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FOREWORD

The Kernforschungsanlage Jiilich 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,

TIAEA.

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. BRITT

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

* Work supported by the US Department of Energy.



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 J» 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
;esults all pointed to inadequacies in the simple liquid drop theory of
ission.

The key to the understanding of these puzzling phenomena came when
Strutinski and collaborators in Copenhagen [6] and Nilsson and his :
group [ 7T} 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 [14-16] . 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

[171. .

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 [21]. Armed with more realistic models
and a continually expanding base of experimental data we are rapidly
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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 4)
and a sample of some new experimental techniques that may be useful in
expanding the measurements of T £/ Tn 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 1isomer excitation
functions is to try to deduce the gross properties of the potential
energy surface associated with fission. These Yexperimental" 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]. 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 deexcitation (or the
fission cross section) is measured. This type of experiment
[17,18,26,27]) gives information on the height and curvature of the
highest peak in the fission barrier. In addition, for cases where Ep %
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 Ep and Ejr
[14]). Since most isomers occur for heavy actinides (Pu, Am, Cu) where
Ep > 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 1sotopes 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 systen-
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 models for the analysis of nonresonant.
data are the level densities as a function of excitation energy at the
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FIG.1. 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, g,
Tnoand T,. A major advance in the development. of more realistic
models wa; 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] .
Models 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 K 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, Pg, 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 Pg 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 Pg 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 I's/T' , was necessary to repro-
duce the absolute magnitudes of the measured Pg 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 (3He,df) and (3He,tf) reactions.
It was found that the microscopic statistical model could not in many
cases reproduce the shapes of the measured Py 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 Pr 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 1lying 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 1is 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 1is 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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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
Pe. 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, w(E¥), is very similar at the first
minimum, the axially asymmetric first saddle and the mass asymmetric
second saddle. The similarity in(E®) is partly due to the similar
shell corrections at all three points but is also due to the fact that at
low energies the shell and pairing corrections tend to have opposite
effects on (E¥) and lead to a function which is relatively insensitive
to the single particle spectrum used to generate the state density. In
contrast, there 1s 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



IAEA-SM-241/A1 9

%o
O.SL 0 237Np —

(o1 o

Axially asymmetric

Pt

o4

[oF-4 ot

Axially symmetric

00
5
Ex (MeV)
FIG.3. Fission probabilities for 2TNp. Calculations show fit assuming an axially asymmetric

first saddle point and the change when the first barrier is assumed to have an axially symmetric
shape.

10.0 —

T Illllll

A-~axidlly asymmetric

Iﬁllﬂ]

a
= - -
\<‘t
Z  olof —]
— A-axiolly symmetric -
B 237Np ]
0.01 —
001 —L L 1 1 1 I
o 5 6 7 8 9 [{e} i 2

E¢ (MeV)

FIG.4. Ratio of the number of open channels available at each saddle point when different
assumptions are made for the shape symmetries at the first saddle (A).



10 BRITT

<
T

T

L

f
© © o O o
o N b oo ®

[

FISSION PROBABILITY (P¢)
O O O o ©
o M D o @

o

© © o o ©
O N b o

1
7 Q I 5 7 Q I
EXCITATION ENERGY (MeV)

FIG.5. Fission probability data for a series of neptunium isotopes. Solid lines are fits from
the microscopic statistical model described in the text [21].

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 rotatiocnal 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 Py data for
23JNp. 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 Py 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 Ps distributions is illustrated
in Fig. 4. 1In the case where Ej 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. Ny 1is always less than NB). However, for an axially asymmetric
first barrier Nj increases more rapidly than N so that near thresh-
old Pr depends most sensitively on Ep while at higher energies Ep
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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 Q12 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 {12,13].
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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penetrability through a single peaked fission barrier. In contrast Fig.
6 shows Pr distributions for 231Th and 234Th 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 231Th 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 231Th 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 caleulations was suggested by
Moller and Nix at the 1973 Conference [19] and shown to be qualitatively
reasonable in a later publication {31] . 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 228,
[23]. In this case 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 Ep % 4,2 MeV and Eg ¥ 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 231Th 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

K = 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 of 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.

3.2. 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 [34] 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
Eé of 5.4 MeV and 4.8 MeV, respectively, which are rather similar to
250cy and 252¢f, These results taken together suggest a significant
decrease in Ej for N > 152. Furthermore, in the case of 250Cm a weak
resonance at U MeV established the height of the second barrier at 4.4
MeV [ 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 1lighter 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 anisotropies suggesting that there may be closely
spaced resonances with different K values. Closely spaced resonances in
an even~-even system with different K 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 K = 0 and X = 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 [39}.
Attempts have been made to try to correlate this behavior with character-
istics of the second saddle point in the potential energy surface [U0,
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 228Ra [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 symmetrie
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 228p, data,
results became available on the fission probability for 238U in the
excitation ener%y region 6 - 12 MeV from studies with monoenergetic pho-
tons[42) . 238y is a particularly interesting case because previous
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data from (t,pf) [26] and (Y,f) [43] 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[ 24}
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 Py by about a factor of 4 at excitation en-
ergies above 10 MeV. 1In analogy to our conclusions for 228Rz ye de-
clded 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
P¢ 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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points separated by N1 MeV for 228Ra in agreement with the conelu-
sions from the model fits. For 238U there is also evidence for two
saddles with a separation of % 0.5 MeV. 1In the 2380 case the ridge
between the two saddles is not as distinet as for 228Ra.

Recent attempts to systematically refit the Pg data [37] for acti-
nide nuclei have also shown that the inclusion of an axially asymmetric
parallel second barrier which is R 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 mass 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 exeitation 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
228R3 can be approximately identified with fission over the two par-
allel saddle points the same is not true for 238y. For 238U such a
correlation would predict predominately symmetric fission at excitation
energies above 10 MeV and this is not observed experimentally. For
238y 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.

4. 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
Ep» Eg and the curvatures fwp and hug 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 Ej % 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. 1In general, the dependence of Ej and Ep 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 Ty and T 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. 14 are values for Ep 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 [U44-47] 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. 1In
Fig. 14 we also show estimates for Ejp and Ep that are obtained from
an analys:.sl%_] 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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from Mdller [29] (solid line), Pauli and Ledergerber [30] (thin solid line) and Moller and

Nix [31] (dashed lines). E 5 has been corrected for effect of axial asymmetry as described

in the text.

In Fig. 15 the experimental barrier parameters are compared to pre-
dictions from three theoretical ecalculations. The calculations by
Méller [29] use a modified harmonic oseillator 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 M&ller and
Nix [31] 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 208Pb., TFor the last two calculations the effects of axial de-
formation at the first saddle were not systematically studied. 1In the
results shown in Fig. 15 the corrections of Larsson and
Leander [49] have been applied to the Ej values from both M6ller and
Nix, and Pauli and Ledergerber. The M8ller and Nix uncorrected values of
Ep 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 4 1-2 MeV. The
overall agreement appears best with the calculations of Mdller but there
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FIG.16. Evaporation residue probability for **¢U({"Li, an) 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. Tg/T, MEASUREMENTS TO HIGHER ENERGIES

In the preceding sections we have seen that the experimental studies
of fission probabilities for actinide nuclei in the excitation energy
range from threshold to the onset of 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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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 3sever-
al interesting aspects of the fission process. 1In the higher excitation
energy regions it appears that a simple extrapolation of the model des-
eribed in Section 2 gives too large a value of I's. 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 [52] so that at a sufficiently high energy the deformation
which gives the state density appropriate for an estimate of Ty would
correspond to the 1liquid 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
cases Py 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 r'eaction[53,5u] . These are the actinide nuclei which survive
_fission and decay by xn evaporation. The measurement gives a probability
APER = 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-
tie TLi particles and a coincidence required with backward reaction
alpha particles. The (7Li,® ) 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 Ff/ Fn up
to the next higher region of excitation energies.

. Another reaction that has been recently studied [54] is the
(120,8Be) reaction where the two alpha particles from the 8pe
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.
These data have been analysed in a variety of models and yield a set of
barrier parameters, Ep and Eg 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 1s 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 23!Th 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
K 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: AsI 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 (hw), 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— AuHoTauus

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 y-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).

HU3KO3HEPTETHUECKOE ®OTOAENEHHUE TAXEJLIX AIEP.

B paBoTe MOOBITOXKEHBI PE3yNbTATHL MCCIIEROBAHMH HH3KOIHEPIeTHYECKOTO (GOTOMENEHHA TaXKe-
NbIX AREp — NpPeMMYIeCTBEeHHO B nMoaGaprepHoit o6nacth sHepruft Bo3Gyxnenns. IMogpobHo obeyx-
AATCA BOMPOCHl YIMOBO# aHU3OTPOIHU pas3jieTa OCKOJIKOB M KaHaJIOBOR CTPYKTYphI: CHEKTp Iepe-
XONHLIX COCTOAHMIt mensAulerocs AApa, poib CMMMETPHH sifpa B GOpMHUPOBaHHH yITIOBOI'O pacmpepe-
JIEHHsA, MacCOBBIX pacrpefeneHHi! OCKONKOB, AenumMocTelt Amep. IIpHBOMATCA pe3ynbTATEI IKCIe-
PHMEHTOB MO HU3YYCHUIO CBONCTB CIOHTaHHO HenfLMXCS H30MEpOB B PEAKUMAX C Y-KBAHTaMH. AHa-
JIM3UPYIOTCA BaHHble MO M3yyeHU rny6oxko nogbapsepHoro ¢oTomeneHnsa U oGHapyKeHHbIX B 3Toit
06acTd HOBBIX fABJICHHH — M30MEPHOTO HIenkda, aHOMamuit M30TPOMHOI COCTABNAIOWEN YTIIOBOTO
pacnpepeseHus, pe3OHaHCHON CTPYKTYpPhI CedeHHA.

1. BBEIEHHUE

“HTCPCC K ABJICHMIO J€J1CeHUs aTOMHBIX AJep oGycnonneH HE TOJIBKO €ro npakKTH-
YecK Ol 3HAYHMOCTRI0, HO H YHMKAJIBHBIMH BO3MOXXHOCTSMM JIS H3YUCHUA CBOMCTB CHJib~
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32 CMMPEHKMH ¥ LIMIEHIOK

HO AedOpMHpPOBAHHON siAepHON MaTtepun. Ecnu xonebanus Anep, H3yuaemble CIEKTPO-
ckonueit, npeacrapnaoT coboi HeGOMbIIME OTKIOHEHHA OT PaBHOBECHOH AedopMaiuy,
TO hU3MKa AENEeHNs] UMeeT eI ¢ MPOLECCOM, B KOTOPOM JHEPTUs TaKXe KOHICHTPH-
pyercs Ha xonebarenpHO# CTeneHu cBoGOMBl, HO AedOpMalnsa BO3PacTaeT HACTONBKO, YTO
3aBepllaerca paspaioM sfapa. O6MacTs BepLIMHbI BO3HUKAIOILETO NpH 3T0M Gapbepa, ¢
KOTOPOH CBA3aHO TaK HadbIBa€MOE INEPEXOIHOEe COCTOSHHE JENALIErocs sAOpa, — camMoe
Y3KO€ MECTO B NpOILecCe AENIEHHs, ONpefensioliee MHOTHE €r0 CBOHCTBA: [EITHMOCTD,
YTIIOBBI€ paclpeleNIeHUs OCKOIKOB M Ap. M3yueHne nocneaHuX, B CBOw O4epeds, mo-
3BOJISIET [eNaTh 3aKJIIOYEHHSA O CBOMCTBAX 3TOI0 COCTOSHHA, OTIIHYAMMIETOCH OT PaBHO-
BECHBIX aHOMAIbHO 6OMNblUoN Aedopmanuei.

Jenenne sagep — OAMH U3 TUNOB AACPHOTO NPEBPAIICHHA, H IKCNIEPUMEHTATIbHBIC Me-
TOMYb! €ro U3Y4eHHUs, MO CYLIECTBY, HE OTIMYAIOTCA OT COOTBEICTBYIOLUMX METOLOB SLEPHOMN
dusnxu. CaMbIM IPOCTbIM CIOCOGOM BHECEHUS 3HEPIMM B AOpO ABIAETCA OGIyueHUe ero
Y¥-KBAaHTAaMH — §e3MacCOBBIMH YaCTHLAMM, 15 B3aHMOJEHCTBHA C KOTOPbIMH XapaKTepeH
OUeHb OT PAHUYEHHbIH CTMEKTP OPOMTANIBHBIX YITIOBbIX MOMEHTOB. B 3TOM OHHOBpEMEHHO
NPEHMYIIECTBA ¥ HEJOCTATOK TaKOro crnocoba Bo36yxaeHusa. MBI He MOXEM TaKHMM CIIO-
cOBOM HCCIIEHOBATh CIIOKHbIE THITbI ABIKEHUS HYKIIOHOB B fIApe, OMHAKO B IPHMEHEHHH
K M3YYEHHIO IIpolecca JEeleHHA aTOMHBIX fAep, KOTOPbIA caM Mo cebe HeoBbIYaliHO CIIoXeH
M MHOTOTpaHeH, 3TOT HeIOoCTaTOK (IIPOCTOTa) ABNACTCA B JAHHOM Cllyuae NPEeUHMYLIECTBOM.
MiMeHHO ¢ 3TOH TOYKH 3pEHHS NPUBIIEKATENBHO H3yueHHe POTOMENEHUA TAXKENbIX ARep
TPH 3HEPrusix, GIM3KUX K IO POTOBbIM.

I'amma-kBaHTBI ¢ 3HEeprueit 5-7 MaB HCIBITBIBAIOT Ha TKENBIX ALPaX B OCHOBHOM
3MeKTPUYECKHE [JHNONbLHOE H KBaJIPYNONIbHOE TIOTJIOIUEHH. JINA YeTHO-UeTHBIX SHep-MH-
LIeHeH 370 MPHBOTHMT NIPEHMYILECTBEHHO K 00pa30BaHUI0 COCTABHBIX ANEp JIMLIb B ABYX
BO3MOXHBIX COCTOSIHMAX: 2*u 17, npHyeM, U3-3a TOTO, YTO /UTHMHA BOJIHBI Y-KBAaHTOB B
paccMaTpuBaeMOH 0ONacTH 3HEPTHil 3HAUMTENHLHO MpeBbIIIAeT pa3Mephl sApa, CeyeHHe Iu-
TOJIBHOTO NMOTJIOLUECHUSA JIOJKHO OBITh 3HAYMTENbHO GOJNbLIE CeUeHHsT KBaPYIOJbHOIO 110-
TJIOLIEeHHsA. MOMEHTBI YeTHO-YETHBIX COCTABHBIX ALEP MOCIIE TOITIOMWEHHA Y-KBaHTOB C
Pa3HON MYJIbTUNONBHOCTBIO OKA3bIBAIOTCA T10-PA3HOMY BBICTPOCHHBIMH BJONDb HAIPABIIEHHS
nyuxka GOTOHOB, ¥ 3TO 06ecneuBaeT BbICOKYI0 YYBCTBHTENHHOCTD YITIOBBIX pacIpenene-
HMA OCKOJIKOB K KBAaHTOBBIM XapaKTEPUCTHKAM COCTOSIHHM, 4epe3 KOTOpPbIe IIPOHCXO-
oMt Oenendne. bBomee T0ro, TONBKO ¢ NOMOHIBIO Y-KBAHTOB OCYLUECTBIISETCA BO3MOMXKHOCTD
M3YYEHHSI BEPOATHOCTH [ENEHUA Yepe3 COCTOSHUSA C ONpeeeHHbIMY KOMOHHAIMAMU
CNIMHA Y YETHOCTH B LIMPOKOiH O6NIACTH 3Hepru#t. ITHMM OGCTOATENBCTBAMH OOYCIOBIIE-
Ha [PeUMYLUECTBEHHAsT HANIPABJIEHHOCTb HCCNIEIOBaHHA (POTOMENIEHUSA HMEHHO YETHO-YeT-
HbIX AEp.

Jaunett 0630p He mpeTeHyeT Ha BCeoObEMITIOLIMI OXBAT BCeX paBoT mo usyue-

HHIO JIETIEHNSA Allep Y-KBaHTaMH HU3KUX 3Hepruit (<10 MaB). Mbr cTaBIM nepen co-
$oil 3aauy aHaNM3a 3KCIEPHUMEHTANIBHBIX Pe3YNbTATOB, 3aTPArHBAIMX IIPHHIMIIHAIb-
Hble CBOMCTBA mpolecca AeneHua. EcTecTtBeHHO, 4To 3TOT 0630p BO MHOIOM OTpaXkaeT
HaIlpaBlIeHHe HccieloBaHui (HOTONENEHNA Ha 31IeKTPOHHOM YCKODHTENE —~ MHKPOTPOHE,
npopoauMbIXx B UHctutyre dusuueckux npoGnem AH CCCP B teuenue mocnegnux 15 ner
coBmectHO ¢ PusmKo-aHeprermueckum nHcTUuTyTOoM I'KAD CCCP.
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2.  YIJI0BASI AHU30TPOIIMS ®OTOJEJIEHWA U IUIIOTE3A 0.BOPA

ABneHue yrioBoH aHM30TPONHH JeNeHust GbUIO BIIepBble OGHAPYXEHO YHHXOIIIOM,
HemocoM u XannepoHoM B 1952 r. umenno B peaxkuu (y, f). Jxcnepumenr [1] moxa-
3a11, uTo MpH doTomenenuu 22 Th 0CKOIKY Pa3NeTa0TCA MPEMMYIIECTBEHHO TOM MPAMBIM
YIJIOM K MYUKY Y-KBAaHTOB TOPMO3HOFO W3MIyueHUs, HX YITIOBOE DACIpENENICHHE CHelyeT
saxony W(6) = a + b sin®8, a otnoutenme xoaddunmuentos bfa = W(90°)/W(0°) — 1,
XapakTepH3yIollee YIIOBYI0 aHU30TPONHI0, BO3PACIaeT N0 MEPE MPHOIMKEHHS rpaHHYHOM
SHepruy y-KBaHTOB Ep,.x K Topory AeneHus. Uepes NMATH JIeT HAHuMe 5THX CBOHCTB
ObUTO YCTAHOBJICHO ele Y HECKOJIBKMX ueTHo-YeTHBIX smep [2].

Jis 0GbsCHEHAS YIIOBOM aHM30TPONMH pasjiera ockonkos O.Bop [3] seimsumysn
B 1955 r. upero 0 xaHanax AeNEHHA — KBAHTOBBIX (IIEPEXOJHEIX) COCTOAHMAX AMpa B Cell-
nopoit rouxke. T'mmoresa O.Bopa mpenmonaraeT, 4TO KaXAOMY KaHaily AeNcHUsS OTBEYa-
€T CBOA MOBEPXHOCTh MOTEHUMAIBHOM 3Hepruu fedopmaumu, onpefensemas HaGopom
KBaHTOBbIX X2apPaKTepHCTHK: J— yriioBoro MoMeHTa sfipa, K — ero mpoekuuH Ha Hampa-
BJICHHE JIeJIEHUA, COBMAJIAIONIEE C OCBI0 CHMMETPHH (KaK ¥ B PABHOBECHOM COCTOSHUH,
ANpPO TPEATIONATaeTCsl 2KCHANBHO CHMMETPHMHBIM), T — UeTHOCTH cocrofsHuA. Ilpemno-
Jlaraercs, YT0 BeJIHuMHA K MOXeT 0Ka3aTbe JOCTATOYHO “XOpPOLIMM’™ TPHONMKEHHBIM
KBAaHTOBBIM YHCIIOM B Npolecce CIyCKa [IeNAierocsa Afipa ¢ CEMIOBOM TOUKH K TOUKE
paspbiBa. Bo3HHkawmas TakHM 06pa3zoM 3aBHCHMOCTH BBICOTBI Dapbepa E? OT_KBaHTO-
BoIX xapaktepuctix A =(J, 7, K) oGecrneunpaer HEOMHOPOAHOCTD pacnperienieHus J , uTo mpu
HaJIHUMH OTpeNeNIeHHONH BHICTPOSHHOCTH YIJIOBBIX MOMEHTOB cocrtasHoro sfapa K B mpocr-
PaHCTBE NPHBOJMT K YIJIOBOH aHH3OTPOIHH Pa3ieTa OCKONIKOB OTHOCHTEIILHO HallpaBIIe-
HUA TMAAAHLIETO MyYKa.

®oToneneHNe YSTHO-UETHBIX ANEP NpefICTaBisAeT cobol HCKITIOUHMTENBHO Bitaronpu-
ATHYI0 BO3MOXHOCTb [UIA M3ydeHHus cneacteuil runotessl O.bopa. Ecmu 3Heprus y-KBaH-
TOB G/IH3Ka K TOpOry, T0 JOMHHHPYIOHIAs pojib B JieNICHMH OyAer MpHHam/IekaTh KaHa-
nam J7 = 2" n 17, K =0, KoTOpble, KAK OTMEYaIOCh, BO3GYXKIAKTCA NP IEKTPHYECKHAX
kBagpynonsioM (E2) u pumonssom (E1) mornmowenuax. 310 mepesie BO30YXIEHHbIE CO-
CTOAHHA MMEHHO TeX HWXAMIIMX BpalATeIbHEIX TIOJIOC KAHANOB MIEJIEHHA, KOTOPBIE Mpef-
cxasan O.bop. Tapuuanpislit BKIag KaXKIOTO U3 HMX MOXET OBITh HAIEXKHO YCTaHOBJIEH

IKCTIEPUMEHTANILHO TIO BHAY YTJIOBOTO pacnpefenenus Wi (8) ~ l ID{,ﬂ( ©®* + ID!I\,H(‘(B)I2
s 3ananneix J u K, a umenHo: Wy ~ sin®20 u Wy, ~ sin®6, rme DJMK(O) — dyHkuHMg

BurHepa, M — npoekuus J Ha HanpaBjieHHe NMy4YKa, paBHas IS y-KBaHTOB * 1. B oGuiem
CllyYae YIJIOBOE DACTpelleyleHHe OCKOIKOB OMHMCBIBACTCH BbIPaXKeHHEM

W(8) = a+ b sin?@ + c sin?20 1)

IJe H30TPOMHAA KOMIIOHEHTA a CBA3aHa ¢ xaHanaMu K # 0, B ocHopHoM K™=1"
Cnenys HepapeHCTBaM
20
Ef < ElO

B

Jo JK
E¢ < Eg
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KOTOPHIMH BbIPaXKeHO copepxanHe rumoressl O.bopa u
Mp. E2 El
0,2< 0y° < 0y

KOTOpbIE OTIHCHIBAIOT COOTHOLICHHE MEX1y CeUeHUAMH hOTOMOrNOIEHHS PA3HOH MYITb-
TMOTILHOCTH, OTHOLICHHA K03 dumkeHToB (1) MOXHO BHIPAa3HTb uepe3 MPOHHIAEMOCTH
Gapsepa T (E, E}) mns oTnensHbIX KaHamoB:

22 +1=T(E EP)/TE, B} @

2 .
3_=5L$zfﬁ~§ﬁp'_T(E’_E%o) 3
b 40FIP}® 4 ol T(E E)

(
1, E >EY

A
LEED _ ) 20 )|, mpp<e @
hw

TEEY)

exp[g—"- (EP’—E%)J, E <E}
W
A

rie, pald MPOCTOTBI, MBI NMPEANOAOXHIH Hwy = hwy = hw <27 (Ef"— E}) u urHopH-
poBayit B (3) pa3’HHIy B OTHOIIGHHAX OENHMOCTEH Pfr‘ u nponmuaemoctei T (E, Efr‘) s
OBYX KaHAJIOB C pa3sHbIMM KOMOGHHauusamu J7. Us cootnouiennmit (2)-(4) BbITeKawT
ClIeyOHIKe CBOMCTBA YITIOBBIX PAcNpelleleHHit OCKOIKOB (POTOMENeHHs YeTHO-YeTHbIX
Anep, KOTOPble MOXHO PacCMAaTPHBATh KAK XapaKTePHBIE NPU3HAKH “’KaHANOBOH™ CTpYyK-
Typbl Gapeepa E%K no O.bopy:

1) 3kcnoHeHuHanbHOe yBenuueHue orHoluenuin (2) M (3) B o6mactu Ef‘ <E< E}";

2) cylecTBOBaHMe H37IOMA 3TOi 3aBHCUMOCTH B OKPECTHOCTH IHepruii E ~ E}< E}",
HIDKE KOTOPOH OHa pe3ko ocnabepaer WIH HCYe3aeT COBCEM, eClH fiw, = hwy .

BnepBhle COBOKYIHOCTb YKa3aHHBIX cBoiicTs W(6) Habmwomanacs B paGore [4] mpu
n3yuenuu doromeneuna 2>*U Ha nyuke TOPMO3HOTO M3NydTeHHs Mukporpona UOIT AH CCCP.
Ha puc.] mpuBeneHbl 3K CepUMEHTAIRHBIE TaHHBIE U Pe3YNbTaThl padnoxenus W(6) mo
KOMIIOHeHTaM corsniacHo (1), KoTopble 6bUIM MOIyueHbl B [4] H NMpH aHanOrHYHbIX H3Me-
pernax miA 22Th u 2*°Py [5-7]. HecMOTps Ha pasHHIly B COOTHOIUEHHH KOMIIOHEHT,
o6CcyxIaemMyIo HAMH TO3e, OOIHMM /15 BCeX ffiep ABIACTCA KaYeCTBEHHOE COOTBETCTBHE
JHepreTHUECKOH 3aBUCUMOCTH HX BKJama B W () npemcka3anuio, BEIPaXaeMOMY COOT-
HourenMaAMH (2)-(4).

Jnsa ycTaHOBJIEHHA afleKBATHOCTH IpeCTaBieHui Momenu xauanos peneHus O.Bopa
pelliarolliee 3HAUCHHE UMeeT NOoNyueHHas B [4] mudopMamus o kBaapynonsHOM doTtone-



TAEA-SM-241/A2 35

L5254 57 6 &4 7 & WE)
232, 7 / "
las

238U 145

NP

b, s

239

"

OO IO 060030850 0306800I0680
I R Elapait

Puc.1. Yzanosoe pacnpedenerue ockoaxos npu gorodenenuu *2Th, *2 U, Py, 2*Pu ropmosrsimu y-Kxean-
TUMU NPU PAFAUSHLIX FHEP2UAX INEKTPOKOS, YKAZAHHYIX Ha pucyuke (6 M3B). Hannvie easatst us pabor [4-7,
14]. Iynxtupom noxasani komnonerrs: W(0):
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Puc.2, OrHocutensnsiii 6K430 KeaOpynoAsKoii KOMNOKERTS Y2a08020 pacnpedeaenus 0aa *2Us 3asucumo-
CTU OT 2PaHUYHON 3HEp2uU TOPMO3HOZ0 cnekTpa: ® — [4-7],0 ~ [9].
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Puc.3. Inepeerudecian 3agUCUMOCTS y2n080ii aHUIOTpONUU — oTROwerus bfa das adep *Th, ¥, 2%Py:
® — [4-7]),0~ [9). Hascragre: 3agucumocTs deaUMOCTU U Y2A080il AKUOTPONUY 8 MOdeau 00K020p 6020
Gaprvepa. ITyHKTUDOM NOKA3AHO ROAONKERUE HABI0OEEMO20 NOPO2a.

JIEHHH, TIOCKOJIKY JIO 9TOTO CHODPHBIM GBUT axke caM dakT HaGIIIOIeHUSA KOMIIOHEHTDI
~ sin’? 26, He TOBOPA yXe O CBONCTBAX OTHOLIEHHS /b, N0 KOTOPHIM MOXHO GbUIO Gbi
CYIMTb O IPENNONaraeMoil CTPYKType €eKTpa COCTOSHHI MEAILEroCs AApa U CBA3H NX
€ CeUIOBOM TOUKOii.

B nonBapnepHoil 06NacTH 3HEPrHil IKCHIOHEHIHATIBHOE TIafieHie IPOHUIaeMOCTH
T(E, E}®) xommeHcHpyeT ManocTh OTHOLUGHUS o?‘,z/ o$1 HACTONBKO, 4TO KBaJIpyTOJIbHAs
KOMIIOHEHTa C, C Tpynom BbiaenseMan B W () B HamGapbepHOil o6nacty, rinyBoKo mof
TIOPOroM CTAaHOBHTCA npeobnapamoiedl. JTOT MEXaHW3M NoAGapbePHOTO ”ycnneﬂuﬂ;’
OTHOCHTEJIBHOTO BKJIaAa KBaHpYIOJBHOK KOMIOHEeHTH W (), KOTOpbII BHEpBBIE OGCYX-
pancs I'puddunom [8], “pabortaer” cornacHo (4) NHHIb NMPH AOCTATOUHOM PaCCTOAHWHM
mexqry xaHanamu E}°~ E¥ > hw/2n. Us puc.2, Ha kotopom mia >**U npuseneHs! nak-
ubie [4-7] BMmecte ¢ pesynbTaTamm HemaBHMX M3MepeHnit B lpemu [9], BupHO, ¥TO MO-
BeJleHHE OTHOLeHUA ¢/b HAXOOMTCA B COTIacHu ¢ BhipaxkeHuaMu (3) u (4), cormacHo
KOTOPBIM 10 HaKIJIOHY IKCHOHEHIMAJIBHOTO YYacTKa Jierko ouenuth hw =~ 0,9 M3B, a
no pemuunne “ycmrenusa” — E}° ~ EF =~0,6-0,7 MaB. AHaJIOTHYHO, T.€. B COOTBETCTBHM
¢ (2) u (4), Beper cebs yrnopas aHU3OTPONHA GOTOdENcHHUA b/a, JHepreTnyecKas 3aBH-
CHMOCTh KOTOPOIl IOKa3aHa Ha puc.3.

3aBHCHMOCTb OT HEPIHH aHW3OTPOIHBIX COCTABIAKINMX YITIOBOTO pacrperieneHns
W(6) B paitoHe nopora He TONBKO IIOATBEPXKIAET KOHKPETHY0 CTPYKTYPY CHEKTpa KaHa-
no dotomenennsa verHo-yetnbix smep (J7, K) = (2%,0), (15,0), (1,1), Ho u sBnAerca
BaXKHBIM CBHIETENBCTBOM TOIO, YTO XapaKTepHcTHka K B mpouecce pasieneHHs coxpa-
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HAETCA, T.€. ABJIAETCA AOCTATOYHO XOPOLIMM KBAaHTOBBIM YHCIIOM: HaOioparTcA Mpak-
THYecKH “wicThle” Dig-dyHicmum D310 (6)]2 u |Dis (8))*. Cmeumpamme K, ecrn
6Bl OHO GBUIO CYLIECTBEHHBIM IpU CHYCKE C BepIUMHBI Gapbepa, IPUBENO Gbl K 3HAUMTEND-
HOMY BKJIaZly H30TPOMHON KOMIIOHEHTH! (TIPH OfHOPOHOM pacnpenenernuu K penenne
H30TPOIIHO) .

