trouver le Systeme de masse totale M avec des fragments 
de masse M : et M2 = M — Мх ä un instant t est Tintegrale des probabilites de 
transfert de nucleons entre les deux fragments entre t = 0 et t, t = 0 etant 
Tinstant ou le transfert commence, c'est-ä-dire Tinstant de contact en CTI et le 
point seile en fission. II en resulte que P(Mj ,t) obeit ä une equation de Fokker-
Planck: 

aP(M1 ; t )_ 3P(M t,t) a2P(M1,t) 
9t ЪМ, ЭМ? ( ) 
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ou V represente la vitesse d'entrainement du maximum de la distribution de 
Mi et D le coefficient de diffusion lie ä la largeur de cette distribution. V 
s'obtient ä partir de la derivee de l'energie potentielle du Systeme en function de 
la repartition des nucleons entre ses deux parties (fig.3c; l'allure reguliere de la 
courbe vient de се que sont pris en compte seulement les termes de goutte-
liquide). L'expression (3) depend explicitement du temps et permet done de 
calculer la distribution de masse ä chaque instant. C'est ce qui a ete fait pour 
les CTI sur la figure 3b [9]. Une comparaison plus precise peut etre faite sur 
la figure 4 ou 1'evolution de la variance avec le deplacement de masse a ete 
tracee pour deux energies de bombardement. Les points experimentaux s'alignent 
sur des droites, comme le prevoit la theorie. Les pentes de ces droites renseignent 
sur les valeurs des parametres V et D. En fission, un raisonnement semblable 
conduit ä 1'evolution en fonction du temps, representee sur la figure 5 en meme 
temps que la distribution de masse experimentale pour la fission spontanee du 
252Cf; la stabilite des configurations en couches est simulee par une diminution 
de la probability de transfert lorsqu'une telle configuration est atteinte dans un 
fragment. 

On voit clairement, en comparant ces deux exemples, combien les possi-
bilites d'investigation du processus sont plus puissantes dans le cas des CTI. En 
fission, on doit faire une supposition sur les fragments de depart; la duree n'est 
pas connue; il у a un seul element de comparaison avec la realite, qui sert ä la 
fois ä etablir les valeurs des probabilites de transfert et ä verifier la validite des 
hypotheses de base, ce qui n'est eviüemment pas satisfaisant. A l'oppose, en CTI, 
on connait bien les masses des fragments initiaux; on obtient les distributions 
ä une serie d'angles correspondant chaeun ä une distribution differente de temps 
de reaction, et une comparaison avec l'experience peut etre faite pour chacune. 

De plus, on peut modifier les conditions initiales de maniere ä determiner 
la dependance de V et D avec le rapport de masse initial, le moment angulaire 
fii; la temperature nucleaire ... Par exemple, en choisissant un rapport de masse 
initial correspondant au maximum ou au minimum de la courbe d'energie 
potentielle de la fig. 3c, V s'annule (ou est tres faible, selon la valeur de Я.) et 
l'equation de Fokker-Planck se reduit ä une equation de diffusion: la distribution 
de masse doit s'elargir avec la duree de reaction sans que sa position moyenne 
varie. Ceci a ete verifie par exemple pour le Systeme 40Ar + 197Au [10]. 

Lorsque l'energie incidente augmente, la variance de la distribution de masse 
doit augmenter comme le produit du deplacement du maximum par la temperature 
nucleaire, ce qui est egalement observe [11]. 

Les effets de couches, qui jouent un röle dominant en fission ä basse energie, 
ont ete jusqu'ici negliges dans les calculs de CTI, car la temperature nucleaire 
est elevee. Cependant, ces effets modifient quelque peu l'energie potentielle du 
Systeme (fig.6) ainsi que la densite de niveaux des fragments - et done la 
probabilite de transfert de nucleons — jusqu'ä une temperature de plus de 
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2 MeV. Leur prise en consideration devrait permettre de mieux rendre compte 
des transferts de masse observes [9, 12, 13]. 

Le temps de relaxation en masse est de l'ordre de 5 a 10 • 10 - 2 1 s, beaucoup 
plus long que les temps de relaxation en mouvement relatif et en rapport Z/N. 
Dans les premiers calculs, cela permettait de considerer que ces degres de liberte 
etaient relaxes lorsque la diffusion en masse commencait. Actuellement, les 
calculs effectues suivent simultanement la variation des differents degres de 
liberte collectifs [13, 14]. 

En conclusion de се paragraphe, on peut retenir que l'etude des collisions 
tres inelastiques a permis de montrer l'importance des phenomenes d'ordre 
statistique dans revolution d'un ensemble important de nucleons. Tous les 
resultats ne sont cependant pas expliques; par exemple, des donnees recentes 
obtenues ä Darmstadt [15] indiquent que les phenomenes de diffusion en CTI 
peuvent s'inverser quand l'energie incidente depasse 10 MeV/n; aucune explication 
satisfaisante n'a pu encore etre fournie. 

2.3. La vitesse relative 

La situation est, la aussi, beaucoup plus variee en CTI qu'en fission. Dans 
le cas de la fission la vitesse relative des deux fragments provient de la phase 
d'acceleration due ä la repulsion coulombienne. Dans les CTI il у a d'abord une 
phase de freinage des deux ions, puis une phase d'acceleration. Cette seconde 
phase peut etre assimilee ä ce que Ton observe en fission (voir 2.6), mais la 
premiere partie du phenomene donne des renseignements fort originaux qui 
permettent de comprendre la seconde (observee en fission). 

En regardant simplement la distribution correlee d'energie cinetique et 
d'angle pour des fragments voisins des noyaux initiaux (fig.7), on voit que meme 
ä Tangle d'effleurement l'energie cinetique finale depasse ä peine la repulsion 
coulombienne; done dans le Systeme composite, la vitesse relative a ete reduite 
ä moins de 20% de la vitesse initiale. D'apres la relation (1), le temps necessaire 
correspondant est de 10"21 s. La dissipation de l'energie cinetique relative est 
done un phenomene tres rapide qui a conduit ä penser que la matiere nucleaire 
est tres visqueuse. 