YrnoBble pacTipefielieHis OCKONKOB QOTO/IENIEHHS, COrNTACYIOUMECH C HIIT0XKEHHBIMH
TPeACcTaBTIEHHAMM, H3YUeHbl VIR BOCHMH UETHO-YETHBIX flep oT “2Ra go **Pu [2, 4-7,9-11].
dotopesieHye Alep ¢ HEYSTHHIM YMCIIOM HYKJIOHOB MpaKTHYecKM H3orponHo [2, 12]. 3tot
pesynbraT Takxe npenckasan O.Bop [3], cBa3aB ero ¢ Gonpimm HaGOPOM FOCTYTIHBIX
COCTOSHMI 10 J, MeHbILeil BBICTPOEHHOCTBIO YITIOBbIX MOMEHTOB BCJIEACTBHE HaMUyHs
XA0THYECKH DACIpe/le/IeHHOrO CIMHA AHpa-MHIIeHH, Gonee BbICOKON TUIOTHOCTBIO KAHAIIOB
penemms (E} - E} 2 hw/2m). Hekmouenne cocrapnset Aapo 2> Pu, nMeromiee MHHMAb-
HbI§ CIHH 1/2, YrioBble pacnpefeneHusa MIA KOTOPOIO MOKa3aHbl B HMXKHe{l yactH pHc. 1
[13, 14].

3.  AHOMAJIMS OTHOHIEHMA b/a Y IBYTOPBASA CTPYKTYPA GAPLEPA

B npempinyuieM paspene Anif WUIOCTpanuu ciiefcTBuit runotessl O.Bopa H 06¢yx-
JeHus KCIEePUMEHTANBHEIX JaHHBIX MBI GaKTHUeCKH MCMOIb30BANH NPENCTaBIeHHA 06
onHoropGoM Gapbepe, KOTOpPble MOTHBHPOBAIMCH B TNPOLTIOM MOJENbIO JKHAKOH KaIUlM H
npocywecTBoBany Ge3 Manoro 30 ner. Paccupranmbie ans Taxoro Gephepa 3aBHCHMOCTH

0 .
nenuMocTi Py = ot - T orHoweHusa bfa = (Tyy ~ Ty;)/2T,; OT 3Hep-

of! Tio + 2Ty +T1,

THH BO3GYXIeHHUsA MOKAa3aHbl Ha BCTaBKE K PHC.3, OTKYHA ClIedyl0T OMUCaHHbIe BbILIE
CBOMCTBA YITIOBOH aHH30TPONHM doToAeneHuA. OFHO H3 HMX yHOOHO HCHONB30BATh IIPH
KaueCTBEHHOM aHaNIH3€e 9KCIEPUMEHTANBHBIX JAHHBIX KAK XapaKTepHbIH MPU3HAK KITac-
CHYeCKOH KAHAIOBOM CTPYKTYDH: KaHAJIOBble 3¢deKThl B yr0BOH aHU30TpOmMH (TIOObeM
H meperuG b/a) B cnyuae omHoropGoro Gapbepa MOMIKHBI GBITH B HALIOPOTOBOM 1O Ceve-
HHIo feieHus o6rnacTy IHeprui.

Ha puc.3 nua tpex spep 22 Th, 2**U u 2 Py, gexoTophie YINOBbIE pacnpeliesIeH s
JUIA KOTODBIX NOKa3aHbl HA PHC. 1, MPMBENCHBI NaHHbIe 06 YITIOBOH aHM3O0TPONHH Jere-
Hus bfa. IIyHKTHpOM Ha BCTaBKe PHC.3 MOKAa3aHO IMOJIOYKeHME HaGiiomaeMoro Mopora,
KOTOpBIi ¢ TouHOCThI0 A0 0,1-0,2 M3B omHHakoB y 3THX Aflep. XOpOIIO BHAHO, YTO €CAM
B omyuae 2*2Th peanusyercs “KTaccHueCKas KapTHHA”, T.¢. OXHIAeMAA B COOTBETCTBMH
C pe3ynbIaTaMH pacyera Ha BCTaBKe, TO WA Gonee TAKENBIX AOEpP TOJOXeHHe M3NoMa
(MaiccnmyMma) b/a HAXOPHTICA B TPOTUBODPEMHH C Hefl, OHO HAXOIMICA He crpaBa OT HaGllio-
HaeMOro 1opora, a CieBa, NPHIeM PACXOXJACHHe TeM CHIIbHEe, YeM BbIe Z AMipa. Harep-
TIpeTandsa 3TOT0 HEOKHIAHHOTO CBOMCTBA B pPaMKaX CYIIECTBOBAaBLUMX IpeNCTaBICHUN BhI-
3BaNa 3HaYMTENbHbIe TPYAHOCTH [, 15], KOTOpBIE YAAIOCH IIPEONONIETD JIMIb HA OCHOBE
TEOPETHYECKOTO MPEACKAa3aHUA O CYMICCTBOBAHMH IBYTOpOOi CTpyKTYphl Gapbepa Mene-
HHA TAXENBIX Aaep B pa6orax CrpyruHckoro [16].
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Puc. 4. Cpagnénue euixo0oe peaxyuu (v, f] (na pucynie oGosnauenn ~ 8] ¢ pe3yavTaramu packeros ¢
or(E) = afI(E} . };/!, 7 (ng pucytxe obo3nauenst ~0J. B Rumneil vacTu pucyrKa npugedensl 3ecnepuMer-
TaabHble OaHKble 06 OTHOCUTEALHOM 8Kade KQaOPYNOALHOU KOMROKERTbL 8 NNl 8b1X00 peakyuu goTo-
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Puc.5. Cxemaruveckoe pacnonomenle nosoc noAOKUTEALROL U OTPULATEABHOU YETHOCTEH Y 3EPKANLHO CUM-

MeTDUNHO20 (8EDXHAR YaACTS DUCYHKA) U ACUMMETPUYRO20 (NUNHAR ¥aCTs DUCYNKA) S0eD.

O6bACHeHNe aHOMAJIMM YITIOBOH aHM30TPONMH (POTONE/IeHHA YETHO-UETHBIX ANED B
pamKax MOMeNH AByropGoro 6apbepa cOCTOHT B ciefytoweM [6, 15]. C Touxwm 3pemus
daxrTopoB, GOPMHUPYIOIMX YIJIOBBIe PAaCNpeNeSieHHA OCKONKOB, HOBOE B MOMEIH IBY-
ropboro 6apbepa 3aKAIOYAETCA B CYLUECTBOBAHHU He OJHOM, Kak IPex[e, a OBYX CHCTeM
KananoB fenemnst E}y u Elg, cootBercTBylONMX ABYM rop6am (CeZTOBbIM TOUKAM) ,
MEXAY KOTOPbIMH B MHHHMYMe AMPO MOXET XHTh NOCTaTOUHO AoNro. Ecmu 310 Bpemsa
OOCT4TOYHO BEJIMKO B CPABHEHMH C NMEpHONOM MHrpanyH BenuuuHsl K, To Appo Gymer
daxueckn ’3abpiBath’”’, 0 KAaKOMY M3 AMMONbHLIX KaHanos, (17,0) wmw (17,1), oHo
MpPOLWIO Yepe3 BHYTPEHHMIT 6appep A, M YIJIOBafA aHH3OTPOIMA padieTa OCKOJIIKOB OyAer
ONpEnenAThCA CeKTPOM KaHaNoB Ha BHeiliHem Oapbepe B. ITockonbKy nopor, HaOmo-
aeMbIii B CEUYCHWH, ONpENENACTCA BbICOTON HanboNbIlero us rop6os, OXuAaeMan KapTu-
Ha GypeT 3aBHCeTh OT COOTHOLUEHHA MeX Iy HX BeNHuMHamu. Ecmu moporom smnsercs
rop6 B(Esp > Efa), To curyauus Gynmer Gnuskoil K Toi, KOTopasa OXHUEAETCH B MOIEIH
onmoropGoro Gapbepa, H OHa peannayercs B cmydae 2> Th(y, f). ¥ usoromoB miyTomus,
B uacTHOCTH “**Pu, Bhilite rop6 A, BCICHACTBUE YeTO KAHANOBHIE pGeKTH B YraoBoi
AaHH3OTPOIMH M3-32 MeXaHu3Ma “3abbiBanmsa” (cMmeumpanms) K cmewaiorcsa B moaGa-
pbEpHYI0 MO CEYEHHIO FesIeHHA O06NacTh SHEPrHM, B COOTBETCTBMH C BbICOTOi ropba B.
Ha srom 3rane pabot no ¢oroneneHno, NO-BHAMMOMY, BIIepBbIE YHOAJIOCh NOJNYYHTD NpPA-
MO€ IKCIEPHMEHTANTbHOE NOATBEPXKIACHHE OHOro M3 Haubomee BaAXKHBIX NpENCKa3aHHi
Mopenu ApyropfBoro Gapbepa — 3aBHCHMOCTH BHICOT ropGoB A M B o1 Z pmenawerocs
agpa [16, 17].
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4. KBAJIPYNOJILHOE ®OTOIEJIEHHE U CHMMETPUS OEJISILETOCA SIOPA

Bo3BpaTtHMcA K KBafipynoJisHOMY (oTomenenuio ¢ TeM, 4066l O6CYOUTH JONTOE
BpeMs OCTaBaBLIYKCA 3araflouHON CWIbHYI0 Z-3a8BHCHMOCTb BKIIA/IA KBaJlpyTONbHOM
xommoHeHTbl W (), KoTopas Xopoiuo BHAHA Ha puc.l. IlouemMy OHa pa3birpbiBaercd B
y3xoM uHrepsane agep Th-Pu, ONHOTHIHBEIX MO HYKJIOHHOMY COCTaBY M MajlO OTIIMYA0-
WHMXCA CBOHCTBAMH DaBHOBECHBIX cocTomnMii? Tak, y YeTHO-YETHBIX H3OTONMOB IUTYTOHMA
(puc.1 u 4) KBagpyNONbHAA KOMIIOHEHTA YK€ OTUETIIMBO BHIHA BOIM3H HaGloHaemMoro
NOpOTa U €e NMOBEeNeHHe COOTBETCTBYET PACCTOSHHIO MeXIy KaHamamu 17 u 2, K =0, co-
CTABNAIOWIEMY, KAK Y OBBIMHBIX Aflep, HECKOBKO COTeH K3B, TOTHA Kak y 222 Th sxnan
ee eJle 3aMeTeH B UIMPOKOH o6macTh NMoAbapsepHbIX IHepruit Bo3OyxaeHus. Ilouemy mexa-
HHM3M N0A0aphepHOTO *’yCHIIEHHA™ KBaPYIOJILHOH KOMIIOHEHTSHI, peacKa3aHHblii I'pud-
dbusom [8] Ha ocHoBe runotesrr O.Bopa, nonyunwn noprBepxpeHue B peakuuax (v, f)
Ha BCEX M30TONaX ypaHa M IUIYTOHHA, HO He “paBoTaer” B ciyuae 32 Th?

Pa3ymHOIO OTBeTa 3TH BOTIPOCHI HE HAXO[OMIIH, NOKA He GbUIM Pa3BHTHI NPENCTaB-
JeHuA O OBYropboit cTpykType 6aphepa U NONYYeHO TEOPETHUECKOE NPEfCcKaaHUe, YTO
ero BTOpo# cemnoBoil Touke (Gapbepy B) coorBeTcTBYeT 3HepreTHyecku Gosee BBITOM-
Hasi TpylUeBHIHaA KOHUrypauusa saapa [18]. IlocnenHee 0BGCTOATENBCTBO BIIEYET 32
coBoii M3MeHeHHe CIIeKTpa MMEHHO TeX KaHaloB [ENeHHs, KOTOPbIe OTBETCTBEHHBI 32 OT-
Houlenue c/b. Y Anpa, He 06IafAOWEr0 CUMMeETPHEH OTPaKEHHA, PACCTOAHAS MEXIY
yporamu K™ = 0" i 0~ GBICTPO yMeHbIIAETCA C BHICOTOM Gapbepa Ui MHBEPCHOHHBIX
MEPEXOAOB MEXAY 3epPKAJIbHO MPOTHBOMONOXHBIMH KOHQUIypaUMAMHU, KaK CXeMaTuye-
CKH NOKA3aHO B HWXKHeil yactd puc.5. Ponb AByropGoH cTpyKTypsl B (GOpMUPOBIHUN
06Cy>K/1aeMOro CBOHCTBAa COCTOMT B TOM, YTO B 00nacTd ropba A AApo coxpaHsger 3ep-
KIbHYI0 CUMMETDHIO, T.€. HMEET HOpMasibHOe pacumerieHue nonoc K™=0" u 0~ (puc.5,
BepXHSsA 4acTh) , BOIEACTBUE Yero HabioflaeMas KapTHHA OKOJIONOPOTOBBIX KaHAJIOBBIX
apdexTOB OyneT CUIBHO 3aBUCETh OT TOTO, KaKOH W3 ropGOB BBILE, Y H30TONOB IYTO-
HMA NepBbIi rop6 A Bblille, OH ONpEACNAeT NOpor, HabngaeMblii B ceyeHuu, 4 Gnaroma-
pA 3HauMTespHOM pasHuie B} ~ EF4 > hew/2m “HopManbeHylo™ JHEPreTHUECKY10 3aBMCH-
MOCTb OTHOUIeHus ¢/b. B ciyuae 232Th OTBETCTBEHHBIM 32 nmopor, Habnomaemslit B ce-
YEHHH OENICHHA, ABNAETCA BTOPOH rop6 B, npy MpoXoXIeHHH KOTOPOro yTpayHBaeTCA
3epKaIbHas CHMMETPHS sipa, a C Hew — pacwerenne B} -~ B} u ceasannsii ¢ mum
MeXaHU3M NoAGapeepHOro yCHIeHHa KBaJIpyNOIbHON KOMIIOHEHTBL.

PaccMoTpeHHas MHTepnpeTauus, OCHOBHBIE HJIEH KOTOPOH MpHHajniexxat BanpeHGo-
wy [19], HenpuHyNeHHO O06BSACHSET JOATO CTABMBIUYK B TYNHK 3aBUCHMOCTb BKJIaa
KBaJlpyNOJIbHOH KOMIIOHEHTBI OT Z JeNslerocs Anpa, 0ObeAWHAsA B ONHOH HEPOTHBO-
PEYHBOH KapTHHE BCe OCHOBHBIE &CIEKTHI CTPYKTYpHI Oapbepa: asyropGyio dopmy, oHc-
KPEeTHY10 CIPYKTYpPY CNeKTpa KaHaJIOB, aCHMMETDHIO AiPa HA PA3HbIX CTafUAX [ENeHHs
anpa. OmHako B pamMKax JaHHOM MHTEpPNpPETAlH OCTABAJICA BONPOC, OYEMY B Clyyae
232Th ue suneH 3¢ dexT, 06YCIOBIEHHBIH BCTYTUIEHHEM THCKPETHBIX KaHanoB K7 = 0”
u, 3ateM, K" = 0" Gaprepa A npu yMmeHbLUEHHH 3Hepr¥u y-kKBaHTOB? TpHBHAIBHBIN OT-
BeT: “He JOCTHTHYTa B H3MEPEHHAX BbicoTa Gapeepa Efa”, — Haxomwics B mpoTHBOpeuny
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Puc. 6. B neaoii vactu pucynxa: pe3yasTarst pacyena ceyenUs 0OPA308aHUR CHOHTARHO QeARUUXCR UFOMEPO8
& peaxcyuax (1,7 ) u (7, n); cTpeaxamu yKasaHvl XapaKTepHble TOYKY KA KPUGHIX. B npaeoil uactu pucynxa:
SKCNEPUMEHTAREHO UIMEDEHHBIE CeyeRlUs OOPA3068aHUA CHORTARKO Oeasuuxcs u3oMepos Pu u Am 8 peaxyuax
(7)) u (v, n) [29). Ouubiu e cevenusx gcrody cocraganior ~/30%.

Zotnagey” f cell o ot

C pesyNIbTATAMH aHaNW3a APYrHX peakuyit it 22 Th K COCENHMX C HKM H30TOIOB, KO-
TOpBle MpHBOAWIN K BermuunHaMm E¢a ~ Efg = 6-6,5 MaB [20]. Mexay Tem, HMeHHO OH,
HO-BUANMOMY, U SBJIAETCA NMPaBUIBHBIM.

TpyIHOCTH oNpefieeHus BBICOTHl MeHbLIero U3 rop6os y Takenvix (Efa > Efp) u
nerxux (Efa <Efp) aKTHHHIOB HepaBHO3HauHbl. B NMOCTeOHeM Ciyuae Ta 3aavya He-
MHOTO TpyHIHee. Bo-iepBbIX, rop6 A 3HaUMTENLHO TOHbILE, IIPHMEPHO B [IBa pa3a. JTO
TMPaKTHYECKH HCKITIONaeT BO3MOXHOCTs Habmionenus sddexTa BcTymenns Gapbepa A mo
H3MEHEHHI0 HAKJIOHa NMPOHMIIAeMOCTH. BO-BTOPBIX, HET TAKHX HaJeXXHO UOEHTHHUMpY-
€MBIX CIIOcOGOB pacliafa B MepBYI0 AMY, KAKMMH ABHJIMCH CIOHTAHHO HENALIMECT H30-
Mepbl nipu onpepeneHun Egg. HakoHel, B-TpeTsuX, B CBA3N ¢ NPEACKa3aHUEM JONOJIHH-
TeNbHOM CTPYKTYpHI Gaphepa B, nmpuBoaAineii x Tpexropboi TMOTEHIHABHO KPHBOH,
CTAHOBMTCS HEONpEeNENICHHbIM aHaNN3 PE30HAHCOB CeueHMs, NTOCKOJBKY NpPH HAJTHYHMH Tpe-
THEro MHUHHMYMa HENerko pelmMTh, K KaKOMY H3 HMX OHM oTHocATCA. Tem He meHee,
HMMEHHO 3TO OOCTOATENBCTBO ABWIOCH ONHMM M3 apryMEHTOB, KOTOPbIE O3BOJIHIIH MO-
HATD, YTO TIPEXHMIA aHANH3 NoHOapbepHBIX PE3OHAHCOB, H CBA3aHHbIE C HUAM 3HAYCHHA Efas
HeflocToBepHE! [20, 21]. Taxum 06pa3soM, IKCHEPUMEHTATEHOM HHPOpMaIHMK O Gapsbe-
pe A TOpHEBBIX ARep PAKTHYECKH HET, CYLWIECTBYIOT JIMIb PE3yIIbTAThl TEOPETHYECKHX
PacueToB, KOTOpble CHCTEMATHUECKH MOKa3biBaloT, uTo Erp <Efpg M cocraBifier MeHee
5 MaB [20]. 3HaunrensHas pasHMUa B CeKTpe HHXaiumx xaHaioB K = 0 gna Gapee-
poB A M B Moxer ABHTBECA Kak pa3 TeM CBOMCTBOM, HCIONb3yA KOTOPOE, HAKOHEL,
YIacTcA ¢ noMoiusto peakuuu (y, f) onpemenuts BhICOTY Gapbepa A H B 3TOM CIIY¥ae.
Henasro [22] y **Th 6buio HaGimiomeHo, XOTA H MeHslllee B cpaBHeHHH ¢ Bomee Tsxe-
JIbIMH UETHO-YETHBIMH AAPAMH, HO BIIOJIHE 3aMETHOE, BO3PaCTaHHe KBajpyNoJIbHOH KOM-
TIOHEHTBL (CM pHC.6), KOTOPOe MOXHO TPaKTOBATh, KaK “BKuioueHue B Mrpy” Gapsepa A.
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Onxako oneHke E%g u B}, u3 xona ¢/b NpensTcrByeT CHIbHAA PE3OHAHCHAA CTPYKTYpa
MPOHUIAEMOCTH 000NX KaHanmoB. JIiA 3TOH HeNM TpebyoTcA SKCNEPUMEHTANIbHBIC JaHHbIE
00 yIJIOBBIX pacnpeneneHHAX OCKOJIKOB INpH elle Gonee HU3KHX HEPrUsaX y-KBaHTOB
Emax <5 MaB.

Wrak, ycTaHOBIEHHE 3aKOHOMEPHOCTH Z-3aBUCHMOCTH KBaJlpYTIOIbHON KOMIIO-
uentsl W(6), TIOMCK KOTOPOii TpOM3BOAWICA B COOTBETCTBHY C KOHKPETHBIM IIpefCKa-
3atuem O.Bopa 0 nomobuu cexTpoB HHXKAMIIKMX BO36YXACHHBIX COCTOAHMI ANEP paB-
HOBEeCHOM (GOpMBI M B CEIJIOBOI TOYKE, TIPUBENIO B KOHEYHOM cueTe K OOHApYXEHHUIO HC-
KJIIOYEeHHSA U3 3TOro mpaBwia. OHO CBA3aHO ¢ HapyLUCHHEM OJHOTO M3 MCXONHBIX Mpend-
TIOJIOXKEHHH MOMENH — CHMMETPHH HHBEPCHH HENAIIErocs sfpa, CBOMCTBOM HEOXHIaH-
HBIM, HO HE TOJIBKO HE ONPOBEPramwilMM, a MOATBEPXKAAIOIKMM o0lIyI0 KOHIENLMIo O Ka-
Halnax [eeHMs YeTHO-YeTHBIX sAxmep. Donee T0ro, MOCKONBKY 3TO YTOUHEHHE KacCaeTcs
TOJIBKO KaHAJIOB HejeHUsA OJHOro u3 ropboB Oapeepa — BHeIUHEro B, Ana BHYTpEHHEro A,
obnapawuero 3epkanbHOR CHMMeETPHEH, Kak U mIf BCEro Hapbepa B ILENIOM, KOHKPET-
Hoe npefckasanue 0.Bopa (B opurnnane) ocraercs B cane. OcTaerca B chie H obuee yKa-
3aHKe O TOM, YTO YBeJIMUeHHEe OTHOLUEHHUS JOJIHO NPOHCXOAUTH B NOAGapbepHOIi, IO OTHOLUE-
HH10 K HablmoiaeMoMy B TIOJTHOM CeYeHHH JIENIEHHMS NIOPOTY, 06NacTH. Y TOUHSAETCA JIHIUb TO,
2

uro 310T 3ddexT cBA3AH ¢ IHeprernueckum pacuieienuem B}~ EF° B cextpe KkaHanos

TONBKO OJHOro U3 GapbepoB — Gapbepa A.

5. JOEJIMMOCTDb AOEP B PEAKUHAX (v, f) u (t, pf)

Jns u3yueHUs CBOMCTB KaHANOB ACJICHHS 3HAYMTEIIBHBIH MHTEPEC HpeNCTaBlAeT
CpaBHEHHE XapaKTepUCTHK (GOTOHENIEHHA M NMPAMBIX peaxiuii — JBYX crocoGoB Bo36yx-
neHus, HaubGoree IMPOKO HCIONb3YEMBIX IIPH M3YYEHHH HU3KO3HEpPreTHUECKOro Jesie-
HMA TAXKeNbIX Apep. CymecTseHHOE HX OTIHYME COCTOUT B TOM, YTO, €CHIM TIPH HeTeHHH
BONIM3HM NOpOra Mocie NMpsIMOil peakllMH BCIEICTBHE IOCTATOMHO LIMPOKOFO pacnpeperte-
HUs TepelaBacMbIX OpOUTAIbHBIX YITIOBBIX MOMEHTOB R JOCTYNHEI Liejible TOJIOCH KaHa-
noB {ms yeTHO-yeTHBIX sAep 310 K™ = 0% 1 07), TO MpH doTOHENEHHN — TONBKO IO OMHO-
My M3 HUX J7=2" u 1. 34 1aKoro cpaBHeHus Gonee BCero MOAXORHMT peakiud
(t, pf), B KOTOpOil, KaK U TpH POTOMENEHUH B CIIyYae UeTHO-YeTHOTO siapa, J =& U
7= (-1)*. Iennmocts TaKoro AOpa Y-KBaHTaMH MOXHO NpPEOCTaBHTb KaK

Elp- E2 E2
B +o, K v
B0 = GY—ETAYEZ— ~B + —%1 B ©)
oy +oy Oy

roe Pf — nenmumocty sifep Tipu AeneHMH yepes coctoamua J7= 2" u J7= 17, s6nusu nopo-
ra, OCYIIECTBIAIOLMMCSH, IJIaBHbIM 00Pa3oM, yepe3 KaHTbl HIKAHIINX MOI0C
K™= (0" n 0. B To¥ e o6nactu Heprust fenenue B (t, pf)-peakuuu NpoMCXOOMT Ipe-



JAEA-SM-241/A2 43

HMYILIECTBEHHO Yepe3 KaHabl, IpHHajIexaluye TeM ke nonocam O u 07, npuuem, eciau
PasHMIEH B HETMMOCTH OJIA COCTOfIHMIA B Mpedenax OJHOM MOJOChI MOXHO IpeHebpeys, TO

> - Pt 4+ Pf
pi-pD L &pr @ p- T T 6
t( a L gt 2 )
roe o =J E laJ,,, a” =J 2 laJ,,, a nocnenHee TpubmbkeHte B (6) COOTBETCTBYET
ym=+ ZyT=—

TIpeANosIoKEHHI 06 OMHAKOBBIX BEPOATHOCTAX 3aCeJIEeHHsI COCTOAHMI COCTABHOTO fAMpa
THIOJIOUTENbHOM ¥ OTPHIATENBHON YeTHOCTe o H o .
Tlpu sHeprusx Bhillle Gapsepa ¢ XapaxTepHcTukoil K™ = 0~ Pf ~ Py~ PP a p

doTonenenuu, BCeICTBHE 0$2<a$1, P?”f):: Pf = P{tPD 310 obnscusier otcytcTBHE
CYIIECTBEHHBIX DPAaCXOX/IEHHH IKCIIEPHMEHTANBHBIX AAHHBIX O HEIMMOCTH IIPH PasHBIX
crocobax Bo30YKIeHUA peakiuu JieleHns Afep BONM3U NOpora, Yo OTMEYwIocs eute B [23].
OpHako, CHTYanus JOJDKHAa M3MEHHTBCA JOCTATOYHO DIyOoko mog Gapbepom, korma Ona-
rojapsi pasHHIe BpICOT GapbepoB ¢ Xapaxtepuctukamu K™=0" 1 K"=0" 3aMeTHO BO3pa-
crer otHomeHue PF/Pf. TeHIEHUMIO JIETKO YBHAETb, PACCMOTPER IIPEAETIbHbIA CITyYai,
COOTBETCTBYIOLIMII TAKOMY CHJILHOMY HepaBeHCTBY Pf <€ Pf, uto65I MOXHO 6BUIO IpeHe-

6peus Pf B cpaBHeHuu ¢ Pf-aleasl. U3 (5) u (6) cnepyer, uro TOrma

B0/ p D 6 Bl1o 525 1 ™

T.e. AeMMMOocTs B (t, pf)-peakiiu. MOXeT IPeBOCXOMUTH HOTOHEIMMOCTb IPUMEPHO Ha
nopanok. B obuiem cnyuae moymkHa ObITh KOPPENALMA C BKIIAZOM KBaZpyIOJIBHOIO ¢o-
TOHEJIEHHS.

Hnsa psna spep Ha puc.4, B3ATOM U3 [24], npupeneHs! (MIDKHAA 4aCTh pUCYHKa)
HaHHble 06 OTHOCHTENIBHOM BKJIa[le KBapyNOJIbHON KOMIIOHEHTH! B MOJTHBIA BBHIXOH,

8
Yo 15°
Y 24,8
a+3b+ 15(:

B BepXHeit YaCTH PUCYHKa IPUBENEHDI JAHHBIE O CAMOM BBIXOZE, KOTOPBIH CPaBHHBAETCH

C aHATOTMYHOM BeTHUYMHOIA, TIONTYYEHHON 13 HaOmonaeMoil Aenumoctu [25] vHrerpupoBa-

HMeM [0 TOPMO3HOMY CIIEKTPY CE€YeHHA, PABHOTO osl E)- Pg(t'pf). IlaHHbIe 0 BBIXOAAX

KaK YeTHO-UeTHBIX AAEp Hall MOPOrOM, TaK M HEYeTHBIX BO BCell epek phiBatoLeics obnac-

TH SHEPIHil COBIIAZAIT, B CBA3M C YeM OTMETHM, YTO HHKAKOH HOPMHPOBKH ~ CKOHCTPYHPO-
BaHHOTO” BBIXOHA K M3MepeHHOMY Bbixomy (v, f)-peaxupu He IpoM3BOAMNIOCE. B ciyuae
HEUETHBIX AfEP HabOp KAHANIOB, YUACTBYIOIHEX B AENEHVH, B OGOUX peakiuyAX, IO-BHAHMOMY,
JOCTATOYHO BEJHK, YTOGHI CYIIECTBEHHO He CKa3bIBajach Pa3HHIA B IUMPHHE pacnpeeneHus. L.
OpHAaKo, AJIA YeTHO-YETHBIX ANEP B MOAGapbepHOil OBNACTH JHepruii Be3[ie, I/ie 3HAUMTENIeH
Binan Yo BY, Y, orknonsercs o1 Y, kak Toro TpeGyer cootHomenue (7). Ocoberro
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3bpeK THO COTIOCTABNIEHME KpalHUX ciyuaes: **Pu, y xotoporo u Bknap Yc B Y, n oTCTY-
mienus Yy, o1 Y 3aMeTHb1 yxe BOMH3K nopora (~ 6 MaB) u BpIcTpO BO3PACTAIOT ¢ YMeHb-
1eHuem sHepriu, U 222 Th, rie HeGonbLuo# 3bdexT HaMeuaeTCA NUILE T1y50K0 NoJ, HOpo-
TOM — BONM3H I'paHUIL| YYBCTBHTENBHOCTH METOAMK H3MEPEHHS Pt(t’Pf) u W() B peax-
wn (v, f).