On peut utiliser une autre < horloge> : nous avons vu que la distribution 
de masse ou de charge s'elargit selon un processus de diffusion (relation 3, 2.2). 
On a done o\, ou M = D z , ou M • t. On peut done utiliser maintenant l'elargisse-
ment en Z ou M (fig.8) comme une horloge grace ä laquelle on etudie la perte 
d'energie. Dans cette approche, il ne faut pas negliger les effets de transferts 
de charge qui modifient l'energie de repulsion coulombienne, mais la correction 
correspondante est aisee. A partir de tels resultats, on peut tirer la figure 9 
qui montre que la plus grande partie de l'energie cinetique est perdue en un 
temps tres court. Ensuite une composante plus lente apparaft. 
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Cette perte d'energie peut etre comprise dans un modele classique [16] 
(voir la relation 5), ou les deux noyaux sont freines par une force de viscosite 
ä deux corps proportionnelle ä leur vitesse et ä leur recouvrement. Cependant, 
les pertes d'energie obtenues sont trop faibles, ce qui conduit ä admettre un 
autre mecanisme au debut de la collision. L'ejection de particules legeres a ete 
envisagee mais des resultats recents [17—19] montrent que, au moins pour des 
energies incidentes pas trop elevees, eile ne peut permettre de comprendre les 
resultats. Une autre alternative consiste ä admettre l'excitation de resonances 
geantes au debut de la collision. Les donnees experimentales actuelles [20] 
supportant cette hypothese sont encore trop fragmentaires pour permettre de 
conclure, mais il semble de toute facon peu probable qu'elle permette d'expliquer 
des pertes d'energie de grande ampleur (100 MeV au plus). 

Plus seduisante est l'hypothese de la viscosite ä un corps qui consiste a 
etudier l'effet des parois d'un Systeme sur les nucleons qui у sont contenus. Ceci 
revient ä etudier le comportement des nucleons dans un potentiel moyen de 
dimension finie. L'effet des parois de ее potentiel est dominant si le libre 
parcours moyen des nucleons dans le noyau est de l'ordre ou plus grand que la 
dimension de ее noyau, ее qui est tout ä fait le cas en CTI ou en fission. Le 
gros interet de ее concept est qu'il est le seul ä pouvoir unifier les resultats 
obtenus en fission et en CTI. 

En effet, si on utilise le concept de la viscosite ä deux corps, les resultats 
concernant les energies cinetiques de fission ne peuvent etre expliques que si le 
coefficient de viscosite est faible. C'est tout ä fait l'inverse en CTI. Cette 
contradiction est levee si l'on admet que la viscosite est ä un corps [21 ]. Dans 
ce cas les modes multipolaires de deformation d'ordre eleve sont amortis 
nettement plus vite que les modes multipolaires d'ordre inferieur qui sont 
supposes predominer en fission. Notons que cette explication permet aussi de 
comprendre les deux regions notees sur la figure 9: la perte d'energie est tres 
rapide au debut du processus du CTI, puis devient faible lorsque les effets de 
deformation des deux fragments se font sentir et conduisent le Systeme dans une 
configuration voisine de celle obtenue en fission. 

2.4. Moment angulaire relatif et modes collectifs d'oscillation 
et de rotation 

Comment un moment angulaire apparatt-il dans les fragments en fission 
et en CTI? Nous distinguerons trois cas: d'abord, le cas de la fission spontanee 
ou induite par particules legeres pour laquelle le noyau fissionnant n'a pas ou 
peu de moment angulaire; ensuite, le cas de la fission induite par ions lourds 
pour laquelle le noyau fissionnant a un moment angulaire important; enfin, 
le cas des CTI. 
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Dans le premier cas, on sait que Ton observe que les fragments emettent 
des rayonnements gamma. L'etude de leur distribution angulaire a permis de 
montrer que les fragments de fission disposent d'un moment angulaire perpen-
diculaire ä leur direction de vol. Deux processus sont utilises pour expliquer ces 
resultats: 

— D'une part, l'excitation du mode collectif de pliage (oscillation de 
roulement, ou bending [22] des deux fragments autour du col les separant; les 
rotations de torsion des deux fragments l'un par rapport ä l'autre (twisting) et 
d'oscillation de glissement (wriggling) ont aussi ete prises en compte (fig. 10); 
ppur les noyaux lourds, la periode propre de ces modes va de ~ 10 - 2 1 s pour 
le pliage ä plusieurs 10~21 s pour les autres [22]. 

— D'autre part, des excitations de quasi-particules lors de l'echange de 
nucleons entre les deux fragments. 

La contribution relative de ces deux processus depend des hypotheses faites 
sur le caractere adiabatique, partiellement statistique ou completement statistique 
de la fission entre le point seile et le point de scission [23 ]. 

Dans le cas de la fission d'un noyau disposant d'un important moment 
angulaire, le moment angulaire observe dans les fragments peut avoir deux 
origines: une partie du moment angulaire initial du Systeme (2/7 pour une fission 
symetrique) est convertie en spin des fragments; par ailleurs on peut s'attendre 
ä observer les memes effets du mode de pliage observes dans la fission sans 
moment angulaire. 

De fait, il faut faire appel ä ces deux origines pour expliquer le seul resultat 
obtenu а се jour: il s'agit de la fission du noyau de 2|?Bk forme dans la reaction 
40Ar + 197Au a 227 MeV [24]. La valeur de multiplicite у obtenue conduit к un 
spin total des fragments de 23,5 ± 4 hqui ne peut etre expliquee ä partir du 
moment angulaire initial seulement et qui conduit ä une valeur de moment 
angulaire due au mode de pliage de 10 h, Cette valeur est semblable ä celle 
observee en fission spontanea du 252Cf (~ 7,5 h), et permet de rendre compte 
egalement de la distribution angulaire des gamma. 

Supposons en effet qu'il n'y ait aucun effet du mode de pliage, done que 
tout le moment angulaire observe dans les fragments soit du au moment angulaire 
initial apporte dans la voie d'entree. Le moment angulaire final dans les fragments 
serait alors grossierement aligne avec le moment angulaire initial, done perpen-
diculaire au plan de la reaction. Or, par analogie avec la desexcitation du noyau 
compose et des fragments de fission thermique, la plupart des у sont des E2 
(stretched) dont la distribution angulaire est: 

w(0)= - (1 - c o s 4 0 ) (4) 

ой в est Tangle d'emission par rapport ä la direction du moment angulaire. 
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On s'attendrait done a observer une forte anisotropic des gamma emis, ce 
qui n'est pas le cas. Ce resultat semblerait confirmer l'existence d'une composante 
additionnelle du moment angulaire. 

En CTI, la difference essentielle avec le cas de la fission avec moment 
angulaire (§ precedent) vient du fait que le temps de vie du Systeme composite 
est beaueoup plus court. И peut done ne pas avoir atteint le Stade d'une rotation 
globale (rigide) du Systeme composite, comme c'est sürement le cas en fission. 
Mais examinons plus formellement la situation: 

Soit ßi le moment angulaire initial (dans la voie d'entree). Le transfert de 
moment angulaire AC s'effectue pendant toute la duree de collision et sa valeur 
finale depend du degre de cohesion atteint par le Systeme ä la scission. L'inter-
action entre les deux noyaux peut etre comprise classiquement en introduisant 
dans les equations du mouvement un terme dissipatif du ä la friction entre les 
deux ensembles de nucleons dans la zone d'interaction. En distinguant la 
friction radiale de la friction tangentielle, on obtient deux equations: 

d2r aVN(r) Z t Z 2 e 2 g(g+l) t f dr 
м Т Г = 1 + J— + i Cr- f ( r ) — (5) 

dt2 Эг г мг3 dt 

et 

d do , 
- £ h = - C t - f ( r ) — r2 (6) 
dt dt 

(5) decrit le mouvement radial, alors que (6) decrit le mouvement de rotation. 
La friction tangentielle Ct peut etre decomposee en une friction de frottement 
qui intervient au debut de l'interaction et induit une rotation relative des deux 
noyaux (les noyaux roulent Tun sur l'autre), et une friction de roulement qui 
reduit cette rotation et bloque les deux partenaires Tun sur l'autre: le Systeme 
est alors un corps rigide en mouvement de rotation global. 

Si la separation intervient quand les deux noyaux roulent Tun sur l'autre, 
le transfert de moment angulaire est 

Mr = | fii (7) 

et la repartition entre les deux fragments de masses M.1 et M2 est proportionnelle 
ä leur rayon 

Mri - I Mi 1 (8) 
Д*г2 " 
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Si la separation intervient apres que le Systeme a atteint le stade ultime 
(rotation d'un corps rigide), les moments angulaires des deux partenaires sont 

/ i + Л + orb 

Le moment angulaire total des deux fragments est 

Aßs = M s l + A£s2 (11) 

^ et ßi sont les moments d'inertie des noyaux autour de leurs axes de rota­
tion, et ßofo est le moment d'inertie de ces deux fragments relativement au centre 
de gravite du Systeme. Si les deux fragments ont la meme deformation, le rapport 
des moments angulaires intrinseques varie comme 

La mesure la plus precise de l'etat de cohesion du Systeme serait donnee par 
le rapport ASLX /Д£2, qui varie tres rapidement (relations 8 et 12). II faudrait 
mesurer simultanement le moment angulaire de chaque fragment. Ceci n'a pas 
ete fait et on utilise seulement la mesure de AS. globale, par la multiplicite у 
associee ä chaque evenement, ou A£( du fragment lourd, par la distribution 
angulaire de fission sequentielle [25]. 

La difficulte dans l'interpretation des experiences vient de la mauvaise 
connaissance que Ton a generalement de ßi. Par ailleurs, A£s/£i varie avec le 
moment d'inertie des fragments (relations 9 a 11). II depend done de l'etat de 
deformation des fragments. La figure 11 donne une idee de l'influence des 
deformations sur le resultat: la courbe intermediaire correspond ä des deforma­
tions compatibles avec les energies cinetiques des produits finaux observes. C'est 
en particulier la courbe qui s'applique ä la fission puisque les deux fragments sont 
dans ce cas lies rigidement. 

En CTI, la premiere observation est que AC augmente rapidement avec le 
degre d'inelasticite (fig. 12). Les transferts d'energie cinetique partiels correspondent 
ä toute une gamme de temps d'interaction qui couvre toutes les etapes depuis le 
glissement jusqu'au roulement. Si on selectionne les evenements completement 
amortis en energie, leur degre de cohesion augmente avec le temps de reaction, 
depuis une valeur correspondant au moins ä Petape du roulement jusqu'ä 1'etape 
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du corps rigide. Le temps de relaxation associe ä AR est long (~ 5 X 10"21 s), et 
seule une partie des evenements de quasi-fission atteignent un etat de cohesion 
du Systeme equivalent a la fission, ceci en particulier lorsque l'energie de 
bombardement du Systeme depasse 1,5 fois la barriere d'interaction. 

En fait une grande partie des resultats obtenus en multiplicity у associee 
aux CTI n'offrent pas une interpretation aisee. Prenons pour exemple le cäs du 
Systeme Cu + Au ä 365 MeV; la valeur moyenne de multiplicite M-y obtenue pour 
les evenements relaxes en energie mais ne correspondant pas ä de grands transferts 
de masse est tout ä fait comprehensible dans l'hypothese du collage. II seniblerait 
etabli que се Stade ultime est atteint pour ces evenements. Pourtant, revolution 
de M-y, lorsque l'on considere des evenements pour lesquels le transfert de masse 
a eu lieu, est tout ä fait opposee ä ce que prevoit le calcul (figure 13). Diverses 
interpretations ont ётё donnees de ces resultats, mais aucune n'est pleinement 
satisfaisante. 

Dans la premiere [12], on utilise les proprietes des courbes d'energie poten­
tielle du type de Celles tracees sur la figure 3c. On voit sur ce schema que les 
forces d'entrainement conduisant le Systeme vers une configuration symetrique 
sont d'autant plus grandes que le moment angulaire dans la voie d'entree est 
grand. Les evenements symetriques seraient done associes preferentiellement ä 
des grandes valeurs de £j. La figure 11 a ete tracee pour une valeur donnee de 
fij. Pour un ensemble de valeurs de fij, cet effet de force d'entrainement peut 
inverser la tendance et conduire ä une variation telle que celle observee experi-
mentalement (fig. 13). Cette interpretation se heurte ä deux problemes: le 
premier concerne les estimations quantitatives indiquant que dans le cas du 
Systeme Cu + Au cet effet n'est pas süffisant pour inverser la variation de My 
avec l'asymetrie de masse; le second est que les proprietes relatives aux transferts 
des nucleons entre les deux fragments sont interpretees en admettant au contraire 
que les evenements symetriques correspondent ä des valeurs faibles de ßj pour 
lesquelles la duree de vie du Systeme composite est grande. 

La seconde interpretation [26] consiste ä admettre que le Stade de collage 
n'est atteint que tres lentement. On n'atteindrait done la courbe theoriqüe de la 
figure 11 que pour de grands temps d'interaction, done pour des masses egales 
des deux produits (degre de liberte asymetrie de masses equilibre). Pour des 
valeurs superieures du rapport des masses, done pour des temps de vie plus 
courts, le collage serait loin d'etre atteint et le transfert de moment angulaire 
M serait beaucoup plus petit. L'effet serait assez violent pour inverser la ten­
dance de la figure 11. Cette interpretation a ete retrouvee quantitativem ent, 
mais eile se heurte au fait que les valeurs de multiplicite obtenues dans le calcul 
sont plus faibles que les valeurs mesurees. 