Peaynbrarel 3TOr0 aHanu3a BaXkKHbI B ABYX OTHOIIEHUAX. BO-MEPBLIX, OHM CBHOETEND-
CTBYIOT O XOpOLIeH B3aHMOCOIJIACOBAHHOCTH Pa3sHOPOAHBIX SKCMEPHMEHTAIPHBIX JaHHBIX H
COOTBETCTBHM BCeH HCMONB30BaHHOH HHPOPMAaUH eOHHBIM NPE/ICTABJICHHAM O CIEKTpPE Ka-
HAJIOB JleJIEHUA YETHO-YETHBIX TSDKENbIX AAEP, PACCMOTPEHHBIM paHbliie. Bo-BTOPBIX, yIO-
BJIETBOPHTEIBHOE KOJIHUECTBEHHOE COTTIaCHE AETIMMOCTER P(f7’f) " P(ft’ D g OKOJIONOPO-
roBOM 06NIaCTH B CIIyyae YETHO-YETHBIX ANED, O3BOJIAET, OCHOBBIBasAch Ha (5) H (6), 3a-
KITIOYHTD, YTO KaHasiaM ofHoii nonocki K™ cBOHCTBEHHa NMPHMePHO OfMHAKOBAS IETHMOCTh
(MmMo-BUMMOMY, ¢ TOUHOCTBIO 0 3aBUCHMOCTH Ep o1 J). 3TO ClleACTBHE MOXKHO paccMaTpH-
BaTh KaK 3KCIHEPUMEHTATIBHOE MOATBEPICHHE U/IeH MOJIENIN KAHATIOB He TOJIBKO B NpHMe-
HEHHMH K COCTOSIHHAM H3 pa3HbIX MOJIOC ¢ GONbUIOH pa3HuLieH B Bapbepax E%‘, HO ¥ K “He-
pa3penieHHbIM™ KaHallaM OJHOH MOJIOCH.

3aBepuias o6CyxAeHHE BOIPOCOB, CBA3AHHBIX ¢ KBAHTOBOH CTPYKTYpoil Gapbepa,

B MCCTI€IOBAHUM KOTOPBIX peakunH (y, f) IpHHAIJIeUT 3HAUNTENIBHAS POJIb, 0GpaTHMCS
€uIe pa3 K CamMOi KOHLENIUH KAHAIOB AeNeHUs. XOTSA NOCNel0BaTeNIbHOrO TeOPETHUECKO-
ro 060CHOBaHHMA MOJIENb KaHANIOB JIETICHHA He HMEET, B OCHOBE €€ JIeXKaT Camble 001Me co-
o6paXkeHHs 0 KBAHTOBOH MPHPOAE CIHEKTPa YHEPrUM CHCTEMbE, HAXOAALWEHCA B XOIOOHOM
cocrosiHnd. CreundHka KaHAIOB [ENEHHA COCTOUT B TOM, 4TO 3TO YPOBHH He B MOTEHIMANb-
HOJ fiMe, a B CEeUIOBOH TOUKe, I7le MOTeHIHAIbHaA 3Heprusa Kak GYHKUMA OCHOBHOTO napame-
Tpa AedopMalHH, BEYLIEro K JASNEeHUI0, HMeeT He MUHIMYM, a MakCHMyM . [Ipencrasnenus
0 KaHanax JielieHus, paBAa, 6e3 Takoil KOHKPeTH3aluH UX CNeKTpa, kak y O.Bopa, 6puu
BBefeHsl eue B 1939 r. H.Bopom u Yunepom [26] npH paccMOTpeHNH BEPOSTHOCTH Jiene-
HHA 110 AaHAJIOFHH C ONMHCAHHEeM SIBJICHHH, CBA3AHHBIX ¢ AUCCOLHALMER MOTEKYN (KBa3sKMO-
JIeKynApHasA Mopenb feneHus) . IIpu pellieHuy 3TOM 3a7IauM HCIIONb3YETCA TAK Ha3bIBaeMbIi
CTATHCTHAYECKHUH METOJ] EPEXOJHOTO COCTOSHUSA, JIA KOTOPOTo, KaK MOAYepKHBAKT MoTT

H Meccu [27], npennonoxeHus 0 KBasHCTAHOHA PHOCTH MEPEXONHBIX COCTOSIHMIA He Tpe-
6yerca. M3 tpex xBaHTOBBIX Xapaxktepuctik J, m H K, Xxapaktepusyoumx no O.bopy kaHa-
JIB1 JIETIeHUs, TIEPBhIE IBE MOAYHHEHb! 3aKOHaM COXPaHEeHHs, a NMOCIeqHsS B IEPUO, 3BOJIIO-
IMH COCTABHOTO AApPa MOXeET MHOFO pa3 H3MEHHTb 3HaueHHe, HO B TO ke BpeMs GhITh Gob-
uie, yeM BpeMs MPOXOXKACHHS Yepe3 CeIUIOBYI0 TOUKY. BeposSTHOCTb npeofonenus Gapse-

pa npH GHKCHPOBaHHOM 3HaueHHH K ompenensaerca cnekTpom Ef"K. Huxakux UHBIX Mpef-
MOJIOXEHHH O KaHanaxX 0CHOBaHHOe Ha rumnote3e O.bopa onucaHue BeposTHOCTH AeiIeHns

He HCTIOJb3yeT.

6. HUCCJIEOOBAHME CITOHTAHHO JEJIAMWUXCA U3OMEPOB M30TONIOB Pu u Am
C TIOMOIBI0 ®OTOSOEPHBIX PEAKIIMHA

O6Hapyxenne 8 JyGHe B 1962 rony cnoHTaHHO AenAmmxcs H3omepos [28] asunocs
OHHMM U3 OCHOBOTOJIAaraloNMX 3KCIepUMEHTAIBHbIX (HaKTOB NpH co3aaHMM CTPYTUHCKHM MO-
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HeNH asyrop6oro 6appepa AeNleHNs, H HMEHHO B Heil OHM HAIIUTH CBOE €CTECTBEHHOE OBbsAC-
HeHe KaK KBa3HCTAUMOHAPHBIE COCTOSHUA BO BTOpoit Ame. Ceifuac HakomnseH GONbLIOH
3KCIepUMEHTAJIbHbIH MaTepHas 00 IHepruAx Bo3ByXJIeHNs, IepHoax Moy pacnajia 4 fpy-
THX CBOMCTBaX NMpuMepHO 40 0GHapy>xeHHBIX B oOnacti U-Cm H30oMepHbIX cocTosHMAX. Ka-
KO€ MECTO 3aHHMAIOT B 3THX HCCIICNOBAHMAX Y-Tyun?

Pa3sBuTHE HCCIeOBaHMI CTIOHTAHHO JENAHIMXCA H30MEPOB LINIO OT M3YUCHUA PeaKIHif
C TAXKeNbIMH HOHAMU K PeakuMaM ¢ Gosee JIETKHMH YaCTHIaMH. JKCIIepHMEHTDI IOKA3aIIH,
YTO ¢ YMEHBLIEHHEM MACChI M 3apafia GoMBapIUpyIoUHX YaCTHL, BO3PACTaeT ceueHue obpa-
30BaHUA ANPa B H3OMEPHOM COCTOAHHH, IJT0 0GBACHAETCH COKPAILEHHEM YHCIIa KaHAJIOB
KOHKYPHDPYIOLIHX peakipii. B 3ToM OTHOLUCHUH B GOTOANEPHBIX PEAKIHAX CBOMUTCA K
MUMHMMYMY YHCJIO IPOMEXKYTOUHBIX CTYTIEHEH mpolecca, BeAyILero K 3acesleHHio H30Mep-
HOTO YPOBHA, TAK KaK OTCYTCTBHE KYJIOHOBCKOro Gapbepa H SHEPIHH CBA3H 1A Y-KBaH-
TOB JIaeT BO3MOXHOCTb HOJTYYaTh COCTaBHBIE AMIpa C HU3KOH 3Heprueil Bo30yXIeHNA Cpasy
MoCIe NOIIONIeHNA U3nyueHns. Eile 0IHO HEOCIOpUMOe IPEHMYIIECTBO HCIIONIb30BAHUA
¥-KBaHTOB — MAJIblii BHOCHMBIIl YITIOBOM MOMEHT IO CPaBHEHMIO C PEAKLUAMM Ha 3apKeEH-
HBIX YaCTHIAX.

B sxcnepumenrax [29, 30] uccrnenosanuch CHOHTAHHO AensAumpecs uaoMepst Pu u Am,
obpasyrowmecs 5 pesynbrate GoTOANEPHBIX peakuHit (v, 7', (1, n) u (v, 2n). Peaxuun
06pa30BaHU H3OMEPOB NONYYAT PHIHUECKH HATTIAMHOE, HO HECKOJIBKO YIIPOIIEHHOE OITH-
caHHe B MOJETIH, pacCMaTpHBalolliell BO30Y>X/ieHHe szipa B EPBOil H BTOPOit AMAX, 3aCeNeHUe
usoMepa (3ajiepXxaHHOe AeleHHe) H KOHKYPHUDYIOIee ¢ HIM MIHOBEHHOE HefieHHe KaK ABYX-
CTaAMIHBIN TpolEeCC, B KOTOPOH ceueHue GOTOmeNTEHNA UMEET BUL, '

- Ta / T + kT,
T Ta+Ty \TA +Tp+T,, Ta+Tg+Ty

(8

of

e 0, — ceueHHe 0Gpa3oBaHKMsA COCTABHOrO AApa, Ty, Tp — NpoHMIIaeMOCTH BHYTPEHHETO Y
sHeumero 6apbepoB; Ty, T2 — BEPOATHOCTH y-pacnafia B EpBO# U BTOPOH IO TEHIHAIIE-
HBIX AMaX, k- K03dGHUMEHT BETBIECHNS PAcllaja U3 UBOMEPHOTO COCTOAHHMA. [lepBBIi
yIeH B CKOOKaX OMKCBIBaeT MIHOBEHHOE, 2 BTOPOM — 3afiepxkaHHOe fenerue. Ceuenue 06-
Pa30BaHKA H30Mepa HOJDKHO BHAYale paCTH, OKA 3HePTrUs BO30YKIEHNA He TIPEBBICHT Ba-
pbep HeNeHKA, a 3aTeM NIaaTh, NOBTOPAA, O KpaifHeli Mepe, Ka4yeCTBEHHO, CEYeHHe COOT-
BETCTBYIOLIEH TIAPIMANBHON peakiHH, TpHBoAsuIei kK 06pa3oBaHHI0 H30MEpa.

Mcxonsa u3 popmynst (8) MOXHO PAaCCUHTATh 3aBHCMMOCTH OT IHEPTHH BO30YXICHHS
CeueHMii peaKLH 06pasOBaHUsA U30MEPOB B peakumax (v, ¥') H (y,n). ITH 3aBHCHMOCTH Mpes-
CTaBIIEHbI Ha pHC.6. JnA Hac MHTepecHDBI XapaKTePHbIE TOYKH B CeYeHHAX 00Pa30BaHKA H3OME-
PpoB.

Peaxuwus (y,y'). Ecnu Gapbep A Bbiile 6apsepa B (MMeHHO 3Ta CHTyaUMs XapaKTep-

Ha A apep Pu u Am), 0 no Mepe cHuxeHus 1oy Gaprep A Mu1 Gynem HaGnOIATh PE3KOe
YMEHBILEHHE CeueHHA 06pa3oBaHusa H30MEPE, TAK KAaK PaAMalHONHasA IHPHHA, KaK | CO-
OTBETCTBYIOMASA ¢if TPOHUNAEMOCTD T2, ¢a6o saBHCHT OT 3Heprun. Takum o6pa3omM, Mbl
nonyuaem semuuny Eea s 2?Puu >**Am. Ouenxa BricoTs 6apbepa B momyuaercs U3 uso-
MEPHOTO OTHOLIEHHS H H3BECTHOH INTOTHOCTH YPOBHEH BO BTOPOH AMe.



46 CMHPEHKHH n [TUNEHIOK

>33 3
gy @
e
NS

sy

)
Tt
—{t

d{aw/fétyé
~
e}
N
S
SN

S

~
~
i
~
>
NS
3

1

0 o 40 &0 A

Puc. 7. Orrocuteashble 8epORTHOCTU 3acenekust Ogyx u3oMepos *>"Pig 3a8UCUMOCTY OT @HOCUMO20 MOMERTA
J [30). Cnaowmnsie aunuu — pezyasTaro! pacueros, WTPUXNYHKTUPHbIE AUHUL — XOO 3AGUCUMOCTU npu 06pa-
TROM CoNeTanuu cnurog 5/2, 11/2.

Peakums (y, n). MakcuMyM OYHKIUH BO3GYXKIEHUA — 3TO IHEPTUs, IPH KOTOPOH
PaBHBI IJIMTENbHAA H PafMAlMOHHAA LUHPHHBI BO BTOpOM AimMe. PeanpHas BbicoTa Gapbepa
Gonpiue 31oif addexTnBHOM Ha 0,7-0,8 MaB. JHeprus BTOporo MuHuUMyma (TOUHee 3Hep-
s H30MEPHOrO COCTOSHUS) OMPENENsIeTCs He CTONb OJHO3HAYHO, TAK KaK MOPOTH PeaKuyit
ONpenensIITCA MyTeM 3KCTPANONALMH QYHKIMIA BO36YIeHHA K HYJIEBOMY 3HAUSHHIO Ce-
ueHuii. EcTecTBeHHO, 4TO, KaK U B peaKklMAX C 3aPDKEHHBIMU YACTUIAMM, 3HAUEHHE TIOPO-
ra 3aBMCHT OT BbIOOpa MOMENHU, ONPeNeNsIoNIeld 3aBUCHMOCTh  CEUEHUA OT SHEPI'MH, U BO3-
HHKalollas TPY 3TOM HEeOoNpeleNeHHOCTDh B BenuuuHe By coctasnser 0,3-0,5 MaB.

JKCHEepUMEHTaNbHbIE PE3YIbTAThI N0 H3YYEHHIO CTIOHTAHHO HENSIMXCS H30OMepOB
Pu 1 Am nipencrasieHs! Ha puc. 6. COrIacHO yKa3aHHBIM XapaKTEPHBIM TOUKAM MOJKHO IO~
JIYYUTH NTApaMeTphl GapbepoB HCCIENYeMbIX Agep. HaM xoTenocek GbI OTMETUTH 37ECH ABA
¢dakTa: BO-IEPBHIX, IKCIEPHMEHTAIILHOE NONITBEPKOEHHE MaKCHMYMa B CeUeHHH BO3GYKIe-
HHA H30MEpOB B peakiuH (7, 1) , 06yCOBIEHHOe KOHKYPeHUYeil MrHOBEHHOTO H 3afep-
YaHHOTO HEIEHHH, H, BO-BTOPbIX, BO36YX/IeHHE H30MEPOB B PeaKUMH HEYIPyToro pacces-
HHA ¥-KBAHTOB, T.€. B MAKCHMAJbHO MPOCTOH smepHOM peakuuu. W30MepHbIe OTHOLIEHHA
0;/Cf COCTABIIAIOT TO NOPAMIKY BEJIHYHHBI IPH HU3KUX Heprusmx 1073, TIpu BHICOKHX IHEp-
THAX 3TO OTHOLIEHHE HAMHOTO MEHbIlE, TAK KaK I1apIHAIbBHOE CEYEeHHE PeaKiHH, MPHBOAA-
ee k 06pa3oBaHUIo H30Mepa, B 3TO# 06macTyt Mano. IlpH H3MepeHHAX HAa TOPMO3HOM INyy-
K€ 3TH OTHOILICHHS B BHIXOZIaX OKA3bIBAIOTCSA elle MEHBIIMUMH 33 CUET MAIOH HOJIH Y-KBaH-
TOB, YY4aCTBYIOIMX B peakiuu. M3oMepHbIe OTHOIIEHHUS, HONYYEHHbIE B 3THX JKCHEPUMEH-
Tax ¢ y-NyYamMH, IPaKTHUECKH TaKHe Xe, KaK M B PEAKIMAX C 3apsxeHHBIMH uacThami [31].
ITH pe3ynbTaThl CBUETENBCTBYIOT B HOJb3Y OGBACHEHHS CIIOHTAHHO JENALIMXCA H30MEpOB
KaK M30MepoB GOPMBI, TAK KaK BEPOSITHOCTb 3aCe/IeHHS BHICOKOCIIMHOBBIX COCTOSHMII B
PEaAKIUAX C Y-KBaHTAMH CHIIBHO IO[ABJICHA FIO CPABHEHMIO C PEAKLIUAMH C 3apsAKEHHBIMH
YaCTHIIAMH.

Henasno rpynmoii HemenkHX GH3MKOB HCCIENOBANOCH 06pasoBanHe HaoMepos 7Py
B peaxuuH (y, 2n) ApU SHEPTHH MEKTPOHOB 45 MaB [30]. Kax u3BecTHO, y 3T0T0 M30TOMA
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Pu HaGnronanocs IBa H3OMEPHbIX YPOBHSA ¢ BpeMeHaMH xH3Hu 100 He 1 1,1 MKc, nmpuyem
Gornee KOPOTKOXKHBYILMM OKAa3aJIC H30MEpHBIH YPOBEHD C 3Heprueil, MeHbIleil TpUMepHO
Ha 0,3 MaB. Bropoii ypoBeHs paccMaTpUBaeTCs KaK OJHOYaCTHUHOE BO3BYXIeHe Hecma-
PEHHOTO HelTpoHa. ECTeCTBEHHO KelTaHWe HaliTH COOTBETCTBYIOILYI0 MY HHUJIBCOHOBCKYIO
op6ury, HO AnA 3Toro Hamo 3Hath J M K 3toro ypoBHA. B cHily MaroCTH BHOCHMOTO YIJIO-
BOTO MOMEHTA, SKCIIEPHMEHTHI C Y-Ty4aMH JOTIKHBI IPUBOAKTD K Golee olpeNieNleHHbIM BbI-
BOIAM, YeM B PEAKLMAX C 3apsDKEHHBIMH YacTHUAMM THITa (@, xn) WM (d, xn). J10 06-
CTOATENIBCTBO XOPOMIO BH/IHO Ha puc.7.

CornacHo pesynbraTaM 310# paBoThl H30MepHOe oTHOWeHHe Y;/Yr=~ (6,4 £1,7) - 1078
u (0,83 % 0,22) - 1075, cOOTBETCTBEHHO I KOPOTKONUBYIIEro M [UIMHHOMMBYIIETO H30-
Mepa; OTCIONIA U3BJIeYeHbI JaHHbIe o CIMHax: 5/2 ¥ 11/2 u maxe coenaHa NOMBITKA ONpefe-
JUTH COOTBETCTBYIOLHME UM [HHABCOHOBCKME OPGHMTHI — 10 MHEHHIO aBTOPOB, 310 [615];, /2
u [862)s5/2+ . MsomepHblit ypoBeHb ¢ GonbLMM CITHHOM UMeeT Gonee BHICOKHIA Gapbep B,
U 3TUM OOGBACHAETCA 3HAWMTENBHO (~ 100 pa3) Gombliee ero BpemMs sKU3HH, YeM HHU3KOJe-
Haiero.

7. TNYBOKO NOOBAPLEPHOE ®OTOJEJIEHHE — KAYECTBEHHO HOBASI
OBJIACTb UCCIIENOBAHHA

BonpIMHCTBO paGoT O HU3KOIHEPreTUYHOMY JENEHNI0 sIep IpOBOJHTCA B 06nacTH
3HeprHii Bo36yxneHmii, OTCTOANMX IpUMepHO Ha 1 MaB ot Gapbepa, B KOTOPOH MBI HMeeM
JENIO CO Cpe/THUMM BEJINYMHAMH, T.€. YCPEeAHEHHBIMH B MpefiesiaX IHEPreTHYECKOro paspe-
1IEHHS 3KCTIepUMEHTa, 2 TAKOKe B IpefieNax NMPHHbI YpoBHelH (B 3aBUCHMOCTH OT MX COOT-
HOHIEHHA CO CPEHEM PacCTOAHHEM MeXAy YpoBHAMY). Ha mpouecc meneHus TAKenbIx
sigep GonbIioe BIHAHME OKa3bIBaeT B3aUMOJIeHCTBHE IBYX CHCTEM YPOBHEN B MEPBOH U BTO-
poit AMax. 3aKOHOMEpPHOCTH 3TOTO B3aHMOJEHCTBHSA, ONpeeNnaeMble IPUPOMIOR YpOBHEH
(KOMITaYHI-COCTOAHMSA ¥ BUGPALMOHHEIE YPOBHH) M CTPYKTYpOil caMoro Baphepa, cyIuect-
BEHHO H3MEHAIOTCA NPU MpPONBIKEeHHH BIy6s B 1on6apbepHyro 06IacTh SHEPTHii.

KaueciseHHO MpoCnenTh H3MeHeHHe COOTHOMIGHHH MITA CPEIHUX IIHPHH K PacCTos-
HUil MeXOy YPOBHAMH MOXHO Ha PUC.8, rie CXeMAaTHYeCKH ITOKA3aHO HECKOJbKO XapaK-
TepHbIX cuTyaumii. Ecnu B HapGapsepHoit oGnactd I ypoBHE cocraBHOTO AMpa B 06enx
SIM2X MEPEKPHITHI, TO ¢ YMEHbILIEHHEM SHEPTHH MBI CHayasia nonagaem B MPOMEXY TOUHYIO
obnacts II, roe Dy <I'y <Dy, ¥, HaxoHel, npuxofuM K cyvaio 11l HenepexprIBaoIMEXCA
yposHeit [y <Dj. KapTiHa u3MeHAeTCA HOCTATOMHO ObICTPO BCIIENCTBHE IKCIIOHEHIIHAML-
HOi{ 32BUCHMOCTH TJIOTHOCTH ypoBHel. IIpHHUMNHANBHYI0 POJIB B MPOLECCEe AENEHHs H-
paioT BUGpaUUOHHbIE COCTOAHMA BO BTOPO#f AME, CHJTa KOTOPBIX BHauajle pPABHOMEPHO pac-
TpefiesieHa o BCeM KOMIIAYHA-COCTOAHMAM (NONHOE 3aTyxXanue) . B 31oit cUTyauuu npu-
MEHHMO TO CIATHCTHUECKOE ONMCAHHE, B PAMKAX KOTOPOTO Mbl pacCMAaTpUBAITH OGCYKIaB-
wmecs Bbiie ponpocsl. Ilox GaphepoM, BojleCTBHE YMEHBLICHHA IIMPHHBI, BHOpaunoH-
Hble YPOBHH OTHYETIIHBO NMPOABIIAIOTCA KAK Pe30HAHCHI JENUMOCTH, 2 IPH JOCTATOYHOM 3HeEp-
TeTHYECKOM pa3pellieHHH PacNaparnTca Ha KOMIAYHA-COCTOSAHMA BO BTOPOH siMe, Hrpas s
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Puc.8. Cxematuyeckoe COOTHOWEHUE MeXOY WLUPURAMU U DACCTORKURAMU MeXOYy YDOSHAMU 8 nepsoil U 60
8TOPOH AMAX NPU PAZHBIX IHEP2URX 8030YMOCHUR.
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Puc.9. B sepxneii wacTu pucyrKka: abixod peaxyuu (v, f) 0an 30ep %22 B nuxceil vactu pucynxa: cexe-
rue peaxyuu (v, f) das uzoronog ypana. ® — [36-38],0, X — [35].
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Puc. 10. B eepxueil wactu pucynxa: UIMEHERUE XAPAKTEDPA Y2N08020 PACNPEOEACHUA OCKOAKO8 NO MEDE
YMeHbluenus Inepauu 036yxdenus [41). B nuxneii yactu pucynka: 3HepeeTuNeCcKan 3a8UCUMOCTs U3OTpON-
Holi cocragamoweit W(8) y U (37].

HHX POJTb OrHGAIOLIEH, HaPUMeD, KAK B XOPOLIO H3BECTHOM cTyyae Py [32]. B obia-
CTH HeTlepeK PHIBAIOUIMXCA YPOBHeH BUOpaMOHHBIE YPOBHH MOI'YT HaONI0HATHCA KAK CUJIb-
HbIE naénnponam{me pe3oHaHchl. Hauano pa3sBHIHIO TEOPETHUECKOTO ONMUCAHUA HECHHS B
rny6oko mofbapbepHoit 0GIIaCTH 3HEPrHi, rie 0ObIYHbIN CTATHCTHYECKHI MOIXOM HellpH-
emJeM, GBUIO MOJIOKEHO B PAMKAX TeOPHM BoaMyiuerus JInuaoM [33], a 3atem JTHHHOM H
Baxom [34].

IKcnepUMeHTaNbHbIe UCCENOBAHUA TTpouecca GOTOHENEHHs IPH YHEPIUAX, MEHBIIHMX
5 M>3B, no3BouH 0GHAPYKUTh TPH NPHHUMIHATIBHO HOBBIX 3ddexTa:

1) samenyienve IKCIOHEHIMATILHOTO criafia BoIxona (7, f) -peaxuuwt npu E 0, ~ 4,5 M3B
[35, 36],

2) aHOMAJIBHOE [OBE/IeHME aHU3OTPOIIMK PA3NieTa OCKOJIKOB B 3Tol e ofnactu [37],

3) nosABNeHNe CHIBLHBIX Pe30HaHCOB 1pH E, 23,6 MaB, 1.e. npu 3Heprum, Ha 1-1,5 MaB
BBIILE 1HA BTOpOi amsl [37, 38].



50 CMHPEHKHH u ITHIIEHIOK

I /36,,, 2

ot

ST
-7_

-5t £y, w38

L L B B B B S LI B

5 &

Puc, 11. H3orponnas xomnoxenta cevenun orodenenusn 3 U, noayuennaa Ha ochoae usmepenun asxodoa

U yzaoebix pacnpedeaenull ockoaxos. CnaouiNaa Kpueds — pacuer ceuenus yepes xawaa (17, 1) e modeau ¢
noanviM 3atyxaruem [34] c napamerpamu, onucviegiouumu komnorentst (2°,0) u (17, 0). ITynxTupHas xpu-
641 — packer gxaada 3a0epIANKO20 deaeHun (u3omepozo weavha) Onst paznuunsx Kananoa denenun [42].

Ha nepsbiit U3 MepewsicneHHbiX 3G deKT0B, ABNAIMHMACA CIEACTBMEM KOHKYPEHIIHH
TIPAMOTO M 3aAEPKAHHOTO JieJIeHHiA, BiepBble 06paTiut BHUuMaHue Bayman [39]. Ixcmepu-
MEHTAJIbHO, AeCTBUTENBHO, B 1975 r. B paGorax {35, 36]HaGmomanoces B BrIx0Rax doro-
HeNieHus pAfa Anep NpH IHEPTHH JeKTpoHOB 4,5 MaB noBonbHO pe3Koe yMEHbHIEHHE CKO-
POCTH cliafia, TONyuMBIce HA3BaHME H30MEpHOTO Lienbda (cM. puc.9). Peaymprartel pabo-
b1 [36] GbUTH TOATBEPKOEHDI B IKCIEPUMEHTAX HTANbAHCKUX (Hankos [40].

KauecrBeHHO MOsIBIIEHHE U30MEPHOTO 1Henbba BIONHE NOHATHO. JInsa apep Tsaxence
TOPHSA BEPOATHOCTb pasfeNnHTbCs U3 COCTOAHUA BO BTOPOH AMe (T.€. yike oONafaoLMX fe-
dopmaupeil, COOTBETCTBYIOLIEH BTOPOMY MUHUMYMY) OHpEAENAeTC KOHKY peHuyuell pa-
JHAUMOHHOM U HenuTeNbHON UMpUH. [Io Mepe yMeHbLLIEHH IHepTrHH BO3OY KIEHUA MOXKET
HACTYNHUTh CUTYAHHs, KOIIA paIMauMOHHas 1IMpPHHA CTaHET CPaBHMMA WM faxe Gorblire

OENHUTENBHOM, M B 3TOM ClTyvae AfApo Gyler NepexonauTh B OCHOBHOE COCTOSHKE BO BTOPOi
AMe NMPEUMYIHECTB EHHO IIyTeM paiHaIMOHHbIX TIEPEXO0B, 2 He MIHOBEHHO NEeNMTHCA

(c 31M xe 3dHexTOM H GBIIO CBA3AHO NMOABNICHHE MAKCHMYMA B CeueHUH 0BpasoBaHust
CTIOHTaHHO HEJIAIMXCA U30MepoB B peakuus (v, n) ). Ecmu 3amper mis nepexonos o6part-
HO B NEPBYI0 AMY AOCTATOYHO BeJIMK, TO B JanbHeilleM AApo 6yJeT HCIIBITBIBATh fAeTIeHHe
H3 3TOr0 M30MEPHOTO COCTOSAHMA C IEPUOAOM, COOTBETCTBYIOIHM TIPOHHI[AEMOCTH yepes
Gappep B. Eciu 0160p aKTOB feNeHMsA O BPEMEHH B IKCHEPHMEHTE He IPOHCXOOHUT, TO
Mbt 6yZleM HaGiTio0aTh B CeYeHHH NIPOHUIAEMOCTb JIMILL NepBOTO Gapbepa, UTO ¥ HPUBOIMUT
K TMOsBIIEHHIO M30MEPHOTO Lienbda.
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Puc.12. Cevenus pearcyuu ?7 f) 0an 80ep **U u ¥ [38]. Crnaownsie xpugsie — pacuer no merody 6xod-
HBIX COCTORHUIL; RYRKTUDHblE KPUGblE — CeyeRlte M2KOBEHHO20 OeneHUsR, WTPUXNYHKTUDHblE KPUgble — Ce-

YeKUe 30epMaRIO20 OeaeNuR. TUCTOZDAMMAMU NOKEIANY) PEIYALTATH YCPEOHERUR KPUGKIX RO UNTEDEAAGM,

COOTEETCTEYIOWUM UIAZY 8 UIMEPERUAX 8bIX0008.

OGHapyXeHHe HEPeryIAPHOCTH B XOMEe MHTEr payIbHbIX BBIXONOB (OTOMENEHNA eLe
He JI0Ka3bIBaeT, yTo B 06JIaCTH H30MEPHOTOo Ienba HeNleHne ANEpP ABIACTCA 3a/iepKaHHbIM,

B crmyuae yeTHO-YeTHBIX ANEP KBAHTOBBIE XAPAKTEPHCTHKH HUKAMINETO COCTOTHYS
BO BTOpO# Aime — (0%, 0),, ¥ HO3TOMY YTJIOBOE paciipeesieHHe OCKONIKOB IIPH NefTeHHH U3
H30MEpHOTO COCTOAHHA JAOJIKHO BBITH NOJTHOCTBI0 H3OTPONHBIM. JKCIEPHMEHTABHAS
TIpOBEpKa 3TOro BaKTa, IPOBEAEHHAs Jyis Anpa U [41)], mefcTBUTENBHO NI0KA3aNIa, UTO
B 06GnacTi H3omepHOro wensda GoTOAENEHHE H3OTPOIIHO, TEM CAMBIM TTOATBEPXKIAA YKa-
3aHHYIe Bblllle HUTEpHpeTaiuo (cM. puc.10).