On peut donner de cette divergence deux explications: D'abord, on peut 
admettre que la multipolarite de la plupart des gamma emis n'est pas deux, 
comme on l'admet toujours. Cette question est encore aujourd'hui tres contro-
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versee [27, 28]. On peut aussi voir dans cette divergence un effet du mode de 
pliage, comme nous Pavons note en fission. Cette seconde interpretation nous 
parait tres plausible si Ton remarque que le temps necessaire pour exciter ce 
mode est de l'ordre de 10 - 2 1 s, done compatible avec la duree de vie des CTI. 
Notons que l'excitation de ее mode est tres favorisee si le Systeme presente une 
symetrie rton axiale [29], ее qui est bien evidemment le cas en CTI. L'ordre de 
grandeur du moment angulaire de pliage serait de 18 h pour le Systeme Cu + Au, 
valeur tout ä fait comparable aux valeurs obtenues en fission. Enfin, on explique 
egalement ainsi comment la distribution angulaire des gamma associes aux CTI 
est isotrope comme en fission [24,30]. 

Les experiences de fission sequentielle peuvent donner une information 
interessante sur cette question. Les resultats actuels [25] indiquent que la 
depolarisation dans les CTI n'est sürement pas totale, mais ils sont en desaccord 
pour ce qui conceme l'importance de la depolarisation. Certains indiquent qu'elle 
serait nulle; d'autres qu'elle ne serait pas negligeable et explicable par un mode 
de pliage mais que le moment angulaire supplemental apporte par ce mode 
serait relativement faible. De nouvelles experiences sont necessaires pour clarifier 
la situation. Notons que la comparaison de differents resultats entre eux doit 
etre realisee avec prudence. Ainsi les resultats de fission sequentielle ont tous 
ete öbtenus pour des valeurs de £max (valeur de moment angulaire correspondant 
ä une trajectoire rasante de l'ion incident) beaucoup plus grandes que les valeurs 
correspondantes impliquees dans les experiences de multiplicite gamma telles 
que l'experience Cu + Au 365 MeV. L'effet du mode de pliage pouvant etre 
le meme en valeur absolue dans les deux cas sera beaucoup plus nettement 
ressertti ä bas ß m a x oü il sera relativement plus important. 

En conclusion de ce paragraphe, les transferts de moment angulaire dans 
les CTI ne sont pas clairement connus. Ce qui est certain est que le temps de 
relaxation associe ä ce mode est grand. Ce qui est probable, e'est que le mode 
de pliäge, comme en fission, joue un role dans le processus. 

2.5. Emission de particules accompagnant les CTI et la fission 

Une des premieres questions qui se sont posees ä la decouverte des CTI 
etait: ой passe l'energie cinetique perdue entre les voies d'entree et de sortie? 
Puisque le caractere essentiellement binaire de la reaction a ete bien etabli, il 
faut que cette energie soit dissipee par emission de particules legeres (et en 7, 
mais ceux-ci n'ont que 1 MeV en moyenne). 

On peut imaginer plusieurs etapes ой cette emission a lieu: une ou des 
particules peuvent etre ejectees, par friction, de la zone de contact au debut de 
la collision; ensuite une partie de l'energie cinetique relative est transformed en 
energie d'excitation interne qui peut rester concentree dans la zone du col, 
aüqüel cas une emission de preequilibre peut avoir lieu soit depuis le col, soit 
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depuis la zone du col appartenant ä chaque fragment apres la scission; ou bien, , 
cette energie d'excitation est thermalisee sur l'ensemble du Systeme composite, . 
la temperature nucleaire atteinte ne depasse pas quelques MeV et, apres separa­
tion, les fragments se desexcitent par evaporation de particules, essentiellement 
des neutrons (ou par fission dans le cas des fragments tres lourds). 

Pour distinguer entre ces differentes possibilites, il suffit en principe de 
mesurer la distribution angulaire et en energie des particules emises en coincidence 
avec les fragments de CTI. Si la vitesse du (ou des) centre emetteur n'est pas 
faible devant celle de la particule emise, la reconstruction cinematique indiquera 
la direction et la vitesse moyenne du (ou des) centre emetteur. On peut ainsi 
determiner si la majorite des particules vient d'un fragment avant ralentissement 
complet, du Systeme composite, d'un ou deux des fragments acceleres apres 
scission. Mais une emission de faible importance relative apparait difficilement. 

Lorsqu'une seule particule est emise en coincidence avec les deux fragments 
principaux, on peut utiliser les lois de conservation du mouvement pour distin­
guer entre emission directe (simultanee) des trois fragments et emission sequentielle 
par un fragment sans influence de l'autre. Dans les deux cas, les lois de conserva­
tion sont satisfaites sur la somme des energies cinetiques et des quantites de 
mouvement des trois fragments. Dans le deuxieme cas, on a une relation supple­
m e n t a l : les Q de formation du fragment intermediaire (qui emet la particule) 
et de l'autre fragment sont en moyenne independants de Tangle de detection de 
la particule [31 ]. 

2.5.1. Emission de neutrons 

En fission, les particules emises sont presque exclusivement des neutrons. 
Seules quelques particules chargees tres peu nombreuses sont observees. La 
raison de cet etat de chose est que les fragments de fission sont toujours riches 
en neutrons. 

Dans le cas des CTI, remission de neutrons n'est nettement dominante que 
si les energies de liaison correspondantes favorisent leur emission: c'est syste-
matiquement le cas pour les systemes lourds. Dans ce cas il a pu etre montre 
[18, 19] que l'essentiel de l'energie dissipee dans les CTI se retrouve sous la 
forme de neutrons evapores par les fragments. Ceci apparait tres nettement sur 
la figure 14 qui donne en coordonnees polaires les nombres de neutrons detectes' 
ä differents angles laboratoires et avec des vitesses v. II s'agit du Systeme 
Cu + Auä400MeV[18]. 

Aucune contribution du col ou d'un point chaud n'est visible [32]. Cette 
analyse est confirmee par une analyse cinematique detaillee ou l'origine possible 
de chaque neutron detecte est prise en compte. Deux conclusions se degagent: 
1) la totalite de l'energie cinetique perdue se retrouve en energie d'excitation 
des fragments (compte tenu du Q de reaction lorsqu'il у a transfert de masse), 
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qui evaporent des neutrons et emettent des 7; 2) l'energie d'excitation est 
repartie entre les fragments proportionnellement ä leur masse, et les spectres 
en energie des neutrons emis par chaque fragment correspondent ä la meme 
temperature. On en conclut qu'ä la scission la temperature nucleaire est uni­
forme dans l'ensemble du Systeme. Le temps de thermalisation est done inferieur 
ä quelques 10~21 s. Une valeur plus precise peut etre obtenue. On utilise la 
dissipation d'energie cinetique comme horloge rapide puisqu'on sait que la 
premiere partie de l'amortissement en energie cinetique est tres rapide (voir 
figure 9). On a done selectionne les fragments de masse voisine de Celles des 
noyaux initiaux et on a examine le rapport des nombres de neutrons emis par 
chaque fragment en function de la perte d'energie cinetique (fig. 15). Ce rapport 
est constant et egal au rapport des masses des une diminution d'energie cinetique 
de 30 MeV: pour ce degre de liberte intrinseque, l'equilibre est atteint meme 
pour des durees de contact de quelques 10~22 s. On peut en conclure que pour 
des durees de vie aussi longues que celles impliquees dans la fission, il est certain 
que la temperature du Systeme fissionnant reste uniforme. 