VisoTpomusa nesreHnA yepe3 H30MepHOE COCTOSHUE ABNAETCA TOl OCOGEHHOCTBI0, TIO
KOTOPOH MOXHO IIPOCIIENNTS BKJIAL, 3aJIep>KaHHOTO JeTIeHHA BO BCeii obmacTv nopbapsep-
HbIX 3geprii. W30TpoNHAsA KOMIIOHEHTA YTTIOBOTO pacipeelieHHs OCKONKOB npu (GoTome-
JIEHMM YETHO-YETHBIX ANEP BO3HMKACT IIPH HU3KHX SHEPrHsAX TOIBKO 32 CUET AEICHUA Uepes
kanan (17, 1) u eil cooTBeTCTBYET KO3hGHIMEHT a B YIIIOBOM PACTIpeielIcHHM OCKOIKOB
W (6). Ha puc. 10 noxa3ana 3aBHCHMOCTD 370ro ko3¢ duimenta a = (b/a— 1) ™! (s Hopmu-
poBKe a+b = 1) or 3Hepriu sMexTpoHOR Wik saapa >°U [37].

Kax BUOHO K3 npeAcTaBIeHHBIX JAHHBIX, H3OTPONHAS COCTABIIAIOMAA YINIOBOTO Pac-
NpeAeeHna OCKONKOB GOTOENEHHs B TOANOPOroBoit OGIIACTH BHAYANIE YMEHBLLIAETCA 110
Mepe YMEHBIUTIEHUsA SHepruM, U Takoe nosefenue a(E nay) HEMOCPENCTBEHHO ONpeNesAeTca
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Puc. 13, Yenosvie xomnonenTsr cevenus peaxyuu (7, f) oas **U Cnaownsie kpugsie — pacuer no merody
@X0O0NBIX COCTORKUI Cenerull M2HOGERHO20 Oeaehus @ xananax (2, 0}, (15, 0) u (15 1); nynxTupsas kpueas —
pacuer 8Kaa0a 3a0epManRbIX Oeneruil U3 3TuX Kananos. lucroapammoil noxazana ycpedHeHRIR Kpusas 3adep-
MIRHO20 OeneHUs.

pa3fMuHeM BBICOTHI GapbepoB [ANA KaHATIOB AMIONbHOro AeneHus ¢ K"=0"u 17 Ilpu omu-
HaKOBOH KpUBH3HEe BapsepoB BENHYMHA a JOJIXKHA ObUIa OBl CTPEMHUTHCA K IIOCTOAHHOMY
3HayeHno. OOHAKO, BONPEKH OXUIaeMOil TeHIeHuH, 06CyxIaBuelcs sbiue (puc.3),
HauMHaf ¢ 5,5 M3B Bknag H30TPONHON KOMIIOHEHTBI OBICTPO PacTeT, ¥ 3Ta KOMIIOHEHTA CTAHO-
BUTCA JOMHHMpYIowed npu E, <4,5 MaB.

3aPHCHMOCTb CEUSHHS H30TPOTIHOH KOMIOHEHTHI GOTONeNeHHs Ins Anpa *U npuse-
peHa Ha puc.11 [42]. Teopernueckas KpuBas, pacCUMTAHHAS B IPEANIONIOXKEHUHU IIOTTHOTO
3aTYXaHHA BO BTOPOH sime (6e3 yuera pe3oHaHCHOW CTPYKTYPBI) cornacHo [34] ¢ mapamer-
PaMH, XOPOLLO OMHCHIBAIOIMMH KOMIOHEHTH ceuerus (27, 0) u (17, 0), moxasaHa CIUIOLIHON
nummeii. Kak BUAHO, 3HepreTHuecKas 3aBHCHMOCTb KOMIIOHEHTBI 0] TIPH SHEPrUaX
E, <5,3 M3B pe3ko OTKIIOHAETCA OT IKCNePHMEHTATbHbIX JaHHBIX BHU3. C 31HM OTCTYD-
JIEHHEM, KaK ¥ C aHOMaJIbHBIM TIOBEe/ICHHEM aHM30 TPOIIHHU Pa3jieTa OCKOJIKOB, CBA32HO fAB-
TIeHHe, Ha3bIBaeMoe HaMH [37] HOpManbHbIi H30OMEPHBIH LIenbd™ 3a CXOLCTBO CO CBOH-
CTBOM, KOTOPO€ 06Cyxpanock baymaHoM ¢ coasropamu [35]. Ha stom xe pucymke no-
Ka3aHbI ¥ apliiaibHble KOMIOHEHTHI CeYeHHA 3aiePXAHHOTO [EeHHsA, pacCCUMTaHHBIC Teope-
THyeCKH. OHH TpaBHIILHO MepenanT abCOMOTHYI0 BEIHUMHY H HAKIIOH HOPMaIIbHOTO 1iemnbda.

Tonpo6Hoe uccnenopanne ceueHua doromenenns 236U u 22U B obnacty aHepru
B0306y>xneHus 3,5-4,5 MaB (puc.9) npHBeno k elue OOHOMY YHOMSAHyTOMY BHauane 3dpdex-
Ty — MOSBJICHUIO CHIIBHBIX pe3oHaHcoB MpH E, ~ 3,6 M2B, Ha3paHHOMY aHOMaJIbHbIM H30-
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MepHbIM 1eibdoM [37]. AHanorHyHyro pe3soHaHCHYIO CTPYKTYDY HMEET M HENIOCPECTBEHHO
u3MepeHHoe fenenre B (a, pf) -peaxuun Ha aape **%Pu [43] B TOM ke IHana3oOHe IHEPrHil.
HaGrmrofaroupiica pe3oHaHC pacTioNioxeH BONIM3H, €CITH Jake He BHYTpPH, SHEPT e THYECKOH
LIEJIH B CHEKTpe BO30YyKIeHHH YeTHO-YETHBIX AAEP, T.€. MbI HMEEM AENO0, CKOPEl BCEro, ¢
O[THHOYHBIM YPOBHEM BO BTOPOil sIME.

Taxnm o06pa3oM, B riTy6oko noabapeepHoOi 06acTH BO30YKIEHHH Mb CTATKHBAEM-
Sl C IIENBIM PANOM HOBHIX ABJIeHHH. [IpHHIMIMANBHEIM IYHKTOM B IOHUMAHHH J€JICHHS
sfiep B 3T0# OONIacTH ABIAETCA NMPABUWIbHBIA YueT poni BUOPalMOHHEIX COCTOSHHH BO BTO-
poii AAMe, UX IMPHUHBI M CBA3H CO CIOKHBIMU YPOBHAMH ApPYTO# pHponbl. B 310M OTHO-
IIEHIH OYEHb HHTEPECHBI MOABUBIIHEC HeNaBHO paGoThl [43-45], B KOTOPHIX Pa3BHBATCH
HIeH M METOMBI BXOOHBIX cocToAHMi (door-way state) IPHMEHHTENBHO K NENIEHHIO.

Ha puc. 12 1 13 npuBe/leHBT pe3ymbTaTH aHANM3a ceueHMs doTomenewus U i U,
KOTOpbIH OB BBITOJTHEH B paMKax AaHHoro nojxona 10.b.Ocranenko. Puc. 12 noxazpisa-
€T BKJIaJl B HaOIMioJiaeMOe CeUeHNe COCTABIIAOIIMX, CBA3aHHBIX ¢ MITHOBEHHBIM H 3afiepXaH-
HBIM JITTCHHAMI. XapaKTepHO YCHJIEHHE pe30HAHCHOH CTPYKTYPBI (YMeHbILeHUe 3aTYXaHHsA
BUOPATIMOHHBIX PE3OHAHCOB) N0 Mepe PUBIHXEHUSA K IHY BTOPO# AMBI. YUaCTOK B OKpecT-
HOCTH CHJIBHOTO U Y3KOT'O HHIKAIIIIero pe3oHaHca, KOTOPbI NMPOsBIIsLeTcA B 0bmacTH, rie
JOMUHHpYET 3aJiepXKaHHOe [IeIEHHE, U COOTBETCTBYET YWMCTOMY BHOPaUMOHHOMY COCTOSTHMIO,
TIOKa3aH I'MCTOTPaMMOfi, 1IIaT B KOTOPO# €CTh HHTEPBAI MEXIY IKCIIePHMEHTAIBHBIMH TOY-
KaMH B [IOJIHOM BBIXOZle. TeopeTHueckne KpHBble Ha pHC. 12 IpeAcTaBnAonT CyMMy nap-
UMANBHBIX YITIOBBIX KOMIOHEHT — aHU3OTPOIHBIX, COOTBETCTRBYoNMX KaHanaMm (27,0) u
(17, 0) H H30TPONHOI, KOTOPast, KPOME CeUeHHs. MTHOBEHHOIO JiejieHus yepe3 KaHan (17, 1),
BKJIIOYAET B ceBst BKITAM, 3alepsKaHHOTO AeTeHHs H3 BeeX Kanaop. Jna sapa U omu o1-
HeNbHO ITOKa3aHbI Ha puc.13. B omiHune ot peaxunil (@, pf), aHanusuposaBumxCa MeTO-
IOM BXOIHBIX cocTosHmit B [43, 45], rie mannbIle 06 YINIOBOl aHI30TPOINH AeNCHHS IPH-
BIIEKAJMCH TONLKO JUIA OUEHKH BKIAHA OTMIEbHBIX KAHAJIOB, IPOCTOTA B3aMMOMEHCTRIA
7-KBaHTOB MO3BOJIsAET C IOMOUIBI0 HENOCPEACTBEHHON 3KCIIEPHMEHTaNIbHOM HHOPMAIHY O
BKJIaJie BCeX NOMHHUPYIOIIMX KAHATIOB NONYYUTD TIPAKTHUECKH NOJIHOE OTMCaHUe HHTET-
pasnbHBIX B HddepeHIHaTPHBIX XaPaKTEPUCTHK BEPOSTHOCTH HH3KOIHEPreTHYECKOTO Jie-
JIEHUA AfED.

‘8. MACCOBOE PACNPEJEJIEHHE OCKOJIKOB B OKOJIOBAPLEPHOM OBJIACTH

Mexatn3m ¢opMHPOBaHHA OCKOIKOB AeJICHUS IO MACCaM [I0 CHX IOP OCTaeTcs Off:-
HMM H3 OCHOBHBIX HEBBISICHEHHBIX BOTIPOCOB, XOTA B 3TOM HAITPaBieHUHM HET HEOCTATKA
HHM B TEOPETHUECKHX, HI B 3KCNEPHMEHTarnbHbIX pabotax. Jleno B toM, 410 3/1€Ch BOSOHHO
CBSI3BIBAETCA LIETbI KPYT HEPEIIEHHBIX BOTPOCOB, TAKHX, KAK POITh U3MEHEHUA [OBEPXHO-
CTH MOTEHUMANIBHOM SHEPI UM NPY BKITIOYSHHH aCUMMETPHYHBIX Aedopmanuit, MMHAMHKA
TIpoLlecca [IeJIeH)s, CAM aKT pa3Bana Afpa, posib CTPYKTYPHBIX 0coGeHHOCTel  0CKONKOB
ZISTIEHHA M KAHAJIOB [eNICHHA.



54 CMHPEHKHUH n LIWMTEHIOK

/”.I B %””/)’dﬂll'l
- 3 ..
L . v &
[ e L,
[ A4 Qo
3
g
4
238
U
"
L Jo
B .v Soa
‘o <o
o
I .
/ﬂ-‘ L ) t L L . f'?"'m
50 55 6 &5

Puc. 14, Fnepeeruneckan 3a8UCUMOCTy OTHOWEHUR 851X00a cummeTpusnbix (V15 CH) x acummeTpumsin
('3 Ba } ocoaxam npu gotodenenuu U, ©, 8 — [48); v,a— [49].

TepBbie paGOTHI IO MACCOBOMY paclipefieNeH o OCKONIKOB NpH dotomeneruu **2Th
# 23U npu E 5, > 5,5 M3B 6ot Bemonnenn Jadgdunnaom u llmurtom B 1957 1. [46], 32-
TEM aHAJIOTHUHBIE U3MepeHus GbUTH NpoBedeHb GopkmaHoM U Kusukacom [47] B 1965 T.
HecmoTps Ha pa3HOrmacHe 3THX Pe3yNbTAaTOBR, B HHX OTYSTIIMBO GBUT BBIABIEH DALl HEpery-
JIAPHOCTEH B OKOJIONOPOrOBOM MAacCCOBOM pacrpeneneHny ockonkos. Hamm B 1967 r. co-
BMECTHO ¢ papHoxuMukamu MHcTHTYTa aToMHOI 3Heprun um. M1.B.Kypuatoa 6 mpo-
BEJEHbI H3MEPEHHS BBIXO/IA OCKOIKOB “>°U B CHMMETPHUHON M aCHMMETPHUHON YacTAX,
BIUTOTh JIO 3Hepruu Bo36yxmenus 5 MaB [48]. 31u usmeperus GbutH moBTOpeHBI B 1973 1.
B lIsenyn AnsMoM u Kusrikacom [49], kOTOpble MONHOCTHIO HOATBEPIMIIN HAIUH U3IMEPEHHA.
OKCIepHMEHTAIBHO MOXKHO CeHYac CUMTaTh YCTAHOBJIEHHBIM TPH YIMBHTENbHBIX haKTa
(puc.14):

1) Bo6nacTHE pax =6 M3B HabiionaeTca MAKCHMYM BBIXOJA CHMMETPHUYHBIX OCKONIKOB,
KOTOPOMY B CEUEHHH COOTBETCTBYET OTYETVIMBBIA PE3OHAHC;

2) ¢ yMeHbILIEHHeM 3HEPrHH Y-KBaHTOB OTHOCHTEJIbHBIA BBIXOL CHMMETPUYHOTO [elle-
HuU# pe3Ko CHXaeTcs, ymMeHbmasnch B 30 pa3 B uHTepBase 5,3-5,8 MaB Tak, 410 OTHOIIIEHHE BbI-
XOZIOB OCKOJIKOB B IIMKE M BMajMHe NOCTHTaeT HECKOJIBKHX ThICAY;

3) npu panbHeiIeM YMEHbIIIEHHH 3HEPI M 7-KBaHTOB OTHOILIEHWE BBIXOJOB CHM-
METPHYHBIX M aCHMMETPHYHBIX OCKOJIKOB IIPeKPAIaeT YMEHBUIATECA M BRIXOAUT HA IUIATO.

Ipexne yem o6cy>kmaTh 0GHapyXkKeHHBIE 0COGEHHOCTH MaCCOBOTO paclpelerieHHA,
PacCMOTPHM PE3YIIbTAThI €lie OJHOTO 3KCIEpUMeEHTa — onpefernerns ¢aspl popMHpoBanHs
CHMMeTPHYHOTO Jenerusa. Kak yike moJyepKHBaIOCH BhIille, aHU3OTPONHA pasiieTa OCKONM-
KOB JENeHHA IIETKNX aK THHHOOB (hOPMHPYETCA 3aBUCHMOCTHIO BBICOTH BHEIIHEro Oapre-
pa B 0T XBaHTOBBIX XapaKTepUCTHK. ECITH BHellHMi Gapbep AN CHMMETPHUHBIX KOHMH-
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Puc.15. B 8epXHell 4acTu PUCYRKA: 3ABUCUMOCTL 8BIX00a CUMMETDUYNBIX U GCUMMETDUYHBIX OCKOAKOG 8
peaxcyuu **Ra (v, f) ot 2panunnoli 38epeuu TOPMO3HO20 CneKIpa. B nuxcHeil wacTu pucynka: anu3oTponus
cummeTpuyRblx (X ) u acummerpuynsix (®) 0ckoaxos. IIYRKTUPHAR KPUGAA — KPUBAR AHUSOTPONUYU, CMEIYCH-
Kas na 1,5 M3B,

rypaimit mensiierocs Aapa pbiuze, veM Mt acummerpuanbix (Efg >Efp), xax nokassina-
10T TeopeTHUeCKHe pacueTs! [20], OHM Onpemens0T COOTBETCTBYIOIIHME CIOCOGHE pa3/eIeH s
M B 3THX CIIy¥afX AOJHKHBI GBITH pa3HBIME U YITIOBbIC aHH3OTPONMM pasiieTa OCKONKOB. U
Ha060POT, ecii 0GOMM THIIAM [EITeHNUsI OTBeuaeT eNMHas BHELIHAA CeIoBas KOHPUrypa-
1IHs, 4 PEANUBYIOIELSCS PECTIpefieiieHe MACC OCKONKOB GOpMUPYETICA Ha ciycke ¢ ropba B,
TO YIJIOBBIE aHM30 TPOITHY TOJDKHBI coBnapaTh. Takoft 3xcCIepHMeRT ObUI HpOBEHEH Ha
anpe ?%Ra [50].
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Pe3ynbrarThl 3THX H3MepEHHIt TOKa3aHbl Ha puc.15. TIpuBeNeHHbI! Ha ITOM PHCYHKE
XOO HHTErpajibHBIX BHIXOIOB CHMMETPHUYHOIO Y. ¥ aCHMMETPHUYHOTO Y, A€NIeHMH B IIPUHIM-
Tle He TIPOTHBOPEYHT HIPEITIONOKEHHIO O Pa3IHYMU BHICOT 6apbepoB CHMMET PHUHOrO H aCHM-
MetpuuHoro neneruit Efg —Efy =~ 1,5 MaB. B 3ToM Cilyuae NpH MAEHTHYHOCTH APYTHX
XApaKTepPUCTHK KPHUBAsA aHU30TPONHH CHMMETPHYHOTO JleJIeHHsA JIONKHa GbITh CMeleHa OT-
HOCHTEJIBHO aHHU30TPONHMH pa3iiera aCHMMETPHYHBIX OCKONKOB Ha te e 1,5 MaB. Jra cme-
uIeHHasA KPHBas NOKa3aHa Ha PUC.15 MYHKTHPOM. JKCIEPUMEHTAJIbHbIE TOUKH T€M He Me-
Hee KaK 1 CHMMETPHYHOTO, TAK H aCHMMETPHUYHOTO AEeNeHHi NMPaKTHYECKH COBIA/IAI0T,
T.e. 06eHM KOMIIOHEHTaM COOTBETCTBYET OfIHA H Ta XK€ CeJIOBas TOYKa.

Taxum 06pa3om, JaHHbIE 00 YIIIOBOH aHH30TPOIHH CBUAETENLCTBYIOT, TO PEanu-
3yeTcs BTOpas 3 paCCMOTPEHHBIX BO3MOXHOCTEH: pacnpefencHiue Macc GOpMHUPYETCH IIpH
crycke ¢ Gappepa K TOuke pa3pbiBa, a aCHMMETPUUHAaA KOHGUIypauus Afpa B CEIUIOBOH
TOUYKE, COOTBETCTBY0Iel Gapbepy B, mHiIp oGneryaer nepecTpoiiky Hyk/oHOB B Aape. C
OpYTOii CTOPOHBI, TIPH Pa3/IMYHBIX CNOCOGaX BO36YKIEeHHS TerKUX aK THHIAOB H Ra [51, 52]
BBIXOJ] CHMMETPHYHOIO [IeJIeHHA C yMeHbllIeHHeM 3HepriH Bo36y HeHus BenieT cebd Tak,
KaK eciH b1 eMy cooTBeTcTBOBAMN Gaphep Ha 1-2 MaB Bhutte, yem y acimmMerpuusoro. Ka-
3a510¢hb Obl, YTO HaJIHYME PE30OHAHCA B OTHOLIEHHH BBIXOIOB CHMMETPHYHOTO U aCHMMETPHY-
Horo dorofenenuit *®U raxxe CBUAETENBCTBYET O Pa3TMUMH COOTBETCTBYIOIIMX IOBEPXHO-
CTeii NOTEHUHANBHOR 3Hepriu Aed o pMallu, YTO NPUIAET UM YepThi He3aBHCHMBIX Cnioco6oB
nenenuA. O6beIHHUTH B OIHOH HEMPOTHBOPEYMBOI KAPTHHE CBOHCTBA PacnpeleneHUs
Macc OCKONIKOB ¥ YITIOBOH aHM3OTpONHH JielIeHHA N0Ka He YHanock.

9. 3AKJINWYEHHE

B 310M 0630pe Mbl IOMBITATIHCh MPOAHATTH3UPOBATE HAKOIUIEHHDIN K HACTOAIEMY
BPEMEHH 3KCIIePHMEHTAIbHBI MaTePHAJl 110 HU3KO3HEPreTHYECKOMY (POTOMEN eHHIo TAXKe-
JIBIX AAZIEP, 3aTparuBas TUIUb PHHIMITHATIEHBIE BONIPOCHI, BO3HHKIIME K pelieHHbIE, JH60
OCTaBILHECH OTKPBITHIMH, HA OCHOBE COBPEMEHHBIX PECTABIICHHI O IByropGom Gapsepe
neneHus. 3Ta MOLENb, OCHOBAHHASA Ha Pe3yiibTaTaX pacyera MOTeHUHaNsHOro bapsepa me-
JIeHHsA 110 MeToRy o6onoyeunom nonpaexu CTpyTHHCKOIO, OKa3alack BeChMa IUIOJOTBOP-
HOil B GH3HKe [eNeHNs aTOMHBIX sfep. OGbACHUB MOAABNAIOILYI0 COBOKYITHOCT JKCIIe-
PHMEHTANIBHBIX JAHHbIX, OHA ABWIACH B TO XK€ BPEMA M MOIUHBIM CTUMYIIOM IS OCTaHOB-
KU HOBBIX IKCNIEPHMEHTANBHBIX H TEOPETHYECKHUX paboT.

SKCNEPUMEHTHI 1O HOTOMENEHHIO 3aHHMAKT 0c060€ MECTO B HCCIIeJOBAHHH CTPYK-
Typh! Gapbepa. Bnaropgaps HCITIOUMTENBHON MPOCTOTE CNEKTPa BHOCHMBIX B PO YITIO-
BBIX MOMEHTOB, HCCIIE[IOBAHHE NpoLecca POTOMENeHHSA ABUIOCH PEIIAIOIIMM B BLIACHEHUH
JIOCTOBEPHOCTH KOHUEMIHHN KAHANOB [eneHHsa. OcoOyr LEeHHOCTh NPeACTABWIH Y-KBaHTHI
H NpH H3Y4eHUH IpyropBoit ¢opmer Gapvepa. HaGmiomaemas Z-3aBUCMMOCTS OTHOLLIEHUI
b/a 1 ¢/b OTHOCHTCS K KaTeropHH HEMHOTHX 3KCIIEPUMEHTOB, B KOTOPbIX HENOCPENCTBEHHO
U B OJHOM OIbITE NPOABIIAKTCA JBe pa3Hble BbICOThI OapbepoB A u B. I[lo-Bugumomy, Tomnp-
KO B GOTOENEHIH MbI cefiyac BHAMM IIPOSBIIEHHE HADYLIEHUA 3€PKaNbHON CUMMeETPHH
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Anpa Ha Gapbepe B. HaxoHen, B sxcnepuMeHTaXx C y-TyYamH BIEpBbIe HauyalOCh H3YYEHHE
KaueCTBEHHO HOBOH 00nacTH 3Hepruii BO3GYAeHUA — I1yB5oK0 nofbapsepHOro JeneHus,

B KOTOPO# YHaI0Ch MPONBUHYTHCS IO SHEPreTUYecKOoM HieNH B CNEKTPE COCTOAHHA BO BTO-
poii iMe. YCTaHOBJIEH DA ABIICHUH, CBA3aHHbIX C MPEOOIAAIIMM IIPH ITHX JHEPrHAX
3a7IepXXaHHBIM [leNIeHHeM. B Xofie ero cedeHMs NpH CaMbIX HU3KMX AOCTHIHYTHIX JHEPIH-
AX OOHapy>eHbI PE30HAHCHI, KOTOPBIE COOTBETCTBYIOT OHOMY M3 NEPBHIX BHOPAUHOHHBIX -
COCTOAHMIA BO BTOPOi AMe.

Bo MHOrHX BOIpOCAX IIPOCTOTA AAEPHBIX peaKLHii C y-KBaHTAMH OKa3ayach peiua-
e 1715 BBISACHEHMS Pa3IMyuHbIX aceKToB dH3HKH fAeneHuA afep. B 10 xe Bpems crnemyer
OTMETHTb, YTO B BOIIPOCE O MacCOBBIX PaclpefeNeHHAX OCKONKOB $OTOMeNIeHHE HE a0
BO3MOXHOCTH NPONIBUHYTHCA BIEpEN B TOHMMAHNH 3aKOHOMEPHOCTE ARNECHHA U JaXe Bbl- -
IOBUHYJO PAJ HOBbIX HEMOHATHBIX €r0 CTOpOH. C TOUKM 3peHMsA SKCIIEPUMEHTa TYT Npexae
BCEro Heo6X0HMa NOCTaHOBKA IIMPOKOro KpyTa HCCIIENOBAHHI, B TOM YHCIIE H KODPPENSLH-
OHHBIX, TAKHX, KaK OFHOBPEMEHHOE N3MEPEHHE MaCCOBOTO M YIJIOBOFO pacipeleseHHH,
HecomHeHHO TpedyeTc Kak YBeHYeHHe TOYHOCTH IKCIIepHMEHTANbHBIX JAHHBIX B ofia-
CTH r1yBoKo MOAGAPhEPHOTO JIENEHHA, TAK H NpOABIKEeHHE B 06nacTh eme Gonee HU3KHX
9HEepruil, HeCMOTpPSA Ha BCIO CIIOXHOCTDb TAKUX pabor.

ABTOpSBI IMYyGOKO IIPH3HATENbHBI CBOMM KOsIeram no pabore 10.I1.T'anrpckomy,
B.E.Xyuxo, A.B.Hrnatoky, C.I1.Kamune, 10. A.Cenmnuxomy, 10.5.Ocranenxo, A.C.Cosn-
JaTOBY, MHOTOUMCIIEHHbIE TUCKYCCHH C KOTODhIMH U HX HENIOCPEICIBEHHOE yYacTHe BO MHO-
roM CIOCOBCTBOBANH YCIleXy OBCYKAABIMXCS BILIE paboT 1o GOTOMNENEHHIO.
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DISCUSSION

H.J. 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 K 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,



TAEA-SM-241/A2 59

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?

YuM. TSIPENYUK: Experimentally we find virtually ‘clean’ Wigner
functions beneath the barrier, for example D}, o for #2Th, and D} o for ***Pu.
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 K 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. Asl
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 23U IN THE (3.6—6.0)-MeV ENERGY RANGE.
238y 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 de:ected in the total

photofission yield.

1. INTRODUCTION

The (v,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 J™ =.1" and J™ = 2*, corresponding
to absorption of multipolarities E1 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 233U 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.

61
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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 uA 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 I-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% 238 U-enriched, on an Al-backing, 25 um 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

a)

1} copper plate with 4-diam. aperture
2) W + Al converter
3) 238U target; d = 2.35 mg-cm 2

4) fragment track detector {makrofol)

—O U* b)

I
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™ and the thickness of the makrofol was 10 um, 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
defined as intersections among the cylindrically shaped detector and the beam
co-axial conical surfaces starting from the centre of the target and having angular
widths of 8, = 7.5° + (n—1)15° 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 um, 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(6)=a + b sin?8 + ¢ sin® 26 nH

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

f W(9) d2, A€ 2)
Q

‘Q'y j

where d€2y and d€2; 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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fiss./coul.

50 55 60  E MeV)

I
FIG.2. Experimental yields: # Y, + Y., ¢ Yy and C]> total yield as function of electron energy.

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

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

We define

Y, =4ma
8w

Yp=3b €)
327

e Ts ¢

the isotropic, dipole and quadrupole components, respectively.
The results of the evaluation are shown in Figs 2 to 4.
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FIG.3. c¢/b asa function of the electron energy: + our measurements; + measurements
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FIG.4. Quadupole and isotropic coefficients as functions of electron energy normalized at
a+b=1; & Yourcanda;  pcandafrom Ref. [5].
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FIG.5. Quadrupole component as obtained by experimental angular-distribution analysis (®);

the solid curve is the fit to the yield points. The following parameters were used. E, = 5.95 MeV,
fwop = 1.0 MeV, Eyy=2.17 MeV, twoy = 0.82 MeV, Eg = 6.22 MeV, wog = 0.82 MeV,
Wo=0.0MeV, 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 Y,, Yy and Y. components represent the fission yields via
the JTK =171, J"K = 170 and JTK = 2*0 transition states, respectively. In this
hypothesis, we write the photofission cross-section through the J"K channel as

pl"K

ks ”

Tt T e o g @
f + ¥

where 0,5 is the gamma absorption cross-section, Pr the fission barrier resonant
penetrability including vibrational damping [8, 12] and Py the radiative
penetrability [9].

The energy dependence of the dipole cross-section 0’;1;8 is taken from
Ref.[7], and 0%} = 017 R?/X? is assumed, R being the nuclear radius and X

abs
the wavelength of the gamma radiation.
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FIG.6. Toial photofission yields in the 3.6—5.6-MeV range ($) together with total yield from
angular-distribution measurements (+) in the 5.1—6.0-MeV 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 fop of the external barrier. The calculated Y, curve
is compared with the experimental points in Fig.5. The same figure shows the
calculated a?rj'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 Y, and Y} curves only is reported.

It has been suggested by Vandenbosch {13] that the relative trend of the
Yy and Y, components, represented by the energy dependence of the c/b ratio
in Fig.3, is strongly related to the excitation energy of the 20 and 170 transition
states at the first-barrier deformation. Accordingly, our experimental data
provide an additional evidence for Ef;° < E};°’. Moreover, the smooth energy
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dependence of the Yy, 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 ¢ values normalized to a + b = | 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 234:23%y AND 238.240py,

Prompt-fission probabilities and angular distributions of fission fragments have been
measured for the nuclei 2%23¢( and #%%%Py down to a probability of 107 at an excitation
energy of approximately 4 MeV using (d,p) and (3He,d) reactions, respectively, Fission barrier
parameters and excitation energies of K™ = 0%, 2%, 07, I ~ 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

(1-8). The ambiguities associated

in numerous previous studies
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

carefully reinvestigated the even-even nuclei 23'4’236U and

71

238,240,
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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
direct reactions has been extended to a level of 1074 not
reached before. This value corresponds to a mean excitation
energy of about & 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.

ii) A doorway state model(7) 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 $-vibrations
(KT=0")y, y-vibrations (K=2%y octupole vibrations (K"z0 ) 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.
Using zuoPu 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

Deuteron and 3He-beamsfrom the Heidelberg EN- and MP~Tandem,
respectively, were used in the direct reactions 23:"’235U(d,p)

234,238, ¢ ana 23"Np(3He,d)238py - £.