2.5.2. Emission de particules chargees 

Dans le cas des CTI, un resultat est clair: remission de particules chargees 
croit fortement avec 1'energie incidente, ce qui signifie que les mecanismes 
d'ejection de particules sont plus importants ä haute energie. D'une facon 
generale, les particules chargees peuvent etre classees en deux categories: les 
particules chargees evaporees par les fragments pleinement acceleres et les parti­
cules chargees directes. Les particules chargees evaporees ne concernent que 
les systemes legers, car dans le cas de systemes lourds remission de neutrons ne 
laisse aucune place ä l'evaporation de particules chargees (ä cause des effets de 
barrieres coulombiennes). C'est ainsi que des composantes d'evaporation ont 
ete notees pour les systemes 14N + 93Nb a 110 MeV [33 ], 1 6 0 + S8Ni a 94 MeV [34], 
Ar + Ni a 280 MeV [35]. Par contre, pour le Systeme Kr + Au [36], une partie 
des particules detectees sont ejectees au moment de la collision. 

Composante d'evaporation 

•• Le point le plus frappant concerne ici les temperatures des noyaux emetteurs. 
Dans le cas du Systeme О + Ni, les auteurs ne peuvent expliquer leurs resultats 
qu'en admettant l'existence d'un point chaud pendant la collision. Ceci implique 
que la conductivite thermique de la matiere nucleaire serait tres faible, resultat 
completement oppose aux conclusions de toutes les etudes d'emission de 
neutrons. 
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Composante directe 

Les resultats sont encore tres fragmentaires sur cette question et l'origine de 
cette composante est inconnue. Cependant, une conclusion interessante semble 
pouvoir etre tiree qui est tres proche de celle concernant remission de particules 
a accompagnant la fission [37]: la direction d'emission est perpendiculaire ä la 
direction d'emission des fragments. On en conclut qu'il у a emission d'a de 
faible vitesse ä partir du col puis acceleration et focalisation par le champ 
coulombien des deux fragments naissants. Cette description s'applique a 
remission de particules chargees accompagnant la fission. La difference apparente 
est dans le taux d'emission, qui serait voisin de 0,1 done de deux ordres de 
grandeur superieur ä celui de la fission spontanee. Cependant, en fission, le taux 
d'emission croit avec le Z/A et l'energie d'excitation du noyau fissionnant, ceci 
jusqu'au 2S2Cf et a 50 MeV d'energie d'excitation. L'extrapolation de ces 
donnees au Systeme 283115 excite ä plus de 300 MeV est done quelque peu 
hasardeuse. Neanmoins, le taux observe n'est pas en desaccord avec la 
systematique de fission. Cette similitude entre fission et CTI n'est guere sur-
prenante, car remission a a lieu au point de scission. En ce point, les proprietes 
des fragments de CTI et de fission peuvent etre voisines. 

2.6. La deformation au point de scission 

On ne peut obtenir sur ce parametre que des renseignements indirects 
concernant les energies cinetiques des produits finaux et les desexcitations de 
ces produits. 

2.6.1. Energies cinetiques des produits finaux 

On sait qu'en fission les energies cinetiques totales des fragments sont 
inferieures ä la repulsion coulombienne de deux noyaux spheriques. Ce resultat 
implique une deformation des fragments au point de scission que l'on est capable 
de calculer dans un modele hydrodynamique [38]. La situation est tout ä fait 
similaire dans le cas de la plupart des CTI et les fragments naissants sont done 
largement deformes [39]. Des comparaisons precises entre les energies cinetiques 
obtenues en fission et les valeurs correspondantes pour les CTI sont difficiles a 
realiser. En effet, la distinction entre les deux mecanismes ne peut etre faite 
que dans le cas de couples cible-projectile tres asymetriques conduisant ä des 
fragments de CTI tres asymetriques que l'on doit comparer ä des fragments de 
fission symetrique obtenus pour le meme Systeme composite; la correction due 
ä l'asymetrie de masse et ä Demission de neutrons n'est pas evidente ä evaluer 
et on ne peut conclure que le resultat suivant: les valeurs des energies cinetiques 
finales des fragments de CTI et de fission sont voisines (peut-etre un peu slipe-
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rieures pour les CTI). Ces deux processus conduisent done ä des fragments deformes 
de deformation voisine. Les chemins suivis en fin de CTI et en fin de fission 
pourraient done etre similaires si Ton ne considere que ce resultat. 

2.6.2. Desexcitation des fragments 

II est connu que les courbes i>(M) donnant la multiplicite de neutrons en 
fonction de la masse du fragment de fission emetteur traduisent la deformation 
dudit fragment. En effet 1'energie d'excitation d'un fragment accelere est la 
somme de deux termes: l'energie d'excitation + l'energie de deformation au 
point de scission. Dans la fission a basse energie, le premier terme est negligeable 
devant le second qui est done determinant. La meme analyse peut etre faite en 
CTI si l'energie de bombardement est suffisamment faible. Une seule mesure de 
multiplicite neutrons a ete realisee dans ce cas [40], Elle a montre que l'energie 
de deformation du fragment leger est relativement beaucoup plus grande que 
celle du fragment lourd. Ce resultat est tres interessant car il semble indiquer 
que les formes des fragments mises en jeu en CTI sont differentes de celles mises 
en jeu en fission. De nouvelles mesures sont clairement necessaires, et en fission 
ä haute energie d'excitation, et en CTI, pour preciser ce resultat. 

2.7. Le rapport N/Z des nombres de neutrons et de protons 

II s'agit la d'un domaine ou les CTI ont apporte beaucoup ä l'etude de la 
fission. On sait en effet qu'en fission, les distributions de charges peuvent etre 
interpretees dans trois contextes: UCD {unchanged charge density), ECD (equal 
charge displacement) [41] et MPE (energie potentielle minimale) mais qu'on ne 
peut pas trancher entre les trois approches. II a ete montre que revolution du 
rapport N/Z etait associee ä un temps propre suffisamment court pour que les 
proprietes des fragments influent beaucoup sur les resultats, mais la situation 
est restee floue. 

En CTI, on beneficie encore une fois du grand choix de couples cible-
projectile qui ont permis d'etudier d'abord le temps propre associe a I'equilibra-
tion N/Z. II a ete montre il у a plusieurs annees [42,43] que ce temps propre 
est tres court, tellement court qu'il est equilibre pour tous les evenements de 
CTI des que la dissipation d'energie a commence. On peut done penser que la 
situation est tout ä fait similaire en CTI et en fission. 

Or il a ete montre en CTI que la valeur d'equilibre atteinte correspond au 
N/Z qui minimise l'energie potentielle du Systeme composite (MPE) mais pas 
celle prevue dans Tinterpretation ECD. La raison pour laquelle on a pu facile-
ment trancher en CTI et pas en fission est que les fragments de fission sont 
toujours tous les deux deficients en neutrons, ce qui n'est pas le cas en CTI. 
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Une autre donnee interessante concerne la largeur des distributions en 
N/Z [44]. En fission, on sait que ces largeurs n'augmentent pas quand on 
augmente l'energie d'excitation. Recemment un resultat tout ä fait similaire [45] 
a ete obtenu en CTI. On voit en effet sur la figure 16 comment la largeur Tz de 
la distribution en charge varie avec le degre d'inelasticite. Des que 1'energie 
dissipee atteint 30 MeV, Tz ne varie plus, contrairement ä ce que Ton attendrait 
dans un traitement statistique. En fission comme en CTI, ce resultat serait le 
reflet de fluctuations quantiques. 

2.8. Conclusion 

La fission et les CTI presentent manifestement de grandes analogies. En 
premiere approximation on peut admettre que les Stades finaux des deux 
mecanismes sont voisins, bien qu'il existe certaines evidences qu'ils ne sont pas 
superposables (§ 2.7). Les differences essentielles entre les deux mecanismes 
resident dans les temps de reaction qui sont generalement tres differents (voir 
§ 2.1 et § 3). Cette propriete a pu etre utilisee en CTI pour obtenir des informa­
tions sur les proprietes nucleaires qui avaient ete noyees dans le cas de la fission 
ä cause de la trop grande duree de vie associee. Un autre avantage des CTI 
reside dans la grande gamme de couples projectile-cible, propriete qui permet 
de s'affranchir de telle ou telle difficulte selon la caracteristique etudiee. 

Un inconvenient des CTI reside par contre dans le fait qu'il est dans ce cas 
impossible de s'affranchir de l'effet du moment angulaire Cih. Souvent, on a 
affaire ä toute une plage de valeurs de £j qui rend difficile les interpretations 
de donnees telles que les spins des fragments finaux ou leur energie cinetique, 
puisque le terme centrifuge correspondant est mal connu. Dans ce cas la fission 
a apporte et apportera des renseignements precieux pour interpreter les donnees 
en CTI. 

3. EVOLUTION DES CTI A LA FISSION SUIVANT FUSION 

Quand on bombarde un noyau cible avec un projectile, on observe soit 
des phenomenes elastiques ou quasi elastiques, soit des CTI, soit de la fusion. 

La fusion des noyaux projectile et cible aboutit soit directement ä la 
formation du noyau compose, soit ä une emission de preequilibre qui conduit 
ä la formation d'un noyau de masse et d'energie d'excitation inferieures ä celles 
du noyau compose mais qui a atteint l'equilibre thermodynamique. Ne pouvant 
generalement pas faire la distinction, nous utilisons le terme de < noyau de 
fusion complete» qui est moins restrictif que le terme de < noyau compose». 
Ce noyau se desexcite par evaporation de particules, emission у ou par fission. 
Sa forme depend du moment angulaire: dans le cadre du modele de la goutte 
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liquide, ä faible fi, il est pratiquement spherique, et au fur et ä mesure que £ 
его ft, il devient de plus en plus allonge [46]. Pour des valeurs pas trop elevees 
de iß, cette forme est moins allongee que celle du point de deformation critique 
conduisant ä la fission en deux fragments egaux (point seile). 

La fission d'un noyau de fusion consiste en 1'evolution du Systeme depuis 
cette configuration relativement < ramassee» jusqu'au point de scission. En 
СП, nous avons vu que la situation est generalement inverse, le systeme restant 
au-delä de се point critique. C'est la raison pour laquelle le temps associe aux 
CTI est beaucoup plus court. 

Le probleme est que, experimentalement, il semble pourtant qu'il у ait 
souvent une evolution continue entre fission suivant fusion et CTI. De fait, si la 
distribution de masse de la plupart des CTI reste marquee par la memoire des 
masses initiales (§ 2.2), un faible pourcentage d'evenements a vecu assez longtemps 
pour que le degre de liberte asymetrie de masse soit equilibre. C'est le cas des 
evenements detectes a 26° sur la figure 3a. Ces evenements peuvent constituer 
une trame de CTI ä duree de vie plus longue (il у a une evolution continue 
quand Tangle de detection diminue), mais ils peuvent aussi etre attribues ä de 
la fission suivant fusion et Ton ne peut trouver aucun critere experimental 
permettant de trancher. Par exemple, la distribution angulaire associee aux 
evenements symetriques de la figure 17 est en 1/sin 0, comme en fission, et on 
voit sur la figure 1'evolution continue entre les distributions angulaires pour ces 
evenements et les evenements clairement attribuables aux CTI (autour de la 
masse 63). 

Les bandes de temps associees aux CTI et ä la fission suivant fusion sont-
elles done assez longues pour se recouvrir? La reponse est non. II existe en 
effet des systemes pour lesquels la distinction entre CTI et fission suivant fusion 
est absolument sans equivoque: c'est le cas du Systeme Ar + Au ä 220 MeV 
pour lequel chaeune des bosses de la figure 18 est associee ä Tun des processus. 
Dans ce cas la distinction est claire et montre sans ambiguite la discontinuite 
en temps entre les deux mecanismes. 

Sur un plan theorique, cette distinction est clairement visible dans des 
calculs tels que ceux de Nix (fig. 19) relatifs ä la collision entre deux ions de 
110Pd ä une energie superieure de 20 MeV ä la barriere coulombienne [47]. Dans 
l'espace des deformations (representees ici par l'interdistance des noyaux et leur 
elongation), la trajectoire du Systeme passe ä l'interieur de la position du point 
de deformation critique entre £ = 0 et £ = 45, et la fusion peut avoir lieu. 
Au-dessus de Я. = £ с ^ = 45, le systeme reste au-delä du point seile et seule une 
CTI a lieu. 