The beam strikes the target of 100 ,u.g/cm2 thickness. The direct
reaction products are identified in a AE-E telescope at 140°
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FIG.1. Scheme of the detector arrangement, The position-sensitive anode is shown on top.

consisting of a 200 um thick surface barrier AE-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 4V with 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 uw(Fig.l).
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FIG.2. Angular correlation coefficients and probability for prompt fission following the
reaction 3% U(d,p)“’34 U= f

The overall quality of the data is demonstrated for the reaction

233U(d,p)23u

the angular correlation coefficients exhibit several pronounced

U —f in fig. 2. The fission probability as well as

structures, which can be attributed to collective states in the
2. minimum. The prompt fission probability could be followed down
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)

ii)

Prompt fission probability

These data are most sensitive to the barriers of thekw;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.

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.

Isomeric population probability

Theoretical considerations concerning the actually used doorway
state model(l) 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
1. barrier for theKr;O+,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 harrier parameters and
excitation energies of distinct K-states. Using the formulas
from ref.2 the isotropic yield Y, is determined by the
K'=1" fission channel: the Yb
distribution proportional to sinzw ,» is governed essentially
by the K" 20" channel and the Yc component (proportional to
sin225) essentially by the K'=0" channel, respectively. These
simplified relations represent of course only a crude correla-

component, having an angular
L.

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

adjusted to accurately known experimental values(s’S)

,while
other less exactly known parameters like the excitation energy
of the lowest state in the second well or the damping width are

chosen within reasonable limits, set by experiments(g’lo).

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
214OPu, 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 K=0' resonances in the 2. minimum. There

is also a resonance at 4.5 MeV, which can only be aX"=0" state
because of its strength. If interpreted as an additional B-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 R-vibrational strength concentrated at u4.2-4.5 MeV, This
fragmentation spreads the B-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 a.£22+ vibration built unor a hypothetical B-vibration
at 3.35 MeV. An interpretation as a K'=0* resonance would require
an unreasonably high Yy-width for the decay of the collective state
to reproduce the observed yield. The observed spacing of K'=0*

and K'=2* resonances gives a mean energy of about 600-800 keV for
the B-vibrational phonon in‘*the 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 KF=O—,1— states relative to the
K"=0" state at both barriers. The fits to the experimental data

for the other 3 nuclei are shown in fig. 3-6.
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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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on the specific Nilsson orbit the neutron is transferred to,
considerably affect the calculated angular distribution coeffi-

cients.

2350(a,p)%%%0 = 1.

An example is given in fig. 7 for the reaction
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
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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 23uU(t,p)zagU — 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 261 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 o of

the e-e target nucleus 23uU.

The result is given in fig. 7c. The reasonable agreement between
eﬁcperiment 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 fi of the
2 barriers are shown in fig. 8 for all nuclei investigated. The
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widths of 1. and 2. barrier are rather constant for all nuclei

and amount to about 1.3 eV 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<5), but
there are quantitative deviations up to 400 keV for the barrier
width and 800 keV for the barrier heights. OQur 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 KWr=0*
state at the deformation of the 1. barrier, the 2. minimum and
the 2. barrier has been deduced for the first time in a consi-
stent way. These results are shown in fig. 9. The K¥=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 K"=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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and qualitatively explained by an instability of the 2. barrier
with respect to pearshaped octupoledeformations. A complete de~
generacy between the K"-0% and KT:O— 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 Y -spectroscopy in

the 2. well developed recently.

Assuming that the fission isomer is populated via the K"=20% ana
Kr?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 Y -~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 y -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: 1In 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. E, < 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
lIarge 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 1"7, so some of
the systematic differences between our barrier parameters might be due to
differences in the model for Iy.

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

S.S. KAPOOR: 1 would like to comment on the constancy of the K
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 K quantum number may not
be a valid assumption.

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

M. JUST: As far as [ 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-1I states can help to determine the
height and hw 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 24°Pu, whereas the inter-
mediate structure effect in the 2*°Pu neutron-induced fission cross-section may
give us the 24'Py, rather than the 2*°Py, 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 hew.

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 2*°Pu 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 24°Pu 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
(v,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—Résumé

THE (n, vf) REACTION IN SLOW-NEUTRON-INDUCED RESONANCES IN #*¥py,
235y AND #'pu.

The (n, yf) reaction, a piocess 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 2*°Pu, *5U and 2*'Pu are assembled and analysed. It is shown that all the data reflect
the effects of that reaction. Experimental values of the product I‘.Yf é.yf of the width of the-
(n, yf) reaction and the mean value of the prefission gamma ray energy spectrum are deduced.
Next, the theoret'i.cal aspects are considered. The calculated values of the energy €.yf, combined
with the experimental results, enable the values of the width I',¢ to be derived. The usefulness
of this reaction for studying fission barriers and class-II vibrational states is demonstrated
and discussed.

LA REACTION (n, yf) DANS LES RESONANCES INDUITES PAR NEUTRONS LENTS
DANS ?**py, 235y ET *!'pu.

La réaction (n,yf) est étudiée dans la région des résonances résolues en tant que processus
résultant de la compétition entre I'émission de rayonnement 7y et la fission au cours de la
désexcitation du noyau composé. Aprés une étude qualitative pour montrer les effets du
phénomeéne, les résultats expérimentaux sur 23°Pu, 25U et 2*! Pu sont rassemblés et analysés.
It est montré que tous présentent les effets de cette réaction. Des valeurs expérimentales du
produit I‘.Yf E.Yf' de la largeur de la réaction (n, ¥f) par la valeur moyenne du spectre en
énergie du rayonnement vy de pré-fission en sont déduites. L’aspect théorique est ensuite
abordé. Les valeurs calculées de I'énergie ¢., ¢, combinées avec les résultats expérimentaux,
permettent de donner des valeurs de la largeur I‘.Yf. L’intérét de cette réaction pour I’étude
des barriéres de fission et des états vibrationnels de classe 11 est montzé et discuté.

Un noyau composé formé par capture d'un neutron de basse énergie
peut se désexciter soit en émettant un neutron (diffusion €lastique et
€ventuellement inélastique), soit un rayonnement Y (capture radiative),

soit par fission si ce processus est Energétiquement possible. La réaction

87
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FIG.1. Description schématique du mécanisme de la réaction 2°Pu {n, Yf) dans les
résonances 1.

{n,Yf) provient de la compétition entre la capture radiative et la fission
au cours de cette désexcitation. La région des résonances est 1la plus fa-
vorable 3 son observation car, par le jeu des fluctuations de PORTER et

THOMAS des largeurs de fission, sorn importance peut varier considérable-—

ment d'une résonance d 1'autre. .

L'existence de la réaction (n,Yf) a &té& prévue théoriquement en
1965 par STAVINSKY et SHAKER [1] et par LYNN [2] mais ce n'est qu'en 1972
qu'elle a &té mise en &vidence expérimentalement dans la fission de 239Pu

par neutrons lents [3].

1. LE PROCESSUS (n,Yf)

Aprés émission d'un rayon y primaire, le noyau composé formé par
capture d'un neutron peut se trouver dans un &tat d'énergie, de spin et de
parité tels que la fission est encore fortement probable. Il fissionnera

alors, plutdt que d'émettre un nouveau rayonnement 7.

Cette situation est décrite dans la fig. 1 qui illustre le cas
239

. P + -
typique des ré&sonances 1 de Pu. Aprés capture d'un neutron d'onde "s",
240

le noyau composé Pu se trouve dans un état de spin et parité J" =0t

+ . R sz .
ou ! . Dans ce dernier cas la fission est peu favorisée car elle se produit

-

par effet "tunnel" & travers la barriére (<I‘f>l+ = 33,4 meV [4]). Cepen-

dant, apr&s une transition El, le noyau résiduel est dans un &tat J" = 0,

I ou 2 ; dans le cas d'une transition Ml il est dans un
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FIG.2. Distribution intégrale des largeurs de fission Ty des résonances de *°Pu analysées

entre 1 et 660 eV (d'aprés {4]). La courbe théorique est une somme de deux lois en

x? & v degrés de liberté. Elle fait apparaitre un plateau au début de V'histogramme expérimental
dit ¢ un manque de faibles largeurs U's attribué d la présence de la réaction (n, ¥f).

-~

état J" ='0+, 1* ou 2% pour se limiter @ ces deux types de tramsition. Mais
les barriéres de fission de ces nouveaux états sont trés différents de
celle de 1'état 17, En particulier, les états de tranmsition 0+, 2+, 17 et
2" sont beaucoup plus bas. si 1'énergie du rayon y €mis n'est pas trop
importante, la voie de fission peut méme Stre ouverte. Le noyau se désex-
cite alors par fission au lieu de continuer i se désexciter par cascade de
rayons Y. Par contre, le noyau dans des états 0 ou l+ poursuit sa désex-
citation dans la voie de capture radiative car les barri&res de fission
correspondant 3 ces &tats sont beaucoup plus élevées que 1'énergie d'exci-

tation du noyau composé 3 ce moment 1li.

Les largeurs PYf de ce processus peuvent &tre considérées comme
constantes pour des &tats initials de spin et parité donnés car le nombre
de voies de sortie du processus est grand. C'est en s'appuyant sur cette

propriété que LYNN a donné une limite supérieure de la plus petite des
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deux largeurs rYf possibles dans les résonances de 239Pu [2,5] (ny< 5 meV)

(voir £ig. 2).

Cependant, cette propriété doit &tre utilis@e avet précautiom
car la détermination des petites largeurs Ff est trés sensible aux effets
expérimentaux. Ainsi, de faibles fluctuations des largeurs de fission
avaient &té observées dans la fission sous le seuil de 238Pu [6]. I1 sem-
ble maintenant que cet effet soit d'origine exp&rimentale [ 5]. Dé méme
241Pu {7}

ne peut pas &tre expliqué par la réaction (n,yf) (voir § suivants).

le manque de largeur Ff < 10 meV observé dans les résonances de

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

La difficulté de distinguer un rayon y de préfission d'un rayon
Y émis par les fragments ou une fission "directe" d'une fission précédée
d'un rayonnement Yy ne permet pas une observation directe de la réaction
(n,yf). Si a cet obstacle on ajoute la faible amplitude du phénoméne, on
comprend la difficult@ de mettre cette réaction en évidence. En fait les

expériences réalisées sont basées sur deux effets :

2.1. Effets du rayonnement y de préfission sur le cortdge électronique -des

atomes
—

Cette méthode a été utilisée d Doubna pour 235

v [8]. Elle con~
siste & mesurer les &v&nements fission en coincidence avec les rayons X
ceractéristiques du noyau fissionnant qui proviennent de la conversion
interne du rayonnement Y de préfission. Malheureusement, les fragments de
fission peuvent aussi induire indirectement de tels rayons X par action

sur les atomes voisins.

Le rapport K de 1'aire d'une résonance de fission observée en
coincidence avec les rayons X de la raie Ko, 4 1'aire de la méme résonance

observée sans colncidence peut s'&crire :

+ B 1

A est une constante proportionnelle 3 1'efficacité du détecteur

de rayons X, au pourcentage de tramsition Ko, dans 1l'ensemble des raies K,

1 ;
4 la probabilité de remplir un trou dans la couche K et au coefficient de
conversion interne. Le terme B provient des effets parasites des fragments

de fission.
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2.2. Influence de la réaction (n,yf) sur les propriétés des fragments de

fission

Aprés émission d'un rayonnement Y, le noyau fissionnant a une
énergie d'excitation plus faible. Le nombre moyen Gp de neutrons émis est
donc également plus faible , Par contre, l'énergie totale moyenne EY empor-
tée par les rayons Y est plus &levée car a l'énergie des rayons Yy de fis—
sion qui ne varia que trés faiblement avec 1'énergie d'excitation, s'ajoute
1'énergie emportée par le (ou les) rayon (s) Y précédant la fission. Il en

est de méme de la multiplicité de ces rayons Y.

On s'attend &galement & une incidence sur l'énergie cinétique

totale E, des fragments de fission lorsque la variation de cette &nergie

K
avec 1'énergie d'excitation du noyau composé est importante. C'est le cas
des plutonium [39] : des variations AEK ~ = 400 keV sont prévues pour cer-

+
taines résonances 1 de 239Pu de trés faible largeur Ff,

Expérimentalement, la détection des rayons y émis en coincidence
avec la fission ne permet que 1'observation d'un mélange de fission direc-
te et de réaction (n,Yf). Dans les résonances pour lesquelles la fission
directe est le processus de loin le plus probable (résonances ayant une
grande largeur de fission Tf), la réaction (n,Yf) sera masquée ; les va-
leurs de Gp et EY seront 3 peu prd&s constantes. Au contraire, lorsque la
largeur totale de fission Tf est suffisamment faible, comparable i la lar-
geur rYf’ cette réaction contribuera beaucoup & la ré-
sonance. Ainsi les largeurs de fission Pf des résonances et la largeur rYf

peuvent &tre reliées aux grandeurs mesurées par les relations :

T

- - - Yf -

EY EYO +—rf et 2)
T

R SN ¢ i

E\J E\JO I‘f eyf 3

ol EY et E; correspondent 3 1'&nergie emportée par les rayons y et les neu-
trons de fission respectivement et E . et EGD sont les valeurs de EY et Eﬁ

est la valeur moyenne du spectre

Y¥0
dans le cas de la fission directe pure. er
en énergie des rayons y de pré-fission., Cette grandeur est, comme la largeur

r constante pour les résonances de méme spin. On peut donc &crire :

v£?

E -E = - (E; - E;O) =

ryf . eyf constante )
y 0O B

I ¢ I




92 TROCHON

i |
[
ya
O ]
5 |
£
[
O
Ot =
c 1 T —
3 = 1
i ;
) VI {meV)
T

290

2,80
° Ems
™~
2.70
1
2.60 ) 1/ ’; (meV)
0.00 010 0.20 030

FIG.3. Variations de 'énergie E,, des rayons «y et du nombre V, de neutrons de fission en
fonction de l'inverse de la largeur Uy des résonances 1* de *®Pu (d’aprés [16]). Lattribution
du spin des résonances provient de [10].

Ces différentes &quations présentent toutes une dépendance liné-

£ I1 suffira
donc de tracer les valeurs expérimentales en fonction de l/l"f pour faire

aire entre les grandeurs mesurées et l'inverse de la largeur T
apparaitre, si ils existent, les effets de la réaction (n,Yyf).

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

Le nombre Gp de neutrons émis par fission a fait 1'objet de nom-
breuses mesures dans les résonances, Elles ont &té faites dans différents
laboratoires par des techniques souvent différentes. Dans les mesures de
Saclay par exemple, les neutrons sont détectés dans un gros scintillateur

liquide chargé au gadolinium dans lequel ils perdent toute leur énmergie
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avant d'€tre capturds, puis comptés DII. A ORNL, par contre, les détec-
teurs’ employés sont suffisamment minces pour que la probabilité de détec-
ter simultanément deux neutrons soit négligeable [121. Ainsi le nombre de
neutrons détectés est proportionnel 3 Gp' Ces dispositifs expérimentaux
permettent aussi de mesurer 1'énergie moyenne EY des rayons y émis 3 la

fission.

Apré&s quelques curieux désaccords entre les premiéres mesures du
nombre vp [53, Ié] la situation est maintenant claire grace aux derniers

résultats qui compremnent aussi les valeurs de 1'énergie EY [35, lQ].

Les résultats expérimentaux sont portés sur les figures 3 et 4
pour les ré&sonances 1" et sur la figure 5 pour les résonances 0. La dépen-
dance avec l/I‘f est particuliérement nette dans le premier cas. Elle l'est
beaucoup moins dans le second car la fission directe est trés importante.
Les valeurs du produit rYf';Yf déduites de ces mesures sont données dans le
tableau I.

4, EVIDENCES EXPERIMENTALES DE LA REACTION (n,yf) DANS LA FISSION DE 235U

Le noyau composé& formé par capture d'un neutron d'onde "s" dans

235U a pour spin de parité 3" =3 ou 4. Cependant la fission directe est

beaucoup plus importante pour ce noyau que pour les ré&somnances 1% de 239Pu[?Q].

La premiére tentative de mise en &vidence expérimentale de la
réaction (n,yf) fut réalisée par PANTELEEV et Coll. qui mesur&rent une
grandeur dont la racine carré@e est approximativement proportionnelle 3 la
multiplicité des rayons y de fission [?i]. Les résultats semblent refléter
la présence de cette réaction, selon une relation similaire 3 (2), bien
qu'un seul point contribue 3 obtenir ume pente positive pour les résonances
& Q7).

Plus récemment DLOUHY et Coll. ont détecté le rayonnement X de -

236 5 :
U aprés conversion

réarrangement des couches &lectroniques de 1'atome
d'un rayon y de pré-fission [?] (voir chapitre précédent). Les ré&sultats
(fig. 6) présentent une dépendance lingaire en fonction de l/Tf mais seu-

lement par le poids d'une résonance.

De nombreux laboratoires ont effectué la mesure du nombre ©_de
neutrons de fission. Aprés des résultats non concordants [33,141, un ac-
cord est maintenant obtenu sur les résultats plus récents [22,23,2{] et

deux caractéristiques peuvent &tre dégagées.
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FIG.5. Variations de ., et de U, en fonction de 1/T's pour les résonances 0* de ***Pu
(d’aprés [16]).

i) les trois plus importantes résonances observées en fission (2 8,8 -
12,4 et 19,3 eV) présentent des variations significatives qui ne semblent
corrélées avec aucune des grandeurs caractéristiques de la fission actuel-
lement connues (spin, largeur I'f, distribution en masse des fragments de

fission, etc....) [24]. Nous n’avons pour 1'instant aucune explication i
donner 3 ces résultats.

ii) les résonances de petite largeur I'f présentent systématiquement des
valeurs de ;p plus faibles que celles de grand I‘f. Elles font apparaltre

une pente négative de la courbe ;p = f(l/rf) (voir figs. 7 et 8).
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TABLEAU I. VALEURS EXPERIMENTALES DU PRODUIT [y¢-Sy¢
DETERMINEES A PARTIR DES MESURES DU NOMBRE 7, DE NEUTRONS
ET DE L’ENERGIE E, DES RAYONS vy DE FISSION. d7,/dE* EST LA PENTE
DE CONVERSION UTILISEE POUR LE CALCUL DE Ey A PARTIR DES
VALEURS DE 7,

‘é‘f:dal‘; In mesure dv, /dE* Ty ey (eV?) (L5 Ty (6V?)
" Pp [17]  0,131£0,004 4800+ 530 4600 * 300
E, [17] [18] 4490 £ 400
239Pu
o v, [17 6600 £ 9400 8000 + 1900
E, [17] 8000 1900
P, [24] 0,135%0,07  2920% 1400
4" 7, [22] [18) 1563 * 1090 1730 £ 590
E, [22] 1437 * 806
235U
v, [24] 3500 £ 2500
3" 7, [22] 4222 £ 4502 4020 £ 2030
E, [22] 6256 5515
" 7, [22] 0,153£0,02 7932+ 5158 6982 * 3819
Ey [22] (18] 5830 % 5680
241Pu .
5 7, [22] 1750 + 789 1714 + 664
’ E, [22] C1627%1229

Ces résultats, associds 3 ceux de l'@nergie EY des rayons y de
fission [j7,22] (voir fig. 7), permettent de déduire des valeurs du pro-

duit ryf'eyf (voir tableau I).

En conclusion, nous pouvons dire qu'aucune des expériences réa-
lisées n'apporte seule une preuve irré&futable de la présence de la réac-
tion (n,yf) dans 235U tant elle est masquée par la fission directe et
peut-8tre par des effets encore non expliqués. Mais toutes ces expériences,
pourtant trés différentes, recélent des indices qui forment un faisceau de
présomptions tel que 1'on peut affirmer que ce processus existe réellement

dans ce noyau,
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FIG.6. Variations de Vintensité du rayonnement X émis en coincidence avec la fission en
fonction de 1/T's pour les résonances de ¥5U (d’aprés [8]). L'énergie de la résonance
{en eV) est indiquée @ cite de la valeur correspondante.

5 - EVIDENCES EXPERIMENTALES DE LA REACTION (n,yf) DANS LA FISSION DE 2MPu

Les résonances formées par capture de neutrons "s" ont pour spin

sz W + + .
et parité J = 2 ou 3 . Malheureusement, en 1'absence de mesure directe
1'attribution du spin de ces résonances repose seulement sur la position

relative des états de transition [25] et est trés incertaine.

Les seuls résultats sur la réaction (n,vf) dont on dispose pro-
viennent d'une mesure simultanée de ;p et de EY [22] (voir fig, 9). Ils
présentent les effets attendus de la réaction (n,vf), fournissant ainsi des

valeurs du produit T 'EYf (voir tableau I).

v£

Cependant les variations observées sur les résonances supposées

3+ sont bien plus faibles que celles attendues.

6., DETERMINATION DE LA LARGEUR r‘Yf ET DE L'ENERGIE MOYENNE ;Y £ DU SPECTRE
DES RAYONS y DE PRE-FISSION

Les seules expériences qui ont donné jusqu'd présent des gran-

deurs quantitatives sur la réaction (n,Yf) sont les mesures du nombre v
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FIG.8. Variations de U, en fonction de 1/Ts pour les résonances de 250 (d'aprés [24]).
L’énergie de la résonance (en eV) est indiquée d cété de la valeur correspondante.

et de 1'énergie EY. Malheureusement, elles ne fournissent que la valeur du

produit T pour chaque &état de spin. Un calcul est donc nécessaire

.e
vE vE
pour déterminer chacun de ces paramétres. Un tel travail a &té effectué

dans différents laboratoires ]:2,26,27,28:[ mais les résultats obtenus sont
assez dispersés i cause des différences dans les paramétres et les forma-

lismes utilisés,

6.1. Formulation générale

Dans la formulation qui suit, on suppose le noyau composé formé
dans un &tat d'énergie Sn et de spin et parifé ar. Aprés une transition y
de nature 1 et d'émergie EY’ il se trouve dans un nouvel &tat d'énergie
E¥ = Sn - EY’ de spin et parité J'n' définis par les régles usuelles de

sélection.

Dans le cas de 1'8mission d'un seul rayon y de pré-fission, la
y P

largeur I‘Y a pour expression :

£

U
1"\(f = J; P(EY) dEY (5)

avec U = E¥ - A oli A est 1'énergie d'appariement.



100 TROCHON

m
o

YT
| 'l' -]- 'H" 21pyen 1

Y 4 Jn-2* )

A
2,90'{{':? {' hil__?: .

280 6,01 6,02 a

000 ] ] 1 /‘"r
Ex

+ / -
95,0 N ‘ ,/; [ A
l 24 Pu+n
940/, .
n_

—- 4; Jh=3 <
S .
2,901 ] l _[__ i
2,861 '¢ . —
2,82 \ b

000

008
G

FIG.9. a} Variations de E. y et de Vy, en fonction de 1/T's pour les résonances 2% de M py
(d’aprés [221). b) Idem pour les résonances 3",



TAEA-SM-241/AS 101

P(EY) est la probabilité d'observer un rayon y d'énergie EY et
a pour expression :

J+1 <rf> (E*,J"ﬂ")

1 A v
PG s, ), My PEO T N G I
Y JT=d-1 '

Dans cette expression :
p(E*,J) : densité des niveaux de spin J d 1'énergie E*
k.. : fonction densité de capture radiative pour un noyau passant d'un

état i vers un &tat j par une transition A
F : coefficient tenant compte des fluctuations statistiques. Il peut &tre

calculé analytiquement [22,26:[

<Pf>(E*,J'n') : largeur moyenne de fission d'un &tat de spin et parité J'
w' et d'énergie E¥

PY(E*) : largeur radiative i 1'énergie E*

Les largeurs de fission <I‘f>u d'une voie a sont déduites de la
o

£ de la barriére de fission correspondante par la relation

de BOHR et WHEELER. Mais les paramétres des barriéres choisis pour ce

pénétrabilité T
calcul sont eux-mémes déterminés 3 partir de réactions de fission avec des
particules chargées 52,34,35 ou par réaction (y,f) [36:[ et varient sensi-
blement suivant ces réactions ou le formalisme utilisé pour l'analyse. Il

en résulte une dispersion importante des largeurs <rf>a calculées,

Suivant le formalisme utilisé pour le calcul de 1'élémerit matrice
qui donne la probabilité de transition, kij suit une loi en E$ (loi de
WEISSKOPF) ou en forme de résonance géante. Or, nous ne disposons d'aucune
donnée expérimentale pour trancher dans la gamme d'énergie qui nous inté-
resse (0 < E < 3 MeV).

Les largeurs rYf étant particulidrement sensibles aux variations
des différents paramétres utilisés, nous avons effectué ce calcul seule-

ment pour les valeurs moyennes e

E du spectre en énergie des rayons y de

pré-fission.

6.2. Calcul de Eyf et résultats

La fonction densité kzj.utilisée suit une loi en forme de ré&so-
, El, Ml _ .,
nance géante EI [3(2[ et Ml E3I:] dont le rapport vaut kij /kij 6,8 + 2,1

[29].



TABLEAU II. CALCUL DE ey, VALEUR MOYENNE DU SPECTRE EN ENERGIE DES RAYONS y DE

PREFISSION. LES PARAMETRES DES BARRIERES DE FISSION UTILISES SONT DONNES DANS LA PREMIERE
PARTIE DE CE TABLEAU. LES PARAMETRES DE LA RESONANCE GEANTE E1 DE LA PROBABILITE DE
TRANSITION v PROVIENNENT DE LA REF.[30]

Ea Eg hw hwp Eq” El E;* 1 Sy J2 Byt
f, Y Y
(MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) ré EL/MI (MeV) Ei/Mi (MeV)
0" 1 '
5,80 5,45 0,82 0,60 0,6 0,7 0,4 [33] | ~3000 0850 3 0,756
Pu | 6,10 5,60 1,10 0,75 0,15 0,85 0,7 [35] | ~5000 1,040 45 1,032
6,10 5,60 1,15 0,8 0,15 0.65 0,7 ~5000 1,150 | 7 1,136
. 3” 4-
5,70 5,68 0,9 0,5 0,15 0,45 0,18 [33] 43 0,795 16 0,757
By | 6,20 6,10 1,1 0,85 0,26 0,45 0,38 [35] 60 0,835 20 0,788
6,20 5,85 1,2 0,9 0,15 0,45 0,18 65 0,920 25 0,847
2+ 3+
5,60 5,63 0,82 0,59 0,5 0,8 0,25 [33] 8 0,760 0,720
wpu
5,60 5,70 1,1 0,75 0,25 0,85 0,60 [35] 9 0,830 2,5 0,820

[40)1

NOHJOYL
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TABLEAU III. CARACTERISTIQUES DE LA REACTION (n, 7f) DANS LES
RESONANCES DE ?*Puy, 235U ET 2Pu (VOIR LE TEXTE). LES BARRES
D’ERREURS ASSOCIEES AUX ENERGIES &yt CALCULEES PROVIENNENT
D'UNE ESTIMATION FAITE A PARTIR DE TESTS DE LA SENSIBILITE
AUX PARAMETRES UTILISES

noyau Ja F.Yf'z-e..yf Cyf F’yf
cible V) (keV) (meV)
29p, o* 8000 £ 1900 1100 £ 50 73+1,8
1* 4600 + 300 1080 * 50 42+04
25y 3" 4020 2030 850 50 47%23
4" 1730 590 800 £ 50 2,1£07
21p 2* 6982 + 3819 800 + 100 8,749
u
3* 1714 + 664 800 + 100 2,1£0,8

La pénétrabilité des barriéres de fission 3 deux bosses a &té
déterminée par une méthode d'analyse numérique [?i] voisine de celle uti~
lisée par BACK [?i]. Un potentiel imaginaire simule 1'amortissement des
états vibrationnels de classe II par les &tats intrins&ques. Il a &té

ajusté de fagon 3 reproduire la largeur des résonances 3 4,5 et 5,0 MeV
240
de Pu¥.

Les résultats sont portés dans le tableau II avec les paramétres
des barriéres de fission utilisés.

a) Cas de 239Pu

.t .
Les résultats pour 1'&tat de spin 1 constituent un bon test de
cohérence des paramétres car la limite supérieure de la largeur ryf est
connue (voir 2e chapitre). Dans 1'hypothé&se oii ny < 5 meV, on déduit des"

valeurs du tableau I : e > 860 keV. Il apparait que la valeur de e

vE v
calculde avec les barriéres déterminées par BACK 3 partir de la réaction

(t,pf) [3@] est trop faible.

Les paramétres utilisés par GOLDSTONE pour ajuster la section
efficace 239Pu(d,pf) donnent de bien meilleurs résultats car 1'état de
transition K" = 0  a &t& abaissé et placé @ 150 keV seulement au dessus
de 1'8tat fondamental [35]. Compte tenu des imprécisions, on déduit de ce

jeu de paramétres les valeurs de ny données dans le tableau III.
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235U 241

b) Cas de et Pu

La valeur moyenne ng

ces deux noyaux. Les valeurs de rYf qui en sont déduites sont également

obtenue est sensiblement plus faible pour
données dans le tableau IIT,

7. ETUDE DU SPECTRE DES RAYONS y DE PRE-FISSION

Par 1'intermédiaire de la réaction (n,yf), il est possible d‘'é-
tudier la fission d'un noyau 3 une énergie d'excitation inférieure i 1'é-
nergie de liaison d'un neutron. En particulier, il peut &tre possible
d'observer ainsi des &tats vibrationnels dans le second puits de la bar-

riére de fissionm.

Malheureusement, cette mesure est extr8mement difficile & réa-
liser par la détection directe du rayonnement y 3 cause de la fission
directe qui masque le phénoméne, des rayons v de fission qui s'ajoutent
au rayonnemeﬁt de pré-fission et du bruit de fond de rayons y dé&tectés
par effet Compton. Une tentative a n€anmoins &té faite sur la ré&sonance
3 44,48 eV de 227

rayons Y émis en coincidence avec la fission 3 celui des ré&sonances de

Pu (I‘f =4 + 1 meV) dont on a comparé le spectre des

"fission directe” pure [38].
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FIG.11. Section efficace de capture radiative de *** Py calculée en fonction de l'énergie des

neutrons incidents (d ‘aprés [28]):

1—mmmmmwmwh@mMMmﬂaMw%MmmwﬁkmmmM
utilisée suit la résonance géante dipolaire électrique;

2 — de méme mais en utilisant une probabilité de transition 7 suivant la loi en E,3Y;

3 — sans prendre en compte la réaction (n, Yf}; la probabilité de transition v est la méme
qu’en 1.