Les deux reactions sont caracterisees par des temps differents: la duree du 
Systeme composite varie dans le domaine 10"22 ä 10"21 s alors que la duree de 
vie du noyau de fusion complete depasse 10 - 2 0 s avant la fission. 
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А се Stade du raisonnement, il subsiste une difficulte dans le modele de la 
goutte liquide tournante dejä mentionne [48]: la barriere de fission s'annule 
au-delä d'une certaine valeur £Bf = 0 du moment angulaire initial fij. II est clair 
que, dans се cas, la duree de vie du noyau compose diminue fortement et on 
peut se demander si eile ne rejoint pas celle des CTI. Dans une telle interpreta­
tion, fiBf _ о serait la frontiere entre la fission suivant fusion et les CTI. 

Ceci n'est pas le cas: en effet, une serie de donnees experimentales peut 
etre utilisee pour indiquer que, entre la fission suivant fusion et les CTI, il existe 
un troisieme mecanisme. Nous allons d'abord faire le tour de ces donnees puis 
nous donnerons Pinterpretation. 

3.1. Donnees 

Si l'on decoupe la plage de moment angulaire conduisant ä des reactions 
inelastiques profondes, on s'attendrait ä ce que la zone attribuable ä la fission ne 
depasse pas 2 = £ B f = 0 . Des resultats concernant par exemple les systemes 
Ar + Sb, Ar + Tb, Ar + U [48] ont montre que la zone de Й associes ä des 
evenements symetriques de type fission excede en fait largement ce moment 
angulaire limite. Au-delä de £gf = 0 , les evenements obtenus sont done de type 
symetrique, relaxes en masse et clairement resolus des CTI; la limite au-delä 
de laquelle apparaissent les CTI est done largement superieure ä ßgf= 0- Elle a 

souvent ete appelee ßcrjt. Entre ßBf= о e t ĉrit> les evenements observes ont une 
duree de vie sürement beaueoup plus courte que celle associee ä la fusion, mais 
sürement beaueoup plus longue que celle des CTI. 

Si Ton etudie la distribution de masse de ces evenements intermediaires, il 
apparait qu'elle est beaueoup plus large que celle des evenements de fission [49,50]. 
l\ est done clair que ces evenements ont eu une histoire differente. 

Une troisieme donnee experimentale indique aussi l'existence de ce 
troisieme mecanisme, mais arrive ä des conclusions un peu differentes: il s'agit 
de l'analyse des fonetions d'excitation de fission. Ces functions d'excitation ont 
ete mesurees pour 5 systemes formes avec des ions lourds 20Ne, 3SC1 ou 40Ar sur 
des cibles 63Ni, Ag, 116Sn et 141Br [51]. En utilisant le modele statistique de la 
competition entre fission et evaporation tenant compte de l'effet du moment 
angulaire, on se heurte ä une difficulte: quel que soit le choix de parametres de 
densite de niveaux, on ne peut reproduire ä la fois le seuil de la fonetion 
d'excitation et la valeur qu'elle atteint ä quelques dizaines de MeV au-dessus du 
seuil (fig.20). Pour parvenir ä un accord, les auteurs utilisent des barrieres de 
fission < effectives»- qui atteignent seulement 50 ä 65% des valeurs des barrieres 
goutte liquide pour les ondes partielles ou la fission intervient, c'est-ä-dire plus 
de 40 ä 45 h. Ceci impliquerait que la diminution de la barriere de fission avec 
le moment angulaire est beaueoup plus importante que ne le prevoit le modele 
de la goutte liquide. Une autre possibilite est d'admettre qu'au moins une partie 
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des evenements attribues ä «noyau compose — fissions sont en fait issus d'un 
autre processus. La courbe en tirets de la figure 20 montre que ces evenements 
supplementaires sont ceux qui apparaissent au seuil de la fonction d'excitation. 
Ceux-ci ne correspondent done pas aux ondes partielles pour lesquelles la barriere 
de fission est nulle (et qui sont d'ailleurs inclus dans la section efficace de fission 
calculee) puisque celles-ci n'interviennent qu'aux grandes energies incidentes. 

3.2. Interpretation 

II semble au premier abord difficile de concilier cette troisieme donnee 
(qui semble ne rien avoir affaire avec £Bf = 0) et les deux precedentes. En fait 
il n'en est rien. 

Pour comprendre la situation, il faut remarquer qu'une carte telle que celle 
de la figure 19 est tracee pour une asymetrie de masse donnee. Supposons que 
Je Systeme dans la voie d'entree soit asymetrique et que, pour des considerations 
d'energie potentielle, il ait tendance ä evoluer vers la symetrie (voir § 2.2). Si 
l'energie de bombardement est relativement faible il peut franchir le point 
critique de la figure 19 avec une faible vitesse. Par la suite, ä cause du transfert 
de nucleons, la carte de la figure 19 evolue; en particulier, le point critique se 
deplace; plus preeisement, il se rapproche de la configuration spherique. devolu­
tion est donp double: le point de configuration du Systeme S et le point critique 
С evoluent tous les deux vers la configuration quasi-spherique du noyau compose. 
II peut se faire que, au cours de cette evolution, le point critique С depasse le 
point S. Le Systeme se retrouve alors au-delä du point seile et evolue irremediable-
ment vers la scission. Cette image explique tres bien les resultats de [51 ] exposes 
plus haut: on observe la fission suivant fusion ou le 3 e mecanisme selon les 
vitesses de deplacement relatives des points S et С. 

Examinons maintenant la situation lorsque le moment angulaire incident 
% croit. Lorsqu'on atteint йвй=0> Iе P°int critique С pour une configuration 
symetrique disparait. Cela ne signifie pas qu'il n'existe pas pour la configuration 
asymetrique de la voie d'entree. Ce Systeme peut done depasser ce point critique, 
rester en decä du point critique (configuration plus ramassee) tant que le Systeme 
n'a pas evolue vers la symetrie. Quand il se rapproche de la configuration 
symetrique, le point С disparait et le point S evolue ä nouveau irremediable-
ment vers la scission: comme dans le cas precedent, on assiste ä une < fission> 
sans passage de point seile. Le Systeme a une duree de vie qui est juste celle 
permettant de realiser suffisamment l'equilibration en masse. 

Si on augmente encore fii, ou si le Systeme incident est tres lourd, le point С 
n'existe meme plus dans la voie d'entree (voir les calculs realises dans l'approxima-
tion soudaine). Dans ce cas, le Systeme evolue directement vers le point de 
scission; il n'est ä aucun moment piege: on n'observera que des CTI, pas de 
fissipn, pas de 3 е mecanisme. Ceci est le cas des systemes Cu + Au ou Kr + Bi. 
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Ce troisieme mecanisme est une fission sans passage de point seile. Le nom 
de < quasi-fission» semblerait adapte, mais ce terme a dejä ete utilise pour les 
collisions d'ions tres lourds relaxees en energie. Aussi l'appellerons-nous < fission 
hors barriere». 

Sa mise en evidence experimentale n'est pas facile car: 
— eile n'existe pas pour les couples projectile-cible identiques; aux grands 2j, 

le Systeme reste au-delä de la deformation critique, et on a des CTI; lorsque 
ßj diminue, il franchit cette deformation et evolue alors vers la fusion complete 
(l'absence possible de fusion aux faibles ßj est une autre question); 

— lorsque le noyau de fusion a une faible barriere de fission, les evenements de 
fission par le point seile et de fission hors barriere sont melanges. 

On ne peut done etudier ces evenements que pour des systemes initiaux 
asymetriques. On peut alors choisir soit un Systeme lourd, soit un systeme moyen. 
Avec un systeme lourd, on beneficie de la possibilite d'atteindre une grande plage 
de fi superieurs ä ßBf=0 a u x energies de bombardement elevees; en faisant croitre 
Penergie incidente, la proportion relative des evenements dus ä la fission hors 
barriere augmente, et ses caracteristiques peuvent etre mises en evidence. C'est 
ce qui a ete fait dans la ref. [49]. Avec un Systeme moyen, au contraire, la 
fission hors barriere est une faible partie de la fission par le point seile aux 
energies incidentes elevees, mais son seuil est un peu inferieur et c'est la qu'elle 
apparaft dans la ref. [51 ]. 

L'etude de ce troisieme mecanisme ne fait que commencer et il n'est pas 
encore possible de le comparer precisement ä la fission conventionnelle et aux 
CTI. Les experiences les plus interessantes seront Celles qui montreront les 
effets de formes des fragments. En effet, dans le cas du 3 е mecanisme, on 
s'attend ä ce que le Systeme reste toujours bi-nucleaire, par opposition ä ce qui 
se passe en fission. Des indications interessantes concernant ce point ont dejä 
ete obtenues [40]. 
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FIG.l. Representation schematique d'une collision tres inilastique. 
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Masse du fragment lourd 

FIG.5. Calcul de la distribution de masse dans la fission spontanee du Cfbase sur un 
transfert de masse aleatoire entre les fragments. N represente le nombre d'etapes d'echanges 
de nucleons. Une situation d'equilibre est atteinte pour N = 500. Extrait de la ref. [8]. 
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l'energie cinetique totale. Les nombres croissants correspondent d des valeurs croissantes 
de la perte d'energie (ref. [54]). 
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FIG.10. Illustration des modes d'oscillation, de roulement, de glissement, et de torsion, au 
point de scission. Les deux premiers modes sont doublement degeneres et le moment angulaire 
resultant peut etre decompose en deux parties, respectivement parallele et perpendiculaire au 
moment angulaire orbital initial. La torsion provoque une rotation uniforme plutöt 
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FIG.11. Rapport du moment angulaire transfere aux fragments (AS.) au moment angulaire 
orbital initial (S.-J, en fonction du rapport de masses des fragments finaux. Trois situations 
possibles d la scission sont indiquees: 
tirets: les fragments roulent librement I'un sur I'autre. 
courbes en traits pleins: les noyaux sont lies rigidement. 
courbe superieure: les'noyaux sont deux spheres en contact. 
courbe inferieure: les noyaux sont deux spheroi'des allonges en contact; le rapport des 
axes de 1,3 rend compte des energies cinetiques de fission et de quasi-fission pour les 
systemes lourds. 
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FIG.14. Systeme 63Cu de 400MeV 191Au. Distribution bidimensionnelle d^o/fdvfdvj des 
neutrons ditectes en coincidence avec les fragments de CTI. V| et vi sont les composantes 
de Ja vitesse du neutron respectivement parallele et perpendiculaire ä la direction du faisceau. 
Vi et Vi representent la direction et la grandeur des vecteurs vitesse des fragments leger 
et lourd respectivement (ref. [18]). 
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FIG.18. Distributions de masses des ivenements relaxes en energie pour le Systeme Ar + Au 
a 248 MeV. Les angles sont des angles laboratoires. On remarque les deux composantes 
obtenues: l'une attribuable aux CTIautow de la masse 40; Vautre ä la fission et au troisieme 
rnicanisme. L'echelle des ordonnees est logarithmique. Extrait de la ref. [10]. 
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DISCUSSION 

H. FREIESLEBEN: I have a question regarding the angular momentum 
transfer in deep-inelastic collisions and its connection with the bending, wriggling 
and twisting modes in fission. If you use the sticking model to explain the angular 
momentum transfer in deep-inelastic collisions, you can hardly add a bending 
mode, since you then destroy the sticking. In other words, are you not trying to 
mix two concepts? 

J. PETER: No, the system can attain cohesion close to the sticking limit, 
and the bending and/or wriggling modes can still be excited. To achieve the 
minimum angular momentum due to these modes, we compare the experimental 
angular momentum with the maximum orbital angular momentum transferred to 
the fragments, i.e. the value obtained in the limiting case of sticking. 

CR. GUET: Can you distinguish experimentally between the different 
mechanisms for light-charged particle emission in deep inelastic collisions? If so, 
with how much confidence? 

J. PETER: Yes, their origin can be deduced from their angular and energy 
distributions relative to the direction and velocity of the heavy fragments. We 
can distinguish with a high degree of confidence between sequential and non­
sequential processes, but I grant you the identification of the process or processes 
occuring in a specific case is much more difficult. 

J.B. WILHELMY: Does the wide mass distribution associated with reactions 
for which the fission barrier has been calculated to vanish require a longer time 
for the process than the characteristic deep inelastic times? Do we have to invoke 
a new time scale for this process or can it be fitted into our current concept? 

J. PETER: "Fission outside the barrier" requires full damping of the relative 
motion and of mass transfer (towards mass symmetry) and is observed to correspond 
to full angular momentum transfer and to at least one half-rotation. The time 
required is then the upper limit of deep-inelastic collision (DIC). In a reaction 
time distribution, "fission outside the barrier" would appear as the upper tail of 
DIC times when it corresponded to a narrow range of initial £ values, and as a peak 
when it corresponded to a broad range of S. values. 

P. SCHUK: Giant resonance widths are due to one-body dissipation. You 
mentioned that higher multipolarities dissipate more rapidly. Are there any 
experimental data on the way in which the giant resonance widths vary with 
angular momentum? 

J. PETER: No, not as far as I know. 
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