Les résultats sont donnés sur la fig. 10 : aprés une région con-
tinue principalement due aux rayons y détectés par effet Compton, une ré-
sonance se dégage vers EY = 2 MeV (soit E* = (4,52 + 0,05 MeV). Le spin

- = = + = - o
de la résonance & En = 44,48 eV &tant J = 1 , 1'8tat observé est tré&s pro-

bablement J = 1 ou 2 . Le nombre quantique K associé est donc K = 0 ou 1,

Ce résultat est en bon accord avec ceux de la mesure de
GOLDSTONE [35] qui par 1l'intermédiaire de la réaction (d,pf) observe dif-
férentes résonances dont une i 4,70 MeV attribuée K = 0 . Le décalage en
énergie peut &tre un effet de normalisation en &nergie des deux expérien-

ces.

CONCLUSION

Le processus (n,yf) résulte de la compétition entre les diffé-
rentes voies de sortie lors de la désexcitation d'un noyau composé. Il ne
peut &tre décelé expérimentalement que par ses effets secondaires : effets
€lectroniques ou effets 1liés aux propfiétés du nouvel état dans lequel se
trouve le noyau composé apré&s &mission d'un rayonnement y. Ainsi, le nom-
bre v_ de neutrons prompts de fission décroft tandis que 1'énergie et la
multiplicité des rayons y €émis par fission augmente. Cependant, quelle que
soit la grandeur mesurée, seule la proportion I‘Yf/I‘f de cette grandeur

pourra €tre détectée (voir &quations 1,2,3).
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TABLEAU IV. DIMINUTION Ax DE LA VALEUR DE « DE 2*Pu DUE A
LA REACTION (n,yf) POUR QUELQUES ENERGIES DE NEUTRONS
INCIDENTS

éE’:‘e’g‘e thermique 1keV 30-40keV 100keV 300keV 500keV  700—800 keV
Ac/a
20 28 35%
wr 26] % 15%  15% % % b
Ac/a
réf. [28] 15%  10% 20% 50%

Dans la région des résonances la réaction (n,yf) est en moyenne
un processus secondaire par rapport d la fission directe. Mais, par le
hasard des fluctuations statistiques de PORTER et THOMAS, quelques réso-—
nances ont une largeur Pf beaucoup plus faible que les autres. La réac~

tion (n,yf) dont la largeur T _ est constante pour les ré&sonances de méme

vf
spin, peut alors devenir le processus dominant. C'est ainsi qu'elle a pu
étre mise en évidence.

P - +
Le cas le plus favorable est constitué par les résonances 1 de

239Pu. I1 est illustré par la fig. 3.

La situation n'est pas aussi claire pour les autres noyaux étu-
diés mais cependant tous les résultats expérimentaux présentent les effets
de la réaction (n,yf). Ainsi, les valeurs du produit rYf'EYf ont pu &tre
déterminés pour les deux &tats de spin initiaux de chaque noyau, grice aux
mesures du nombre de neutrons et de l'énergie des rayoms y de fission

(voir tableau I).

En 1'absence de détermination directe de la largeur rYf’ nous
avons &€té& conduits 3 déterminer cette grandeur en combinant les produits

expérimentaux rYf'EYf et les valeurs calculées de 1'énergie e Les lar-

yE*
geurs obtenues (voir tableau III) sont en trés bon accord avec les prédic-
tions de LYNN basées sur un calcul avec des barriéres de fission 3 une

bosse Eﬂ.

Le calcul fait aussi ressortir la tré&s grande sensibilité de la

réaction (n,yf) & la position de certains &tats de transition (par exemple

les états K' = 0 et 1~ dans le cas des noyaux Ccomposés 240Pu et 242Pu).
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Les résultats présent@s ici apportent donc des &léments importants pour la
détermination des paramétres des barriéres de fission correspondantes.
Maintenant, il serait tré&s intéressant de pouvoir mesurer le spectre des
rayons Yy de pré~fission au moins partiellement. Cela permettrait d'estimer
la probabilité de transition y & tré&s basse &nergie et de tester la péné-

trabilité des barriéres de fission en fonction de 1l'énergie.

Enfin, il faut remarquer que si la contribution de la ré&action

-

(n,yf) dans les résonances est faible, elle. peut devenir & plus haute
énergie trés importante par rapport 3 la capture radiative. Ainsi, aprés
LYNN [2] et LECOQ E’ZG-_'] . difvfére‘nts auteurs [28] ont montré qu'il faut
prendre cette réaction en considération pour le calcul de la section
efficace de capture radiative OY et du nombre a = oY/of, rapport des sec—
tions efficaces de capture et de fission. La fig. 1l et le tableau IV

illustrent cet effet qui peut &tre extr8mement important.
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DISCUSSION

J.P. THEOBALD: What is the smallest resonance fission width I'; that you

have measured?

J. TROCHON: The smallest fission we have measured is I't = (4 £ 1) meV

for some 1* resonances of 23°Pu.
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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, yf) effect on the
average kinetic values for the 2¥Py (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-
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FIG.A. Ey versusTyl.

as a function of I'y 1 for the 1" resonances. The slope is slightly positive, as might
be expected in the presence of a (n, ¥f) effect.

J.W. BOLDEMAN: For the neutron fission of 2*Pu near thermal energies
the fission cross-section is dominated by two resonances — an Q' resonance at
negative neutron energy, and the 1" resonance at 0,296 €V. In this energy
region very accurate V_p measurements have been made showing excellent
agreement. They can be analysed to obtain the difference 7, 0" — 7, (1) of
0.060 neutrons following the removal of (n, ¥f) 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 ¥, for the 0*
and 1" resonances in the very-low-energy neutron-induced fission of 23°Pu,
corroborated by the measurement of the fission-fragment kinetic energy.

Alternatively, extrapolation to 1/I; = 0 of the Saclay data for Vp and E7
yields a small value for the difference in the average fission fragment excitation
energy for 0" and 1% resonances (AEf g0~ AE}"Iag1+ = (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
mentjoned, for the three strongest fission resonances in U, 7}, fluctuations have
been observed that do not correlate with any known fission characteristic. The
1* resonance in %3°Pu 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, yf) reaction. The linear dependence with opposite signs for
the ¥, and E7 values with 1/} is the real indication of this reaction. Variation
in 7y simply shifts the absolute magnitude of the slope of the linear dependence.
This dependence is very clearly observed in the 1" resonances of 2*°Pu.
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HECOXPAHEBUE YETHOCTHU
MPU OEJIEHUM SIIEP 234U, 226U u %Py

I.B.JAHHJIAH, B.J.BOJEHHYKOB, B.II.JIPOHAEB,
B.B.HOBHMIIKHA, B.C.ITABJIOB, C.I1. BOPOBJIEB
HHeTHTY T TEOpeTHUECKOM H SKCTIepHMeHTANbHON du3uku,
Mockaa,

Cowoa Coserckux Comuanuctuuecknx Pecryonux

Abstract—Arnotanus

NON-CONSERVATION OF PARITY IN FISSION OF **U, *$U AND *Pu NUCLEIL

A study was made of the P-odd angular correlation W(8) = const (1 t) a 0 P) between the
direction of emission of a light (or, where appropriate, a heavy) fragment P and the direction of
polarization of a nucleus & in the fission of 2*U, 25U and %°Pu nuclei by polarized thermal
neutrons. Targets, which contained approximately 100 /.zg-cm’2 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:

AP =(2.820.3)X107%; a (B =(1.7£0.4) X 107%; 2 (¥*Pu) = (—4.8 £ 0.8) X 1074,

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,

HECOXPAHEHME YETHOCTH NPH JEJIEHHH SHEP *4U, 2%( y *¥°Pu,

Hccnenosanack P-HeuetHast yrnosas xoppenauuss W(g) = const (1+a?75;) MEXIY HanpaBIieHHEM
BBUIETA JIETKOro (MIM, COOTBETCTBEHHO, TAXKEIION0) OCKOJKa, F, H HanpasjieHMeM TIONAPH3ALMH AAPa,
'3, TIpK NeneHuy Amep 223U, 225U u %3°Pu nONApH3OBAHHBIMH TETUTOBBIMY HEHTpOHaMH. MHULlIEHH, COTepXa-
uHe RpuMepHo 1o 100 MKT/cM? AensAierocs BeluecTBa, HAHECEHHOTO Ha 06e CTOPOHB! 2IIOMHHHEBOH NoJI-
JI0%KH, ToruMHo# 0,1-0,15 MM, pacionoranKch B BAKYYMHUPOBaHHON KaMepe BAOMb OCH HyYKa HeHTpo-

111
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HoB. Ilo 06e CTOpOHEI OT MULIEHH PaCTONATAIMCh KPeMHHeBbIe I0BEPXHOCTHO-GapbepHble AeTeKTO DB,
PeTUCTHPOBABLLHE OCKOMIKH [IeTICHHA, BRUIETEBIINE H3 MHILEHH NHGO N0 HAMPABNEHHIO TONSAPU3aLMK Heli-
TPOHOB, THG0 NPOTHB, B 3aBHCHMOCTH OT HAIPaBNICHAS NONSAPH3ALHY TyYKa HeTPOHOB B MOMEHT PEerHCT-
pausH ockonka. HanpasneuHe noisipH3anuH MOIJIO PeBEPCHPOBATECA €XECEKYHIHO, OBHAKO peBepC
OCYLUECTBIISICA He NMePHOAMYECKH, a CTOXaCTHYEeCKH, JJIEKTPOHHAsi CXeMa BhIAENIa HMILYJILCH OT Jier-
KHX H TAXeNbIX OCKOJIKOB H HallpaBNfA/ia HX B NepecyeTHble CXeMbl, COOTBETCTBYIOLUME JBYM NPOTHBO-
TIOJIOXHBEIM HaMPaBIICHHAM NONAPH3ALKH. DIeKTPOHHO-BHIVHCIIHTENbHAA MallIHHA, TOIKITIOYEHHAS B NH-
HMIO C 9KCTIEPHMEHTOM, NOCTIe KaXKIOTo LUMKIIA H3MEpeHHI BRIMHCIISUI2 aCHMMETPHIO CYETA JIETKHUX H TS-
KeJIbIX OCKOJIKOB A2HHBIM IETEKTOPOM NPH peBePCHPOBAHHH HallPaBJIeHHA MONSPH3AIKY TyYKa HeHTpO-
HOB. LIMKJI H3MepeHHH NPOAOIIKANCA NPHMepHO 17 MHH, B TeYeHHe KOTOPHIX NMPOUCXOOMIO B CPEIHEM
okoJo 600 peBepcoB HanpaBleHUA NONApH3auuK. H3MepeHUA Ha NONAPH3OBaHHOM MYYKe YepeoBa-
NMCh C H3MEPEHHSIMH Ha ACTIONAPHIOBaHHOM. KOHTpONEBHEIe H3MePeHHA HCKITIOYANH BO3MOXKHEIE anmna-
paTypHHe >d¢dexThl. [Tocme ycpenHeHHS HE3aBHCUMBIX Pe3YNBTaTOB H3MEpeHHIt, BHECEHHS MONPABOK
Ha KOHEUHEBIN TeJeCHEIH Yol perMCTPaldi OCKOJIKOB H NMpHBeJEeHHS pe3ynbTaToB k 100%-Ho#t nonsapu-
3aUHH HeNTPOHOB, TIONYYEHH CAERYIOILME 3HaYeHUA A KO3DPHUHEHTOB aCHMMETPHH:

a(®®*) = (2,8 £0,3)-10"%; a(®*U) = (1,7£0,4):10"%; a(**°Pu) = (-4,8+0,8)-10~%. Mono-
XUTEIIBHBIN 3HAK aCHMMETPHH 03Hau2eT, YTO JIETKHit 0CKOJIOK HPEMMYLIECTBEHHO BBLIETAET ITO Hallpa-
BJICHHIO CIIMHA 32XBaYeHHOT'O SO POM HEHTPOHa.

1. BBEIEHME ;

Tunoresa yHuBepcanbHoro cnaboro B3aumoneiictsua [1] npenckasana cymecTBoBanue
c1a60ro MEeXHYIKJIOHHOTO MOTEHUHANA. OTHONIeHHe ero K CHJIbHOMY MOTEHUMANY B Ape
MoxeT 6biTh opanka G/h ¢t? ~ 1077, rme G — KOHCTaHT2 ¢1aGOro B3aMMOJIEHCTRHS,

T — cpepHee paccTosiHHe MeXNY HYKJIOHAMHU B Afpe. YacTh 5TOr0 MOTeHIHAaNa HapyliaeT
YETHOCTb H, CIIENOBATEIIbHO, HAJIMUKE ero B TaMWIbTOHHAHE ANPa NPUBOIUT K CMEILHMBAHHIO
ANIEPHBIX COCTOSIHHUIA C OFIHUM M TEM >K€ TIOJTHBIM MOMEHTOM, HO TEPOTHBONIOJIOXKHON YEeTHOC-
Tbl0. BCIEICTBHE 3TOTO B pa3iIMUHBIX AAEPHBIX IIPOLIeccaX JOJIKHBI NPOABIATECA P-Hever-
Hele 3¢dextsl. Taxue addexts! nefictBUTENBHO Habnoxanucy. B paGore [2] Bnepsbie Ha-
Grroanach aCHMMETPHSA M3JTYYeHHS Y-KBaHTOB OTHOCHTEJIBHO HATIPaBJIeHHs IO A PU3ALMH
apep. Hpyroit P-HeuerHblii 3pdekT — UMPKYISAPHY0 HONAPH3AIMIO ¥-KBaHTOB , H3JTyYaeMBIX
HENOJ APH30BAHHBIME AAPaMH, 06HapyxwH B padote [3]. Coobuanock Takke o Habzo-
JIEHUM 3aIIPEIeHHOTO TI0 YeTHOCTH a-pacniapa [4]. HauGonee HafexHble pe3ynbTaThl NOTY-
YeHBI B IKCIIePHMEHTAX CO CIIOXKHBIMHU APAMH, KOJIMYECTBEHHAS HHTEPIPETAIMA KOTOPBIX
3aTpy/HeHa U3-3a He3HaHHA CTPYKTYDHL Anep. Ho TakHe faHHbIe MOTYT OKa3aThCs MOJIE3-
HBIMHM MMEHHO LISt MOHUMAaHUs CIPYKTYPHI SIAPa ¥ MEXaHH3MOB MPOTeKaHUS sOEepPHBIX pe-
axumii. BraronpuaTHbIM 0OCTOATENBCTBOM 3/1€Ch ABNSAETCA TO, uTo P-HeuerHble 3bdexTh B
CIIOKHBIX AOpaX YCHIIEHBI TIO CPABHEHMIO ¢ aHaIOrMYHbIME 3bdextamu B NN-B3auMoieiicT-
BHSIX Ha HECKOJIBKO NMOPANKOB BEJINUHHBI.

B 370}t CBA3M HaM MpPEACTaRNIOCH HHTEPECHBIM UCCHENOBATh HECOXPAHEHHE UETHO-
CTH B mpoluiecce AeJIeHHA sAep. Bneppble Ha Takyio BO3MOXHOCTH 00paILaANoch BHUMaHUe
B paBoTe [5], B KOTOPOIi MIPEATIONAranoch HCCIEAOBATh KOPPENALMIO BHAA

W(0) = Const (1 +a0P) ~ 1+ a cosé 1)
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MEXIy HalpaBjleHUeM BbUIETa JIETKOro (MK, COOTBETCTBEHHO, TAKEJIOTO) OCKOIKA f;, u
HalpaBJIeHHEM IIOJIs PU3ALMH AApa T;npu CNIOHTaHHOM AEICHHH NONAPH3OBAKHBIX Alep. AB-
TOPBI OXHKMNAIH, 9TO B GaroNpUATHOM CIyuyae BO3MOKHO SHAUHTENIbHOE yCHleH e HaBoma-
emoro 3¢dexTa U3-33 3aBHCUMOCTH 6apbepa [eTeHus OT YeTHOCTH, B paGote [6] paccmo-
TPEHO YCHIIEHHE I CiTy4asa AByropboro 6apbepa. B atoMm cnyvae ¢pakTop yCHIEHHA MO-
3KeT COOCPXaTh PE3OHAHCHBINH WIEH, eCTH MMeeT MECTO CTy4aifHoe NepeKpbITHE YPOBHEH
TIPOTHBOIIOJIOKHOM YETHOCTH COOTBETCTBEHHO B IiepBoil U BTOpOii AMax. IIpu HajBapbeo-
HOM JSITEHMM TAKHX AMIEp, Kak 2> U, 2% U, 23%Pu, TemnoBbiMu HERTPOHAME, MOXHO OXUIATh
3HaYMTENIBHO® YCHNEHHe, OBYCIOBIICHHOE BBICOKOI ITIOTHOCTHIO YpOBHel KoMmayup-aapa [7].
Tlo xpaiiHeii Mepe, HMEHHO 3THM PaKTOPOM MOXHO OGBACHUTH HaGmogaemble P-HeueTHbIC
addextst B (n, 7)-peaxmusnx [8-10]. B orwume ot (n, ) -npouecca, rAe onpefensiomed,
BEPOSATHO, ABNAETCA CTamua 0OpazoBaHus KOMNAYHNANpa, B Npollecce AENEHUA €CTh €IIE
JBe CTalliy — 10 CEASIOBOM TOYKH ¥ OT CEIOBOH TOUKH [0 TOUKH pa3pbiBa, Ha KaXIO#H H3
KOTOPBIX MOSKET TPOMCXO/HTS epeMeIlMBaHHe COCTOAHMHIA TIPOTHBOTIONOKHOM YeTHOCTH ¢
COOTBETCTBYIOUMMH hakTopamH ycwieHus [11].

Koppensiups puna (1) B IpUHIMIE MOKET BOSHHKHYTH BCTIEACTBHE HHTEPbepeHIMH
aAMIUTHTY, IIEPEXOOB H3 COCTOAHMIT OCHOBHOMN U NPHMECHOH 4ETHOCTH B ONPefeNIeHHOE KO-
HEuHOe COCTOSHHE.

JieCTBHTEITBHO, 3AKOHB! COXPAHEHHS TOTHOr0 MOMEHTA H YeTHOCTH B IpoLiecce felle-
Hust TpeGYIOT BBITIOIHEHUA PaBeHCTB:

=In+ir+L=F+L 2
e = (1) "Iy (Bce L onMHAKOBOI YETHOCTH) 3

~rie Ic, In ¥ It — comHbl KOMNayHA-AApa, JIETKOTO M TAXKEIOrO OCKOIKOB, COOTBETCTBEHHO,
L — op6uTanbHbIit MOMEHT ABYX OCKONKOB, IIc, ITj, [IT — BHYTpeHHve YeTHOCTH KOMIIayH[I-
SANpa, JIETKOTO M TAXKENIOr0 OCKOJIKOB, COOTBETCTBEHHO.

Ecnu B pasencrae (3) Iic — HeompeneneHsoe, T0 B pacCMaTPHBAEMOM IIpo1ecce pas-
PelIeHb! KaK YETHBIE, TAK ¥ HEeYeTHbIe 3HaYeHMs OpGuTanbHOro MoMeHTa, HHTepdepeHmya
amwirTygcL u L, paBHBIMH * 1; *3; +5 u T.4. (C OTpaHHYEHHAMH, HAKJIa/IbIBAEMBIMI
3HAUeHMAMH L, ¥ ueHTpoGesxxHpIM GapsepoM) , IPUBOIMT K KoppenAuuu (1) mis onpene-
JeuHOro KoHewHoro coctosmma (17, I)i“) . Ko3¢pduuuent acauMmeTpuu onpefensiercsa
BRIpa)KeHHEM

a(pL If )= }: B(Ic) C (IcK; In Iy FLL) by b} - ()
Ic,FK, L, L’

rie B(Ic) — Mepa nonspusauwiy KoMnaysa-aapa, o6pa30BaHHOro MpH 3aXBaTe MONAPU30-
BaHHOTO HEHTPOHa

_ IC 12 IC+1 _ 1
B(lc) = * (3(Ic+ 1)) P P (raxc £male=k = 5) ©
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roe I} — crvH Appa MullieHy, Py, — cTeneHb NonsgpU3aluy iyuka HeHTpoHOB, F — cnun kaHa-
na, K — IpoeKIys HOiHOro MOMEHTA SIIpa Ha och pasneTa ockonxos, C (IcK; IgITFLL) —
reoMeTpHYecKHit KOIQPHIKEHT, by H by’ — aMINUTYAB! NepeXOOB B JaHHOE KOHEYHOE
COCTOSIHHE M3 COCTOSHHMII OCHOBHOj M IPHMeCHO# YeTHOCTH.

s 0x051062pbepHOTO JIENIEHAS MOXHO OXHIATh, YTO YUCIIO WIEHOB CYMMBI B (4)
HEBEJINKO, ¥ K03 HIMEeHT aCHMMETPHH B KaKOH-TO Mepe OyeT XapaKTepH30BaTh IPUMECH
COCTOSHMA NPOTHBOIIOIOXKHON YETHOCTH B COCTOAHHH, Yepe3 KOTOPOe IPOHCXOIUT EJIEHHE.
OnHako, BBIAENUTH ONpeieNIeHHOe KOHEUHOe COCTOAHHE B AeJIEHNHN PAK THYECKH HEBO3MOXKHO,
H, CIIeJIOBATENbHO, B JII06OM cryyae, KO3dupHIIMEHT acCHMMETpHH Gy/IeT ONMpeneNATbCA CyM-
MO} II0 HEKOTOPOMY (aIpHOpH, HEM3BECTHOMY) UHCITY KOHEYHBIX COCTOSHHIA

IT
7= 2 a0’ Ith) ©
Inly

B MeTOnMYeCKOM OTHOILIEHHH KCIIEPUMEHT 110 H3MepPeHHI0 P-HeueTHOH acHMMeTpHU B Jele-
HUM MMeEET ONpe/ieIeHHbIe TIPEUMYIECTBA Mepe APYTHMH HoA0GHbIMU 3K CIIEPHMEHTAMH.
Bo-niepBrIX, cnenudnKa feieHust HO3BONAET OJHOBPEMEHHO H3MEPATH ACHMMETPHIO KaK
A YacTHIRL’, TaK M 1A “Aapa oTJauy”’, nprueM K03 HueHTH aCHMMETPHH [UIA HUX
JOJIXHBI GbITh OTHHAKOBBI 110 MOJLY/TI0 H HMETh IIPOTHBOIOJIOXHbIE 3HAKH. JTO — BaXKHBIA
KOHTpPOTIb IOCTOBEPHOCTH pe3ynbTaTa. BO-BTOPBIX, IerKHe M TAXeNble OCKOIKH AOCTaTOY-
HO XOPOLUO pa3peIlialTCA M HeT 0BbIMHOM /s TAKHX 9KCIIEPHMEHTOB IpoGeMs! IepeK phl-
THA M. Y, HakoHel, YTo He MeHee BaXKHO, TIOJIHOCTBIO 0TCYTCTBYeT npobnema doHa.
CnepopartenpHo, u3MepeHus P-HeyeTHOH acHMMeETpHH B JIefleHHH MOTYT GbITh BBITIOTHEHBI C
[OCTATOUHO BBICOKO# TOYHOCTHIO.

2. JKCIIEEPUMEHTAJIBHA A YCTAHOBKA

Ha puc.1 noxa3aHa cxemMa yCTaAHOBKH. KOJUTMMMPOBaHHBIH IyYOK HETPOHOB H3 ro-
PH3OHTIPHOFO KaHaJla TAXKEOBOAHOTO peakTopa HTI® napan Ha HaMarHW4YeHHOE 10 Ha-
CHIIEHNA KOGAIBTOBOE 3ePKAITO TIOT, YIIoM 6,5". OTpaeHHDII MONIAPH30BAHHbIH MyuoK
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TEIUIOBBIX HEHTPOHOB (BEKTOP MONSPHU3ALNH KOTOPOTO MepleHINKYIISIPEH IIOCKOCTH PHCYH-
Ka) TIPOXOMMJI yepe3 YCTPOMCTBO, YIPaBIsiiollee NOJISpH3alei, BHOBb KOJUIUMHPOBANICA U
mafan Ha MuileHs. Ha ywactke o1 ympaensiomero ycrpoiicTsa o MHILIEHH ITyYOK MPOIYC-
KAaJICA MEXLy TONI0CcaMH ~MarHHTONpoBoJa™ B c/1aboM MOCTOAHHOM MarHUTHOM IIOJIe C
UeMbi0 TIPSO TBPATUTD ETONAPH3ALMIO MTyyKa Gy XKIA0IMMEU  "MArHHTHEIMH [IOJISIMH.

YcTpolicTBo yripaBieHHs MonAapu3auyeil BKIIOYano B ced AenoNApu3yIOLMi 1uM”,
TIOBOPOTHBIA MarHuT U “donery”. “linm”, mpepcrapnsaiommit coGoi MPOKATAHHYIO XKenes-
Hy10 IIacTHHY TomuMHoH 0,3 MM, TepHOIHMUECKH NepeKphiBal IYUOK HEUTPOHOB Ha yuacT-
K€ MEXIY 3€pKaJIoM-TIOJISIPH3aTOPOM H NOBOPOTHBIM MarHHUTOM, Gnarofiaps ueMy My4oK
HEATPOHOB Aenorsapu3opaycs. I[0BOPOTHBIN MarHUT CO3/aBayl MATHUTHOE MIOJIE, B KOTO-
POM BEKTOD NOJIAPH3AIIMH MyuKa MOT anuabaTHuecKu MOBOpauMBATHLCA Ha yron +90° po-
KPYT OCH NMYy4Ka, TaK, YTO HANpaBJIeHHe MONAPH3aLMHN HEHTPOHOB OKAa3bIBAJIOCH MApaIeNb-
HBIM WIM aHTHIAPAUIENBHBIM HATPaBJIeHHI0 MaTHHTHOTO NOJIA B MarHUTOonpoBone. Jns
MIpeOTBPALICHASA aHabaTHYECKOTO NMOBOPOTA CIIMHA B 0OIaCTH MeX(Ty MOBO POTHBIM Mar-
HMTOM H MarHHUTOIIPOBOJIOM IIpH aHTHNIA PATIIENIbHON OPHUEHTALMU CO3aBaeMbIX MMM TOJIeH
B COOTBETCTIBYIOIIEM MeCTe NepHeHANKYIAPHO K NYUKY pacronaranacs ~¢osra”, mpen-
CTaBNAOWAs co6oi INIOCKYI0 paMy ¢ HATAHYTBIMH NapATUIENBHO APYT APYTy TOHKHMH Ipo-
ponokami (muamerpoM 0,33 MM), IO KOTOPBHIM NPONYCKANCA TOK B OFHOM HAMPaBICHHH IPU
AHTHIIApAJUIENIbHOM OpUeHTAlMHK ~’CluMBaeMbIX” noneii. Brraropapst ToMy, YTo cO37aBaeMoe
*’doNproit” moJjie MEHANO 3HAK Ha pacCTOSHUM MeHee 1 MM, IIPOUCXOZWI Healuaba TMuecK it
TIepeXofl, ¥ CIIUHBI HEUTPOHOB NOCHIe GOIbIH” OKa3bIBATIMCH OPUECHTHPOBAHHBIMM AHTHIIA-
paUIeNibHO BeyeMy nomo. Kak noxazanu uaMepeHds, 3¢ ¢pexTuBHOCTD orbru” oxa-
3aach pasHoit 0,98 + 0,02, T.e. cTeneHs NONAPHU3ALHUHU NYYKa HEATPOHOR [IPH peBEPCHPO-
BaHHM NPaKTUYECKH He H3MeHAIach. CTeneHb NoNsApH3alyH yyka NIepHOUMYECKH H3MEePS-
JIach ¢ MCNOJIB30BAHHEM 3€PKajla-aHATIM3aTOPa, KOTOPOE YCTaHABIIMBAIIOCH 32 MUILICHBIO.
YcpenHeHHOe TI0 MHOTHM CEpPHAM H3MEpPEeHHtit 3HaueHNe NOJIPHU3ALIMH 0Ka3aI0Ch PaBHbIM
0,84 £ 0,04. TIpu BBegeHMH “1IMMa” B IMyYOK HOJNAPH3ALMA Nafajia HPUMEPHO Ha NIOPANOK
H He npesbitana §%. [INOTHOCTh MOTOKA HOJIAPH3OBAHHBIX HEHTPOHOB HAa MMILIEHH COCTa-
Bisa 3 - 10® 1/ (cm?c). VIHTEHCHBHOCTD ITy4Ka HeATPOHOB MOCTOSHHO MOHMTOPHPOBANIACH
HeNTPOHHBIM CueTUHKOM ¢ BF;, pacnonoskeHHbIM Ha pacCTOSTHUM 5 M OT MUILIEHH.

MueHs cocTosNA U3 IATH ATIOMHHUEBBIX TUCKOB TuamMeTpoM 30 MM, TommuHoi 0,1 MM
{snu 0,15 MM) , Ha KaXXEYI0 U3 CTOPOH KOTOPBIX GbU1 HAHECEH CIIOH MeNAIIeToCs BEIecT-
B4 TOJILIWHOM, COOTBETCTBYIOWEN IpMepHO 100 MKT/cM?. MeTOA H3TOTOBJIEHHA MULLIEHET
obecneunBal I0CTATOYHYI0 OTHOPOMHOCTD CJIOS IO TOJIIMHE. MHIlleHb MOHTHPOBa/Iach B Ba-
KYYMMPOBAHHOH KaMepe ¢ TOHKMMM BXO/IHBIM H BbIXOJHBIM OKHaMH M3 Maiinapa. Ilome-
peuHoe ceueHHe MyyKa HeHTPOHOB 610 paBHbIM 10 X 100 MM?. Kamepa ycraHaBnupanacs
TaK, 4TO MHILIEHb PAcIOJIaranach BJIOJb MyYKa HEHTPOHOB, NEPIEHIHKYIAPHO OCH MOJIAPH-
3ampM. Mcnonb3oBanuch iBa BapHaHTa pacTioNOXEHHT KPeMHHMEBbIX OB EPXHOCTHO-GaphepHbIX
IETEKTOPOB OTHOCHTEIIbHO MHIIECHH.

B nepBOM BapmaHTe ABa AETEKTOpa ¢ 25 MM paclonaraiauch Ha pacCTOSHUH 15 MM
0 06€ CTOPOHBI OT KAXXAOTO IMCKA, COOCHO ¢ HUM. MexXmy KaXkasIM IMCKOM H IETEKTO-
POM MMenach qHag parma, BhIMIENABILAS KOHEUHBIH TesleCHbI yron. I'pymmsl U3 IATH Oe-
TEKTOPOB ¢ KaXEOH CTOPOHBI OT MHIIEHH GbUTH BKJIIOYEHEI [1apallIeIIbHO.
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Puc.2. I'eoMeTpus pacnoaoXeRus Muery u 0eTeKTopos OTHOCUTENLHO NYYKA HELTPOHOS.

|
wo | /50 200 250 300 350
Nt wanana

Puc.3. Tunuunsiii amrauTyORblii CREXTD UMNYALC08 OT 2pYNNBL JETEKTOPO8 0CKOAKO8 denehus 33U,
IIYRKTUPOM NOKAZANLT NOPO2U OUCKPUMURATOPOS.
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Puc.4. Baox-cxema 3aeKTpORHOU vacTu yeranoexu.: 1. 0. — derexrop ockoaxos, B.Y.3. — 6rox
ynpasaenus sxcnepumenrom, B.Y.II. — 6nox ynpasaenus noaspusayueil neirponos, B.B.H. — Gaox
abi800a ungopmayuu na IBM, Il II.M. —~ yudponesararowas mawuna, P.T.A. — reneraiin, croiixa
"ITevars” — nepecuernvie cxemu.

Bo BTOpOM BapHanTte (puc.2) aertexrtopsl (I-IV) cMenienbl Ha 11 Mm OTHCCHTEIBHO
1UTOCKOCTH, OTpEIeNIIeMOf BEKTOPAMH G (BEKTOP TOTISIPH3AIMHY IIyuKa HeliTpOHOB) | Py
(MMITYTIbC HERTPOKA) M MPOXONAWIEH uepes eHTp MHILeHH. TLTOCKOCTS, B KOTOPOi Haxo-
HNHUCDH IETEKTOPbI, OTCTOANA OT IUTOCKOCTH MHULIeHH Ha 13 M. Cpepunit yrom Mexny Ha-
HpaBJIeHNeM NOJIAPH3ALHH IyYKa HEATPOHOB U HaNpaBjieHeM BbUIETa PETUCTPHPYEMOTO
ockonka coctapsmn ~ 40°. Kak ¥ B mepBoM BapHaHTe, IATh LUCKOB PaCIONATAIUCE BIOND
Ty4Ka HefiTpoHOB. uadparma MexIy OeTeKTOpaMH H MHLIEHBIO HCKITI0UANa TIONaIaHHe
OCKOJIKOB, BbIIETABLIMNX H3 ONHOH MUILIEHH, HA IeTEKTOPhI COCENHEk MulueHH. Bce metek-
TOPbI, CMeLeHHbIe OTHOCHTEJIBHO MUILIEHEH B OIHOM HalpaBJieHHH, GbUIH BKITIOUEHBI Napajl-
nensHo, Ha pHc.3 MOKa3aH THIMYHBI AMIVIATYAHbIA CIIEKTP OCKOJIKOB AefeHus 2¥ U, sa-
PErUCTPHPOBAHHBIX TPYNNOH ACTEKTOPOB. JIeBBiil MUK COOTBETCTBYET TAKENBIM OCKONKAM,
npaBbIil — serkuM. MMNymnschl OT JIErKHX OCKONKOB BBIEATIMCH HHTET PAsibHBIM AYCKPUMHHA-
TOPOM, OT TsXKeNsIX — AuddeperunanpibiM. CdopmMupoBaHHbIE UMIYIIBCHI TOCTYNANTH Ha
BXOJI PacIpemeNMTeIbHOTO YCTPOiCTBa (CM. pHc.4), KOTOpOE HATIPABIIIIO MX B pasHble
I'PYTIIbI HEPECUETHHIX CXEM B 3aBHCHMOCTH OT HaIlpaBJieHHs NOJIAPH3AIMH MyYKa HeHTPOHOB
B MOMEHT NOCTYIUIEHNA uMmynbca. HanpagiieHre NOASPH32IME Ty9Ka MOTIIO PeBEPCHPO-
BAaThCA €XKeCEKYHAHO, OIHAKO PeBEPC OCYLUECTRIIIICA He NIePHOIMYECKH, 2 CTOXaCTHYECKH,
4T00bI H30EXATh NPHOOPHOH ACHMMeTpHH, OGYCIIOBIICHHOH N3MEHEHNEM HHTCHCHBHOCTH Held-
TPOHHOTO NMOTOKA WK ApefidoM XapaKTepHCTHK IEKTPOHHOMH ammaparypsi. Ha Bpems me-
PEXO[IHBIX IPOLECCOB NPH peBepcHposauy nonapusammu (0,03 ¢) pacnpenenurensuoe ye-
TpoHCTBO GnoxMpoBanock. Ha pacmpemenurensHoe YCIPOACTBO GbUIM 3aBEAEHBI TAKIKE HM-
TIYJIbChI OT HEHTPOHHOIO CYETWHKA M MMITYJIBCHI OT KBapLEBOTO FeHepaTopa TAKTOBOM YacTo-
11, KOppenupoBaHHpIi cueT MOCITeHNX MO3BOJISII ONPEAENATh CYMMapHOE BpeMsa H3Me-
PEHHI ¢ OFIHHM M ¢ APYTHM HANpaBJieHHeM MONAPH3aLMH ¢ TOUHOCTBIO, JTydmieii uem 1078,
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TABJIMIIA I. KO3®OUIUEHTH ACUMMETPUU
CUETA JETEKTOPAMH 1 Y 2 I'PYIIN JIETKUX (JT)

U TAXKEJIBIX (T) OCKOJIKOB IIPU JEJIEHHHA **U
TIOJIAPU30BAHHBIMY TEIIJIOBLIMH HEHTPOHAMM.
n — ACHMMETPHA CUETA HEMTPOHOB

MOHMTOPHbBIM CYETUHKOM
2k - 104
j K
P, = 0,84 P, = 0,08
T 0,89 £ 0,34 -0,09 + 0,31
1
JI —0,77 £ 0,35 0,47 £ 0,38
T —-0,59 £ 0,39 —-0,04 £ 0,45
2
N 0,83 + 0,47 —0,65 = 0,42
n -0,03 + 0,10 0,10 + 0,10

Iy v3MepeHHA TPOHOIXKATICSA NPUMEPHO 17 MUH. 3a 3T0 BpeMS POMCXOAMIO B Cpef-
HeM oxo0J0 600 peBepcoB HalpaBIICHUS TONAPH3ALMM NMYyYKa HeHTPOHOB. HamepeHHs Ha
NOJIAPH30BAHHOM ITyUKE YePEIOBATIACH C H3MEPEHMAMH Ha [IeNONAPH30BaHHOM Iyuxe. Yro-
Bb1 KCKITIOUMTH BO3MOKHYI0 ANIAPATY PHYI aCHMMETPUIO, CBI3aHHYI0 ¢ MHAMBUMY ANbHBI-
MH KaHQJIaMH PETHCTPalfH, ITOCNeiHve OT MKIIa K HHKY MepeKOMMYTHPOBAJIMCh TAKXkKe
croxactuyeckd. Ilocne kaxporo uMKna usmMepermit ”HOOPMALMA C IEPeCYETHHIX CXEM ue-
pe3 GIIOK CBA3H IIepeAaBaach B JEKTPOHHO-BHIMUCIUTENbHYI Malunby ~Haupu” (OBM).
OnxospemenHo B IBM nepefapanca KoL JAHHOTO H3MepeHHs (IOJIApH30BAHHBIA WIH Jie-
TIOJIAApU30BAHHEIN NYYOK, CBA3b KAHAJIOB PETMCTPAlMM C HANPABJICHHEM MO APU3AMH TTyy-
Ka). IBM Bbrumcnsia BeJIHMHSI

— —
njg — njK -
4= M
0k + njk

rhe j — MHOeKc rpynnsl AetekTopos, K =J1, T — uHAeKC rpynmnsi TeTKHX WIH TAXKEIBIX OC-
KOJIKOB, I_{, n - CKOPOCTD CYeTa OCKONKOB [JAHHOM FpYIIbl JETEKTOPOB NpH ONpEeNeH-
HOM B IPOCTPAHCTBE HAIlPAaBJICHHH MOJIAPH3AIMH IIyYKa Hel TPOHOB.

Bce uaMepsieMble BeTHUMHEBI B BHIYMCIIEHHBIE TI0 HUM 3HaueHHA K03d(HIMEHTOB acuMMeT-
PHH MpoTevaThIBANMCh TeneTaiinom. Uepes kaxnapie 10 nuxnos IBM seiumcisna cpease-
B3BeUICHHbIE 3HAYeHHA KOIPPHUHEHTOB acCHMMETPHIH U HX CpPeSHEKBa[PATHUHBIE OUMGKH.
B 0BpaboTKy He BKIIIOUANHCE 3HAYEHHUA ACHMMET DU, BHIXOIALIME 33 5 CTAHIAPTHBIX OT-
KnoHeHi. Takue coBbITHA MPONEUATHIBAINCE B BUME YCIIOBHOIO CHMBOJIA ¥ aHATIH3HPO-
BayiMCch Hamu. CymmapHOE YMCIO MX He TpeBbitano 1%, u nuwup 0,06% Taknx coBbITHI
He COINPOBOKIANOCH IBHOM OIMGKO#H NpH nepenaye uHdo pmauu B IBM.
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FPuc.5. Pacnpedenenue KoIPHUYUERTOS GCUMMETPUY: & — 6 UIMEPERUAX KA NOAAPUIOBARKOM NYUKE
{10131 3nayenue) , 6 — @ UIMEPERUAX HA OeNOAAPUIOBANRHOM NYyuKe (9826 3HAuCHUT) .
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TABJIMIA 1. KO3®OUITUEHTbI ACUMMETPHU
CYETA OCKOJIKOB NEJIEHHA 23U NETEKTO-
PAMM I-IV, YCPENHEHHLIE ITIO I'PYIIIIAM
JIETKUX Y TSKEIIBIX OCKOIIKOB

j aj - 10° j aj- 10
I 1,85+ 1,18 III 0,29 + 1,23
11 1,76 £ 0,98 v -2,53+ 1,18

2.1. HisMepeHHs aCHMMeTpHH TpH AemeHuH 23U

OCHOBHBIe H3MEPEHHA ¢ MHILIEHBIO K3 OKHCH YpaHa, 060ratieHsoro usotonom U
20 75%, NpOBOJMIKCH B KaMepe C reoMeTpHeii BapuanTta 1. Y13 pByxuacTHyHO# KHHEMATH-
KH [IeJICHHA ¥ TeOMETPHH KaMepBl ClIefyeT, YTO HOJIKHBI HMETh MECTO PaBEHCTBA:

ajT=-aj; AK=-K ®)

€CIY W3MEPAEMBIE BeNMYMHEL OGycioBnens: xoppensumeit (1).

YcpenHeHHble pe3ynbTaThl M3MEpeHHii MpHBeneHbl B Ta0n. I. B mocnemueit ctpouxe
IIpUBeMIeHb! 3HAUCHUA aCHMMETPHH CUeTa HeTPOHOB MOHHTODHBIM CYSTIHKOM.

W3 Tabuibi BHOHO, YTO OeHCTBHTENbLHO HaGIonAeTCA OXMOABIIAACS KOPPENANA
3HAKOB aCHMMETDMIl B H3MepeHUAX Ha Nonsapu3oBaHHOM Hyuxe (P, = 0,84). Opnaxo cra-
THCTHYECKAA TOUHOCTh PE3YTBTATOB HEAOCTATOUHA, YTOGHI IPOBEPUTDH COOTHOLIEHHE (8)
KOJIMYECTBEHHO.

CpenHeB3BelleHHOE 3HAYCHHE KO3 DUIHEHTOB ACHMMETPHIA B M3MEPEHUAX Ha ITONApPH-
30BAHHOM ITYYKE 0Ka3a710Ch paBHBIM a’' = (0,77 + 0,19)- 107%, Ha TeMONAPH3OBAHHOM —
a” = (-0,27 £ 0,19)-1074,

Ha puc.5 mokazaHsl pacipenesieHM s H3MePeHHbIX 3HaueHMiH Ko3¢hduilneHTOB aCHM-
METpHH 1A TONAPH30BaHHOro (pHc.5a) H AenonspusoBanHoro (puc.56) myuxos. Ilyn-
KTHpHbIE KPUBBIE — [ayCCOBBLI PACHPEICIEHHN ¢ TapaMETPaMH, ONPENENACMbIMY COOTBET-
CTBYIOMIMMM CpeAHHMH 3Havenuamu. IIposepka mo xpurepio Ilupcona mana xt=17,1
npu 17 crenenax ceobomst (P = 0,454).

VuTH OCTATOUHYIO TIOJISPH3ALHI0 ~NeNONAPH30BAHHOr0™ MyYKa IONYUHM:
a=(1,15 £ 0,34) - 10, IlonpaBKa Ha KOHeunblil TenecHbll yron (cosf = 0,9) HNpHBeneHHe
pesymbTara K 100%-HOit MONAPH3ALMH NyuKa HEATPOHOB AzeT a(***U) = (1,50 + 0,44) - 107
TonoxuTensHbli 3HAK KO3hQHIMEHTa 03HAYALT, YTO JIEFKHI OCKOJIOK BHUIETACT IIpeHMy-
HIECTBEHHO IT0 HATIPABIICHHIO CIIUHA 33XBAaYCHHOIO HEHTPOHA.

TIpoBeIeHHbI HAMH aHAMHM3 PASITHYHBIX METOHYECKHX H QH3HUeCKHX (PaKTOPOB IO~
Ka3ai, 410, BEPOSTHO, EAUHCTBEHHBIM ~(PoHOBEIM™ 3¢dpdexToM MOXKeT ObITh UHTEpdEPEHIHA
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S u P-pesoHancos mpu 3axBate aapoM U TIONAPU30BAHHBIX TEIIOBBIX HEHTPOHOB.
YrnoBoe pacipefesneHie OCKOJIKOB B 3TOM CIIydae MOXET CORepPXaTb WIEH, IpONo pIHOHalb-
HBbIi

[

7 B, Py ©®)

Tfie 0 — CAMHUUHBI BEKTOP B HAalIpaBNICHHH CIIMHA HEITPOHa, I’;, H f’} — eAMHHM4YHbIE BEKTOPhI
B HalIPaBIICHUAX UMILYTIbCOB, COOTBETCTBEHHO HEATPOHA H JIETKOro (WIIH TAXKENOro) OCKOJMKa,

Koppenswis (9) NpHBOAMT K JIEBO-NPaBO# aCHMMETpPHH, KOTOpaA B pAfle CITyYaes Mo-
eT HMMTHPOBAaTh aCHMMETDHIO BIlepel-Ha3a[ 110 OTHOLIEHHIO K HATIPAaBJIEHHIO IO APH3aLHH
Iyyxa HeHTPOHOB. B ycOBMAX HAHHOrO SKCNEPHMEHTA TaKas CHTYalMsA MOXET BO3HHK-
HYTb, €CJ/TH HMEEeTCA CUCTEMAaTHYECKHH CABHT OJHOH IPYTIibI HETEKTOPOB OTHOCHTEIBHO
MHILICHH BBEPX, a APYTOi [PYNIbl — BHU3. XOTA OlleHKH NOKa3an¥, YTo 3ToT 3ddeKT He
MOXeT MPEBBIILATS BEMMHY 107 B HCTIONB30BaHHON reOMeTPHH, TEM He MeHee HeoGXOmu-
Mo Bbu10 ybemuThes B 3TOM IKCIIEpUMEHTaNbHO. B Kamepe ¢ reomerpreit pacnionoxeHust
DETeKTOpOB BapHaHTa 2 (CM. pHC.2) CO3HaHbI YCIIOBMA, IPH KOTOPBIX BKJIAM OT KO PPeSIALMH
(9) mns ormensusix rpynn ferextopos (I-IV) momxen Bospactu Gonee, yem B 20 pas 1o cpa-
BHEHHIO C TeOMeTpMeli BapHaHTa 1, ecii B MOCIeAHEM NMPEATONAaraTh HAIMUHE CHCTEMATHYEC-
Koro nepexoca Ha 2-3°, HeaaMerHoro Ha a3, Bonee Toro, ecnu mis P-HevetHoit xoppe-
TIAIMH OF smaxu acHMMeTpHi i rpynn AetekTopos 1 1 II JomkHb! GbITh OMHAKOBBI U
APOTHBOIOOXHEI 3Haxam mis rpymi Il u IV, to mna P-uernoit koppensuuu (9) 3Haku
A BepxHux rpynm gerekTopos I u III nomkusr GpITh MPOTHBONMONOXHE! 3HAKAM IS HYX-
wux — I[In IV, Ecnu B uaMepsaemsril 3ddeKxT qaroT BKIaJ o6e KOpPENAY, TO B H3Mepe-
HHSAX C TEOMETpPHeil 2 MOXKHO ONpENENHTh BETHUMHY KaXHOi H3 3THX KOMIIOHEHT.

B Ta6n. I nmpHBenicHb pe3yNbTaTh M3MepeHUil aCHMMETpHH IipH Aesermu *U nonstpu-
30BaHHBIMH HEHTPOHAMM B TEOMETPHM 2, YCPeAHEHHbIE N0 TPYHIaM JIETKHX H TAXENbIX oc-
KOJIKOB C YHETOM pe3yIbTaTOB H3MEPEHHH Ha nenonxpﬁsonalmom nyuKe.

3pech j — HHOEKC IPyImb AeTeKTOPoB (¢M. puc.2). M3 aTHx DaHHBIX BHOHO, YTO Ha-
Omionaeman acMMMeTpH He Bo3pocia B 20 pa3 (IponopiMoHansHo sin 9), a sHaku addex-
TOB COOTBETCTBYIOT KOPPENAUUH '6'1", a He Koppenaumu (9). YcpenHenHe maHHpix Tabmiust 11
C NMONpaBKOH Ha KOHeUHBIA TelecHbl yron (cos 8 = 0,75) u npusenenvem k 100%-Hoii no-
JIAPU3aIHUH HEHTPOHOB, MAaeT

a®*U) = (2,5 £1,0) - 107* (10)

YTO B Mpefenax OUMGOK COTIACYeTca C Pe3yNbTaTOM, NONYYEeHKbIM B H3MEPEHHAX C FeoMe-
Tpuei 1. Bxnapg xoppensmin (9) ue npesbimaer 4% OT 3Toit BENHUNHEL, T.e. NpeHeGpexu-
Mo Mast. YCpemHeHHe ABYX Pe3yNbTaToB M 226U NpHBOMMT K 3HaYEHMIO:

a(®®¥U) = (1,7£0,4) - 10 ¢3))
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Puc. 6. AmnauTyOuvlii CneKTp UMNYALCO8 OT 2pynnbt 0eTeKTOPoe ockonkog deaekusn Py .,
Cnaowhvte Kpugie — YYaCTKU CREKTPOS, 6bl0EAReMbe QUCK DUMUHATOPAMU.

TABJIMIIA 1II. KO3OOUIWEHTHI ACUMMETPHH CUETA JIETKHX U TAXEJIBIX
OCKOJIKOB AETEKTOPAMU I-IV IIPH OETIEHVH %Py

ajg - 104 ajg - 104
i K A S

Ph=0,84 Py= 0,08 Pp= 0,84 Pp= 0,08

. ) | 4,17 £+ 0,81 1,96 + 0,82 n |-387:1,16 -0,06 + 0,93
I

T —-3,66 + 0,73 -0,91 £ 0,75 T 2,68 + 1,05 1,89 £ 0,90

. n 3,63 £ 0,85 —0,09 + 0,66 n |-2806:091 0,38 + 1,16
v

T —-3,34 £ 0,80 0,74 £+ 0,84 T 2,77 £ 1,00 2,22 1,14
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TABJIMIA IV. KO3OOHITMEHTH ACUMMETPHUH CUETA JIETKUX U
TSDKEJIBIX OCKONKOB JEJIEHUA 234U B SQHEPTETUUECKUX

HMHTEPBAJIAX LIV
a- 104
P]‘I TAXKENbIe OCKOIKH JIErKHEe OCKOJIIKH
I 11 m v
0,84 -2,07 £ 0,31 -1,85+0,34 1,94 + 0,32 2,39 +0,30
0,08 -0,14 + 0,35 -0,78 + 0,31 -0,16 +0,35 0,06 + 0,32

2.2. H3mepeHns acAMMeTpHH NpH fiestenum 2Py

WsMepeHus ¢ MHILEHDIO U3 THOPOOKHUCH [UTYTOHUA IPOBOAMINCH TOJIBKO B reomepnn 2.
Ha prc. 6 NoKa3aH THIIMMHELE AMIIHTY/HEG CTIEKTP OCKONKOB Hetennsa >¥ Pu, sapeructpu-
POBaHHBIX TPYNIOH AeTeKTOpoB (IyHKTHP) . CIUTOLIEHbIE KPHBbIE — YYaCTKH CIIEKTPOB,
BHIEIIAEMbIE DUCK puMEHaTOpaM. HaMeperna Ha 2°Pu Beikcs KPYITOCYTOUHO B TeueHUe
OBYX MecsleB. B xopne sxcrepuMeHTa Kamepa, KaK liefoe, MepHoaHIecKH IoBOpayMBa-
11aCh OTHOCKTEIILHO OCH, TePIeHAMKYIAPHOI K myuicy, Ha 180°, uro6bl AONORHKTENBHO HC-
KIIIOWMTD 3 exThi, CBA3AHHDBIE C BO3MOXHON HECUMMETpHEN YCTaHOBKH.

Pesynbrarst usmepennii mpusenerst B Tabn. . M3 npuBedeHHBIX JaHHBIX NOTYYaeM

a(*®Pu) = (-3,1 £ 0,5) - 107* 12

Bruiaa xoppenammy (9) B acCHMMETPHIO CYeTa OCKOJIKOB B TEOMETPHH 2 paBeH
(0,5 £ 0,5) - 107, IonpaBka Ha KOHEYHEIH TEJIECHBI YTOJ PErHCTPALMH OCKOJIKOB
(cos @ =0,75) ¥ npuBenenue pe3ynbrara k 100%-Hoi MoNApH3alHY HEHTPOHOB JlaeT

a(**Pu) = (-4,8 + 0,8) - 107 13)

B 3kcnepuMeHTe ¢ Iy TOHHEBOH MHILEHBI0 IEPUOAMYECKH, BMECTO PEFMCTPalyH OC-
KOJIKOB, PETHCTPHPOBAITUCH G-4aCTHIB! pacmafia 23°Pu. Jince peHumanbhble MHCKpPUMMHA-
TOPBL HACTPANBAIMCh TaK, YTOObI BhiIEJIATH HeDOJIBILIOH YYACTOK CIEeKTpa g-dyacTvil. Bce
3BEHbS YCTAHOBKM IPH 3TOM QYHKHHOHMPOBAJIU TAK Xe, KAK H B OCHOBHbBIX H3MepeHHAX
P-neverHoit acumMerpun. IToCKONbKY a-paciiajy HUIKAK He CBA3aH C HEATPOHHBIM ITyYKOM,
TO M3MepAeMas aCHMMETPHA [I0JDKHA XaPaKTe pH30BaTh MPHOOPHYI0 aCHMMETPHIO, CBS-
33HHYI0 ¢ KAHAIAMM PeruCTPaIHH.

YcpenserHoe 3HaYeHWe aCHMMETPHH 0Ka3aJIoCh PaBHBIM

as (@) = (0,15 £ 0,29) - 10°* ‘ . (149
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Puc.7. Cxemd anidenchun aMrauTyOubLx UKTEPEAA0S npu deaenuu **UJ,

TABJIMIA V. KO3OOUIIHEHTHI

P-HEYETHON ACUMMETPUU

Sppo- .

MHLICHE Ij a-10

9py) 1 4,808
2

233y 3 2,8+0,3
2

2235( ‘;— 1,7+0,4

3p¢ch BaXHO OTMETHTD, YTO HIKHHAE MOPOTH M depeHIMANBHBIX THCK PHMIHATOPOB YCTa-
HAaBJIMBANUCh Ha KPYTOM YYacTKe CIeKTpa a-4yacTHH, H, CIeN0BATeIBHO, OIYYEHHBIH pe-
3YJIBTAT XapAKTEPH3YEeT CTaGHIILHOCTE NIOPOTOB M OTCYTCTBHE KOPPEIALMH Mexay Gopmoit
amnapaTypHOTo CIeKTpPa YACTHIL H PEBEPCOM HaNpaBJICHHSA NMOIAPH3ANHH HEATPOHOB.
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2.3. HamepeHne acCHMMETPHH TIpH AefieHud “>>U

WsMepenus ¢ MUILEHBIO M3 OKKCH 33U IPOBOMINIHCE KaK B FeOMETDHH 2, TAK H B Te-
omeTpuu 1. Mi3aMepeHHS B reOMETpUH 2 MPOBOIITHCE JIMIIB C IIETIbI0 BHIABUTD BKIIAM KOp-
penmme (9) B acumMMeTpdio. Benmmuuua 310T0 3pdexcTa, TaK ke Kak u miA agep U u
#3°Pu, okasanacs B npemenax olmBoK uaMeperHii, C yueToM 3T0i HeOPeNeNneHHOCTH P-te-
YeTHast acUMMeTpuA Tipu Aenennn 23U B 5TOH CepuH U3MepeHRil 0Ka3anach paBHOM

a(®*U) = (3,6 £1,0) - 10™* (15

H3mMepenusa B reoMerpr 1 GbUIH BBITIONIHEHSI € GONBLUAM YHCTIOM MHLIEHEH i [eTeKTOPOB,
yeM B cyuae **U, ¢ TeM, 4To6BI ¢ HOCTATOUHOMN CTATHCTHYECKOH TOYHOCTHIO ONPEHENUTh
k03¢ PHIMEHTE ACHMMETPHI s KaXXHOoro U3 uurepsanos (1-IV) aMIymMTyaHOrO CleKTpa
ockonkoB (cM. puc.7). OueBHIHO, YTO eclii HeT amapaTypHBIX 3dbexToB, T0 K03bDHIM-
€HTBI aCHMMETPHIT 17 uHTeppaiob 111 u IV momxwbl ObITh OJMHAKOBL. ECTH 510 Tak, T0
ornuume ko3ddunmentos g uarepeanos I u Il Moryio 61 faTh rpyOble YKa3aHUA O 3aBUCH-
mocTH 3ddexta 0T Maccsl ockonka. Peaynbrarsl u3MepeHHii cBerieHs! B Tatn, IV. Hesna-
uHTeNbHOE 0TI MHE K03 GHIMEHTOB aCHMMETDHH [UIA BHyTpeHHHX HuTtepsanoB (II u III)
o cpanHeHMio ¢ BHelHUMH (I 1 IV) MOXHO 0GBACHUTD YaCTHYHBIM I.ePeKPBITHEM COOTBeT-
CTBYRLIMX MaKCUMYMOB.

U3 31HX J2HHBIX MOXHO CAETaTh B2 BHIBOJA: NEPBBIH — 410 HabIionaeMas acHM-
MeTpHs He CBA3aHA C anmapaTypHEIMM a¢ddexramu, U BTOPOi — Y10, BEPOATHO, HET CYLIECT-
BEHHO! MOHOTOHHOI 3aBUCHMOCTH 3ddexTa OT MacChl OCKOINKA.

Cpeanen3BellieHHOE 3HAYeHHE KO3 dUIIMEHTa aCHMMETPHH Wia aapa 224U no AByM
CepHAM H3MEPEHUH paBHO

a(®U) = (2,8 £0,3) - 10* )

3. PE3YJIbTATH H HX OBCYKIEHHME

H3mepennbie ko3 dUIFEHTH aCHMMETPHM CBefleHb! B Tabmuty V. [Ipusefentslie
SHAYEeHUSA HE NMONpaBJieHbl Ha PakToD, ONpeAeNAoUHi CTeNeHs NOJIAPU3ALMH KOMIAYH/T-
Afep, 06pa30BaHHEIX TIPH 3aXBaTe NOJIAPU3OBAHHBIX TEIUIOBLIX HEHTpoHOB. CHesmars 370 He-
BO3MOJKHO, OCKOJIBKY HEH3BeCTeH BKIIAfl KOHKYPHPYILIMX CIHHOBLIX cocTosumix I; + 1/2
B 33XBaT TEIUIOBLIX HeATPOHOB. Kax BumHO M3 hopmyisl (5) , ONAPU3AMS KOMIIAYHL-
Anpa B cocrogmuax I; £ 1/2 uMeer MpoTUBONONO:KHbI! 3HaK. Boliee T0ro, B 06IeM ciyuae
BEPOATHOCTD NIPOIECCa, COMPOBOXK/AIONIETO 3aXBaT TEIIOBLIX HEHTPOHOB C IIEPEXONIOM B
JaHHOE KOHEYHOe COCTOSIHHME, NOTIXHA ONPEeNeNAThCA KOTePEHTHOM CYMMOI UeThIpeXx aMIUTUTYX
AG+YD" AG-1/D™, AG+1/2)"™, A(T;—1/2)"", 2 Beruuna P-HeueTHOI ackm-
METPHH — COOTBETCTBYIOIUMMH HHTEpdePEHIMOHHBIMHA WICHAMH.
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Tem He MeHee, oOpalaeT Ha ce6s BHEMaHUe peryfsipHas 3aBHCHMOCTb aGCONIOTHOM
BENUUAHBI H3MePEeHHON ACHMMETPHH OT 3HaueHHs CIIMHA AApa-MuIlIeHy, I;. Moxao npemmo-
JIOKHTD, UTO YKA3aHHAA 3aBUCMMOCTB OTPaX@eT JIMLb 3aBHCHMOCTb MephI TIONSPU3aLHH
KOMIIayHJ-Sfipa OT CIIHHA Afpa-MHILIEHH. Torna, XapakTepHas BEIMYHHA aCHMMETPHH OKa-
apmaercs wopaaxa {(5-6)-107*, uto cormanaer ¢ BenHWMHaMK P-HeveTHbIX 3bdeKTOB
B {(n,v)-peakuusax [8-10]. Ecnu 310 cOBNafeHue He CAyYaifHOE, TO MOYKHO CH€JIaTh Ba
BBIBOJA:

a) MeXaHM3M HapylueHHs YeTHOCTH B npoueccax (n, ¥) u (n, f) oouH U TOT XKe, M,
BEPOATHO, ONpenensieTcs cTafueil 06pa3sopaHusa KOMNAYH/I-COCTOSHHS;

6) CyMMHpOBaHME IO KOHEUHBIM COCTOSIHHAM He HUBeNMpyeT 3ddexT.

AsTtops! 6naropapat K. B.Uysuno, B.T.lepuenxo u M.C.Ko3onaesa 3a NOCTOAHHSBIH
HHTepeC K paborte, JI.b.OxyHs, I'. A.JloGoa 1 E.C.PxeBCkoro 3a Mose3Hbie AUCKYCCHH,
B.A.EmenbsanoBa, P.C.3unatynuua u A.W.TloHOMapesa 332 MOMOLLG B H3MEPEHUSAX.
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OGbenuHeHHbIH HHCTUTYT SAEPHBIX MCCHeOBaHHHA,
HyGHa,

Coio3 CoBercknx Coumanucrmieckux Pecny6nuk

Abstract—AnnoTaums

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

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 207,208py, 4 S8R and 2%6Ra + *3Ca 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: 0 <2 X 107% cm? for nuclei with TS¥ 0.1 ms
in 207, 208p}, + B¢ reactions and o < 3 X 1073 em? for nuclei with TSY > 1 ms in the Ra +
48Ca reactions. A search was also made for 255Fm, which is a daughter fhucleus of the a-decay
chain of the isotope 2108 formed in the reaction 2®Ra(*®Ca, 3n). The limit obtained is equal
to 06 <1073 ¢m? if the isotope 2™108 and its daughter nuclei undergo mainly c-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 ihe structure of nuclei was introduced. At all stages of the
evaporation cascade except the last, liguid-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 T1, 28Pb and ?°Bi with *®Ca ions agreed well with experimental values. At the same
time, a similar calculation for the 207 298pp(58Fe_ xn) and *?Ra(*®Ca, 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: TSF < 0.1 ms for 263265108 and TSF < 1 ms for 27%272108.
The connection between the limits found and the systématics of TEF for known atomic nuclei
is discussed. :

HCCHENOBAHHE CITOHTAHHOI'O OEJIEHHUA U30TOIIOB HEKOTOPLIX TAXENDBIX 3JIEMEHTOB
H 3AKOHOMEPHOCTEW PEAKIIMU CITMAHHUSA B OBJIACTH CUJTLHO IEJISHUXCS
KOMIIAYHI-AIEP.

Jinst BLIACHEHMSA IIPUVMH MHOTHX HEey[auHBIX OMBITOK CHHTE33 CBEDXTAKENHIX 3EMEHTOB B pe-
aKUMAX NOJHOTO CMAHKA NpefCTaBIAKT HHTEpeC 3KCIEPUMEHTHE IO cuHTe3y 108-ro snementa. C aroit

129
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UEJBI0 HCTIONB30BAIMCE peakimy 2°% 29%Pb + 8Fe n *2Ra +**Ca. Bbuin IMONyYeHS! BepxXHue Ipemenbl
NOMEPEYHBIX CEYSHHH peaxiyif, IPHBOISIIAX K CIOHTAHHO NENSAMMCSA IpoayKram: ¢ < 2-10~ 3% cm?

BN Amep © T?/z > 0,1 mc B peakiuax 2°%»2%Pb +8Fe u 0 < 3-10"*cm? s smep T 1/I; > 1Mc B pe-
akuuu 2*Ra + *Ca. Bencs Takxe Nouck **Fm— nouepHero Afpa UeNOYKH a-pacliajia u3otoma: 271108,
ofpasyioulerocs B peakuuu 2**Ra (*8Ca, 3n). Ilonyuen nmpemen, paBHelf ¢ < 10~ cM? ecnu uzoTon
2108 u ero mouepHMe AZlpa HCABITHIBAIOT [MABHEIM 06paioM a-pacnag. Ilonepeyussre cevenus pearuytit
Tdna (HI, xn) paccuHThIBa/IHCH 110 METOLY, OCHOBAHHOMY H2 CTATHCTHYSCKOM PacCMOTPEHHH JeBo30yx-
nenns komnayHa-aapa. IIpumensanack, nporpaMma ALICE, B KOTOpYIo GLUIM BHeCCHBI HEKOTODBIE M3~
MeHeHMs. Bhuno BBeHEeHO NONMY3MAMpPHUYECKOE COOTHOLICHHE ISl 3aBHCUMOCTH NIapaMeTpa NIOTHOCTH
YPOBHelt OT SHeprHH BO3GYXJIEHHA M CTPYKTYpH ffiep. Ha Bcex CTYNeHAX HCMAPMTENBEHONO KacKaja,
KpoMe TIoCHeHeH, HCIONB30BAMCH KUIKOKANEeIBHbIE Gaphephl EJICHNA, 3aBHCAIIME OT YTJI0BOIO MO~
Menta. Ha mociemHei# CTyTeHH OHH 3aMeHTHCH GapbepoM [UIA OCHOBHOIO COCTOSHHSA, YYHTHIBAIOLIHAM
obonoyeunkle TONPaBKH. PacyeT MOMEpeUHbIX CeYeHHH MCTIAPMTENGHBIX peaKuui, HaOMONABIIAXCA TIPK
o6nyuermu CTTI, *°2Pb 1 2°°Bj wonamu *8Ca, man Xopolilee COFMIAcHe ¢ 3KCNepHMeHTOM. B To e Bpems
AHAIOTMMHBIA pacueT [y1a peakumit 207:298Pp (S%Fe, xn) i 2**Ra (**Ca, xn) noKasas, YTo oXMOaemble Molle-
peuble ceyeHMst A 06pa3oBaHMA H30710mMOB 108-r0 311EMeHTa Bl YCTAHOBJIEHHBIX Npenenios. [losTomy
HauboTIee BEPOATHLIM SBIHIETCH IIPEIIONONKEHHE, YTO 3TH HIOTOIE! HMEKT KOPOTKHE HepHOMAI Oy paciaja:
TIS,§ < 0,1 mc st *2=26108 1 T, < 1 mMc mis 27152721 ()8, (6GCYXAaeTCA CBA3b MONYYCHHEIX Npefenos
¢ cacremarHkoit Tyj2 IJis HIBECTHBIX ATOMHBIX AMEP.

1. BBEJEHME

MuorouncreHtble 3KCiepHMEHTbI, IPOBEREHHBIE C IIeJIbI0 CHHTE32 CBEPXTAXKENBIX |
3JIEMEHTOB B PEAKUMAX MOJHOIO CIMAHMA ¢ GOMOapAMPYIOIMMHE TsXKEIIBIMHA MOHAMH ¢
A > 40 (cMm., Hampumep, [ 1, 2] ), He BHecIM IIOKa SICHOCTb B NpOBJIEMY CyIUECTBOBAHUA
THIOTETHYECKHX HYKJIHOOB B HOBOH o6nacTd crabwisHOCTH. K coxxarneHHio, mooixeHue
He M3MEHIOCH Nocne Toro, Kak B JyGHe n bepkin GoUIH MONYYeHE! OCTATOYHO WHTEH-
CHBHbie NyYKH YCKOPEHHBIX HOHOB “®Ca U GBUT BBINONHEH psAp paGoT N0 CHHTE3y CBepX-
TSDKENBIX 371eMEHTOB [3-7] ¢ npuMeHenHeM 310#t Gombappupyloiueit yactuupr. 06a BO3-
MOXHBIX OGBACHEHHA: CIHIIKOM KOPOTKHE BPeMEHA JXH3HH CHHTE3HUDYEMBIX H30TONOB
WM OYeHb MAJTBIC IIONEPEYHbIe CEYeHHA peaKUHi, TpeGyIoT JONOTHHTENBHOTO H3yUeHHS.
TosToMy mHpencTaBisfeT MHTEpEC MCCENOBaHUe CTAOWIBHOCTH sfep ¢ Z = 100 ¥ 3aKOHO-
MepHOCTEH HX 00pa3soBaHHMA B PeaKLMAX CIUAHUA C TAXKEIBIMH HOHAMH.

BpeMeHa XM3HHU 3THX ANep B OTHOLICHHH a- U -pacriajia, BKIJIIOYas M OBIIacTh CBEpX-
TAXEIIBIX 3JIEMEHTOB, MOTYT ObITh MpEACKa3aHbl IOCTATOYHO TOYHO. B TO xe Bpems Teo-
peTHyecKHe MpeackasaHys NepHOIOB MOTypachaa Mis CIOHTAHHOIO RENIEHHA HeH3BeCT-
HBIX H30TONOB MOTYT Pa3Nuyarhcs Ha 3-4 MOpsAaKa BENHYHHBI B OGJIacTH, HEOCPENCTBEH-
HO TIpHMBIKaMIEH K H3BECTHBHIM ARPAM, A PA3HHIA B NPECKA3AHNUAX G CBEPXTKEIBIX
Agep pocturaer 10 u Gonee nopamkos. IloaTomy MpefcTaBiseT MHTEpEC NOJLYYEHHE JaH-
HBIX O CIOHTAaHHOM [IeJIeHHH HOBBIX H3OTOIIOB.

CucreMaTKa H3BECTHBIX Tffl (cm. puc. 1) oTpaxaer BIIHsAHHe OGOJIOYEUHOH CTPYK-
TYpBl Ha cTaGHibHOCTD Aaep. OpnHaxo, B MPOTMBONOJIOXHOCTE M3otonaM Cf, Fm u 102-ro
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IEMEHTA, JJiA KOTODPBIX NpOABNIAEICA cTabwinsupyrommil addexT nomoGonouxn N = 152,
y nzoronioB Ku(Z = 104) 310T 3¢dexT npakThuuecKH OTCyTCTBYET [8, 9] M HabmIopaercs
MOHOTOHHBI pocT Ty /5 C yBeNHUeHMeM YHCTa HEHTPOHOB. Moxmo OXHpaTh, YTO IJif
GOJee TAXETIBIX DIIEMEHTOB Taxe GyneT HabnomaTeCs pocT T1 /2 C yBelUUeHHeM N Gez
BbIpaXkeHHOro Maxcumyma fipd N = 152. IT1o mpenmonoxxeHHe HAXOMUT MOTBEPIKIEHHE
B COOTBETCTBYIOLIMX TeOpeTHdecKHx pacyerax [10, 11], a rakxe B pe3ynsTarax H3ydeHHA
CIIOHTAaHHOTO AeNeHus u30TomoB %106 [12] u 252106 [13].

BaxHbIM IIpOMEXYTOUHBIM 3TaNOM IIPH NMepexofe OT YKa3aHHBIX H30TONOB K CBEpX-
TAXEJBIM JIeMeHTaM 6bu1 Gbl cunTe3 108-ro smementa. C 310# 1ENbI0 HAMH HCHOJNB30-
Banuch peakiyy Ra 4 *°Ca u 2°5Pb + *®Fe. JxcnepumMeHTH NPOBOMMITHCE HA BHYTPEH-
HeM nyuke IMKIIoTpoHa ¥Y-300 OGbenHEHHOro MHCTHTYTA ANEpHbIX MccaemoBanmit (OHAN).

2. 9KCHEPAMEHTH! IO CHHTE3Y U30TOIIOB 108-ro DJIEMEHTA
2.1. Peaxuus **Ra + *8Ca

B 3TOH peakuyy MUHUMAJIbHAA IHEPTH BO3GYXOCHHA KOMIMAYHA-AApPA E:ﬁn coc-
TaBnser 32 MsB, nosToMy KaHaibl ¢ HCTIaperneM 2-4-X HEHTPOHOB ABIIAITICA HaHGONEe
BepOATHbIMH. B peakimu 3n foikeH MONYYaThCs HEYETHBIH M30TOI 271108, masa KOTOpO-
IO MOXHO cHenars NpUOIIDKEHHYI0 OLEHKY Tf}:z, HCTIOTIB3Y S pésynbrarbr TEOpeTHYECKHX
pacueroB B HauGonee Gmu3koi oGnactu. Cormacuo paGotam [10, 11], ciemyer oxupgars
)i 3TOTO H30TOMa NepHOf NMojypacnafa nopsaxa 10c. B 1o e BpeMs, eclIH NPOIKCT-
PanoyMpoBaTh pe3yNbTaThl pacyeroB paGoTel [14] B oGnacts Z = 108, 3HavyeHHa TONYy4a-
I0TCA Ha 2-3 MOpANKa BEJIMYUHBI HUKE.

IIns oueHKH mepHoAa TONypaciafia B OTHOLICHHM K G-pacliafly’ Mbl BOCIOJIb30BAIHCH
rlonyamnnpm{ecxoﬁ ¢dbopmynoit [15] u Maccopoii popmynoii [16]. ITlomyuenHsie OLeHOY-
Hble 3HauYeHHA T1 f2 u Ta/z ang wsorona *'108 u BO3MOXHBIX MPOAYKTOB €ro a—pacnana
NOKa3aHbl HA pHc.2. BHHO, YTO COTTIACHO OueHKaM, NO Beeil LemouKe paclanaa T1 12 < T1/2-
Ilpocteie oueHKH MepHOMOB MONYpacnana s 3NeKTPOHHOTO 3axBaTa MOKA3BIBAIOT, YTO 3TOT
BHJ] pacnafa [Jif pacCMAaTPHBAEMbIX H30TONOR MaJIOBEPOSTEH.

_ Kak cnemyer u3 pic. 2, Uenecoo6pa3HO MOMBITATLCA 3aperucTPHpOBATh HA OMNbITE
*Fm(Ty/2 = 20,14, Eq = 7,01 MaB), Kak npomyxrt paciiaga 27'108. Opmaxo, Hemnb3s
HCKITIOUMTh ¥ OPYTYI0 BO3MOKHOCTS, @ HMEHHO, yTo H30TOon 27'108 Ui HeKOTOpBIE NIpPO-
AOYKTBI €ro paclafa HCNBITBIBAIOT [1aBHbIM 0Gpa3oM cnoHTaHHOe feneHue. Ilostomy
CXeMa IKCIEPHMERTA NpeAyCMaTpHBATIa BOSMOXHOCTh HabIIONEHUA KAaK *5°Fm,TaK U
PETHCTPALHI0 KOPOTKOXUBYIIMX CIOHTAHHO MeNAIMXCA HYKITHIOB.

B omnbite ucnonpsopanace Tonkas Muilens (0,6 mr/cm? RaF, Ha mognosxke u3 Ni,
0,9 mr/cm?) ¥ Bpawarommiics c6opuuk B Buge Al-bombru (6 MxM), HepeHOCAIMI A7~
pPa OTOAUM K CIOAHHIM TPEKOBBIM JETEKTOpaM OCKOJIKOR IENIeHHsA 33 Bpems, paBHOe
1mc. Ilocne oBnyuennit NponoOmKATENEHOCTI0 MO 20 yacoB Al-cGOpHuK mopBeprajics
XHMHYECKOH NepepaGoTKe M M3 HEro BblOelsulack dpakuusa Fm, KoTopas ouMIaiach
oT npumecei Ra, Ac, Th, cniocoGHbIX Aath GOH B paiioHe MHKa a-yacTHI **Fm,
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Puc.2. Cxema o6pazosanus u pacnada usorona *™108 (em. rexer).

a-cnexTp dpaxiuym Fm uaMepsica ¢ momMompio Si-Au-NOBepXHOCTHO-GapbePHOTO JIETeK-
Topa. 3(EKTUBHOCT PErHCTPalMy @-YaCTHIL cocTaBNAna oxono 20 %.

Tlepen uaroToBNeHMeM MULICHH paiyil OUMLIANICA OT MpUMeceR CBUHIA
(menee 10™°Bec%) u ypana (menee 107! Bec %), criocoBHbIx Mpu obmyyerun **Ca nath
¢oH croHTaHHOrO menenusa. O6Was [IHTENbHOCTL OGTyYerHi cocTaBmwia 604  mpu
MHTerpanbHOM notoxe 4,510  Jneprus uonos “®Ca pamusmack 235 M3B Ha Bxozie B
cnoit Ra u 223 M>B Ha BrIXOne u3 Hero.

B sxchepuMenTe He GHUTO 3apErHCTPHPOBAHO HU OJHOIO OCKONKA CHOHTAHHOTO
nenenus. COOTBETCTBYIOIAA BEPXHAA IPAHMUA MOMEPEYHOTO cedeHHsa 0OpasoBaHHsA B
peaxuuy *Ra + “®Ca crionTanHo fensumxes npoayktos ¢ Tjfz > 1mc, B ToM uncre
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usotonos *°?7108, cocrasnser 3-10°% ¢cm2 He Habmopancs Ha ombite H e-pacman ***Fm,
YTO JaeT BEPXHIOK IPAHUILY TIONIEPEYHOTO ceueHus 0GPa3OBaHUA ITOTO M3OTONA, PABHYIO

- F
10"3 cm% ipu yenosuu T3 /2 <T15/2 .

2.2. Peaxums 2%%pp + °Fe

B psife 3KCHepHMEHTOR 1o cHHTe3y H30TomoB ¢ Z = 100-107, BRINOHEHHBIX B
Hy6ue [1, 8, 9, 12, 17, 18], Habmroganych MPOJYKThI HCHIApeHHs KOMIAYHA-AAep, 06pa-
3YIOUMXCA MpH MOJHOM CIIHAHHM G0MGapAMPYIOIHX HOHOB oT Ar 0o Mn ¢ anpamu mu-
weneit T1, Pb, Bi. Hexotopsie sxcliepiMeHTo1 GbUTH BBIONHEKR! TaKkxe B Bepknu [19].
Tonepeunnie ceueHus necnenosapimxcs peakuit (HI, 2-4n) umenu Bemwummy 107%0- 10734 ¢p2)
CPABHUTENILHO GOJNIBLIYI0 B MacluTafax CeYeHHH, OGBIMHBIX IIPH CHHTE3€ CHJIbHO ACTIAINKCA
TpancgepMueBbIx ssrep. He HCKITIOUEHO MO3TOMY, YTO HCIONL30BAHME PEAKUHMMA THIIA
28ph (58 Fe, xn) GymeT 3deKTHBELIM MPH CHHTe3¢ H30TOTOB 108-TO MeMeHTa.

OueHka E;in MOKA3BIBAET,YTO BOIIH3H KYIOHOBCKOTO Gapsepa B 3TOM ClTyyae JOJIx-
HBI POTEKATh PEAKLHH C HCTIAPEHHEM JBYX, TpeX, a, BOSMOXHO, H OfHOro HeltpoHa. Ilpoc-
Tasg nuHeiiHaA sxkcTpanonanua npu N= 157 ot Z= 100, 102, 104 u 106 x Z = 108 naer
s wsorona %108 B xauecTBe rpy6oil OLCHKH Tfll:z = 1 mc. Teopetuueckue otenkn [10, 11]
npHBOOAT MIsA K3oTonoB 108-ro amemeHTa C yucnoM HeiitpoHoB N =155, 156 u 157
suayernaMm T1j2 = 0,5; 0,3 u 30 mc, cooTBeTcTBeHHO. CnOHTaHHOE AEEHHE NOJDKHO GBITh
OCHOBHBIM BH[IOM paclafia YKa3aHHbIX H30TOIOB, TaK KaK OLEHKH Tf‘/z JawT, Mo Kpaii-
Hel Mepe, Ha IOPANOK Gonb1LMe BpEeMEHa.

Y1o6b1 HMETh BO3MOXHOCTb MOMY4HTh HeueTHbiH M3oTonm %2108 B peakmuu 21, B
OllbiTax OGIyYATach TAKXKe MHIICHs W3 oboramentoro 2°’Pb.

MuuieHs NpeCTABIIA COGOA MeTaUHuecKHit cioit 2°*Pb win 2°’Pb TommpmolM
2mr/cm? Ha Ni-nognoxke (1,5 mr/ cm?). Bouin TIPUHATHL MepBI [JIA NPEJOTBPALIEHHA e
HCapeHuA Nof feficTBHeM nyuxa. TOJNINMHA CBHMHUOBOrO CJIOS KOHIPOJIHpOBaNach IepH-
OJHYECKH METOHOM PEHTTeHO-QIyOpeCeHTHOrO aHATH3a.

flppa otpaun, BEIGHTbIE H3 MMILIEHH, TOpMO3WIHCh B Al-¢borere TOMIHHOA 9 MKM, -
YKPEIUIEHHOMN 1O HIepAMETPY AMCKA THAMETPOM 25 CM, BPALABLIErOCA CO CKOPOCTBIO
1100006/MHiH ¥ MepeHOCHBILEro AApa OTHAYM K CIHONAHBIM JIETEKTOPaM 3a Bpems, paB-
Hoe 0,1 MC. B KOHTpONBHOM 3KCIIEpHMEHTE, B KOTOPOM MHIueHb ¥3 “**Pb oGnyyanacs
HoHamu Cr, ¢ sueprueit 278 MaB, npu vHTerpanssoM notoxe 4,810 HaGmopanocs
11 OCKONKOB CHOHTAHHOTO [iefleHuA H30TOMA 25%106, MONyuaBIerocs B peakuuy
208ph (5*Cr, 3n) [12]. HamepeHHOe B 3TOM OfbiTe NOMEPEUHOE CeUeHHe YKA3aHHOM pe-
akiupn — (2,5 + 0,9)-10"*cm? B npenenax 3KcHepHMEHTATBHBIX OIMGOK ¥ BO3MOXKHOI
HETOYHOCTH BbIBOpa 3HepTHH >*Cr, COBNANO ¢ paHee H3MepenHBM [12]. ~

B sxcnepumentax ¢ *°Fe sHeprua 60MBapaMpyIolMX HOHOB paBHmlach 306 MaB Ha
BXOzxe B MuiIeHb H 282 M3B Ha ee Bhixome. CpefHAs MHTEHCHBHOCTb IyYKa MOHOB COC-
TaBnsua 1,510 ¢ B onbite ¢ Muensio u3 2°’Pb He GbUIO 3aperkCTPHPOBAHO HE OJHOTO
OCKOJIK@ CIIOHTAHHOTO ZIC/ICHHA IIPH MHTETPAIILHOM MOTOKE $8Fe 6,510, 310 paer BEepXHUH
Apenesn NONepeyHoro cedenus 2-10™% cm? Unrerpaneupiii notox *Fe Ha mumenn 2°Pb coc-
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1aBun 2,8 -10'7 HoHOB. BBUIO 32perHCTPHPOBAHO 6 TPEKOB OCKOKOB JIENIEHHs, TIPOHCXOXK-
TleHUe KOTOphIX MOXeT ObITh OODBIACHEHO HAJHUMEM MHUKpOTpUMecedl ypaHa B chiofe.
TTosromMy MOXeT GbIThb YKa3aH JIHIIb BepXHMH HpENeN MOIepPeYHOrO CeYeHWA peaxrimil
—2-107 % cm?,

3. A3YYEHWE 3AKOHOMEPHOCTEN PEAKLIMI ITOJIHOTO CJIMSHHWUS B OBJIACTHU
CWIbHO OEJMXCA KOMIIAYHI-SAOEP

OrcyTcTBME Cpeny TPORYKTOB peaxipnt 22°Ra +“8Ca u 28Pb + ¥Fe mzotonos 108-ro
97IEMEHTa MOXHO OOBACHHTH OJHOM M3 BYX HPWYHH: JIMGO 3TH M30TONBI UMEHOT CIMILIKOM
KODOTKHE BPEMEHA JXM3HH, YTO MCKJIIOYAET HX HabillofieHHe B ONHMCAHHBIX IKCIEepHMEHTAX,
1160 pealbHble MONEPEYHbIe CEYeHHA COOTBETCTBYIOLIMY UCTIAPUTENBHBIX peaKlyii MeHblle
YCTaHOBJIEHHBIX NpefeNioB. (OCTaHOBUMCH HECKONbKO NONpoGHEe Ha BTOpOM MPENMIONo-
JKEHHH.

J1st aHanuza peakiyil HONMHOTO cnusanua 6omGapmupyiomux HoHos *¥Ca ¢ pazmuy-
HbIMM MHLICHAMH HamM GbUI IpHMEHEH METOL pacyeTa CeyeHHH, OCHOBAHHBIA HAa CTaTHC-
THYECKOM pacCMOTpPEHHH Npouecca NeBO30YKIEHHA KOMIAYH/-AApa, MCHONB3YIOIIEM NPHE-
mKenre ¢epMH-rasa s IIOTHOCTH ypoeHeil. [IpuMeHsutach MOy3IMAMpHYECKasA 3aBU-
CHMOCTb TapameTpa IWIOTHOCTH ypOBHE# OT 3HeprHH Bo3Gysxmerns E™ u cTpyKTyphl Anep [20]

a(E") =3{1+ [l - exp(- 0,054E™)] ﬂgjﬁ)—'
rre 3 uamMeHmIoch OT 22 g0 25 MaB~!B mmrepBaie A = 250-300. Bemmumia AW (Z, A)
HMeeT CMBbICT 0BOJIOYeYHON HONPAaBKH K MaccaM OCHOBHEBIX cOCTOAHMHA. [lims Bcel 06-
JIaCTH pacCMAaTpHEBBIX ANEP ee MOXHO 6bUTO BbIGpaTh OKONO -5 MaB. B pacyerax mpen-
nonaranock, ¥ro a, (E*) = af (E).

Ha Bcex crymeHAX HCIapHTENbHOTO KacKafa, KpoOMe MOCTeNHel, UCTIONb30BATIHCh
KUAKOKaNeNbHble Gapbephbl OeeHUA B;IZ"D , 3aBHCALIME OT yIJIOBOro momeHrta [21]. Ha
HOCNeHEH CTYHeHH KacKafla MCTIONb30BAIMCh BENIHUMHB! GapbepOB WIS OCHOBHOTO COC-
T051HMs By, yunTsiBaompe o6onoueunsie sbdextsl [22]. Taxas Moiudukanna Gapbe-
POB [ieMeHMs Ha NocnenHeil cTylenu xackana (E* ~ 20-10 MoB) 0coBeHHO BaHa HpH
PacCMOTPEHUM [eBO30YXaeHNa KomuayHa-Anep ¢ Z = 100, roe BEMTHYNHA XKHOKOKaIeb-
HOro Gapbepa CTpeMHTCA K Hymo. Kpuriveckuit yITOBOH MOMEHT ONpefeNsieTca TeM
3HaYEHHEM YTJIOBOTO MOMEHTA, MIDH KOTOPOM XHAKOKANeNbHbii Gapbep HeseHusi CTaHo-
BHJICA DaBHBIM HyIio, £ =~ 40-60h. IlapumansHsie ceyeHUsa 06pa30BaHUA KOMIIAYHA-AApA
PacCYMTHIBAIIUCEH C HCIOMb30BaHMEM NEHCTBHTENIBHON YacTH ONTHYECKOTO NMOTEeHIMaNa B Ha-
pabonuyecKOM TIpUGITHKEHHH

Vin = Vo exp{ [ro (A1® + AP~ 1]/d}
TAe A Bee obnactu uccnenyembix agep Vo =-67 MaB, d = 0,4 ¢mM, 1y = 1,28 dm.
JHepreTHYecKas 3aBMCHMOCTH CedeHHH OOGpaTHBIX peakuuil 3axBata (n, p, @) Bbl-
YMCTIAIACh N0 ONTHYECKOH MOMEINH.
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IIpu pacuere sHeprmit BO3GYKOEHHA JJisi BCeX AAep MCIONB3OBANKCH SKCIEpUMEH-
TaJlbHble 3HAYeHHA MAacC ANEp, eCIM OHH H3BeCTHhL. B Tex ciyyasx, Korga TakMe IaH-
Hble OTCYTCIBYIOT, MacChl ANEp BbMHCIATMCE M0 dopmyne [22]. Ilo atoit xe dopmyne
PACCUMTBIBAIMCH JHEPTHH CBA3H HYKJIOHOB M @-YaCTML. JHEprMH BpalUeHHA [JIA PaBHO-
BECHBIX M CEIJIOBBIX $HIYp BHIMHCIAIMCH 10 dopmMynamM paBotsi [21] .

B pacueTax yuMTBHIBANIMCH KaHa/bl [eJIeHHA M UCTIapeHHsi HYKJIOHOB M @-yacTHu. Bul-
YHCITCHHA TIPOBOAMIMCH [JIf KAKNOTO NApIHalIbHOIO CeueHUs 06pasoBaHMA KOMIMAyHI-AN-
pa ¢ aroM, pasHbIM 1 M3B, mo sHepruu Bo3Gy:kpeHMA. 32 OCHOBY Gbula B3fTa IPOT-
pamMma ALICE [23], B xoTOpyio GOBUIH BHECeHbI YKa3aHHBIC BBIlE M3MEHEHHA.

OrnucanHaAa mopenb Gbula NpHMEHeHa HAMH IJIA aHAJIM3a pe3yJNIbTATOB JKCIIepUMeH-
TOB, B KOTOpHIX GBUIM TMONyueHbl MHTETpallbHbIe BBIXOMLI M30TOMOB **Cf, %52Fm + ***Fm

H **Fm npu eGnyyennu nmonamu “*Ca tonmcteix muureneil w3 2°®Pb, **°Bi u ecrectmen-
Hoi#t cmecu msotonoB Tl. IlepeuncienHpie H3OTONBI ABIANMCE NOYSPHUMH MPOAYKTaMH
IeTOYeK pAacilaia MCXOAHBIX fANep, KOTOpble NMOMYYAlINCh B PasfIMYHBIX KaHaJlax LeBO3-
ByxaeHusi KoMnayHa-anpa. PacueTHble KpHBbie QYHKUMH BO3OY>XACHMA [UIA PaSNHUHBIX
McTapuTenshbix peaximit “Ca Ha 2°5T1, 2®Pb u 2%?Bi nokasame! Ha puc.3. Kaxpas us
9THX KPHBbIX MHTETrpHpOBAIACH OT MOpPOra COOTBETCTBYIOIIEH PEaKIHM 10 MaKCHMAJlb-
HO# 3Hepruy myuxa HoHoB “*Ca (Ep), yxasansoil na puc.3 cTpenkamu. BoNbiLMHCTBO
paccMatpuBaeMbix GYHKUMH BO3CYXXACHHA JIKHT JIEBee MAaKCHMAIIBHOH SHepruH, I02-
TOMY HEOTIpEfIeNIeHHOCTh SHEpTHH MOHOB HA BXONE B TONCTYI MuileHs (5 MaB) He mmu-
feT CYMWECTBEHHO H4 pe3yNbTaThl pacyeTa.

CpaBHenMe 3KCHEPHMEHTAIBHBIX JIRHHBIX M PE3YNBTATOB PAcyeTa MpOBefleHO B TaOIl.l,
B NEpBBIX TpeX KOJOHKaX KOTOpoH Mepeurcnedst muutens (T1, Pb, Bi), yxaszaHp uzoro-
Tbl, KOTOpble HAGIIONAMCh Ha OINBITE M MHTErpajibHble NMONEpEYHbIe CedeHHA MX OOpa3o-
BaHUA (Tyxen) B €OMHMIAX MKG-MaB.

B 4 xonoHkxe NpuBeneHbl OCHOBHbIE KaHAIbI AEBO30YXKIASHHA KOMMayHO-agpa. Pac-
YeTHBIC TOTIEpeYHble CeYeHHA B MaKCUMYMax (yHKupi BO3GYXIEHHA 3THX KAaHAJIOB H
pacueTHbIC MHTETpAIbHbIE CEYeHHA JaHbi B 5 M 6 xomonkax. Ilapumanshmii Bxnan oy
KaXOOro UCTapuTelsHoro xaxana (7 KONOHKa) ONpemeNsAIcia COOTBETCTBYIOIMMH lie-
NOYKAMH - ¥ (3-pacnagoB. B ciyyae °°T[] B oy yuMTHIBAJICH COCTAB CMECH M3OTONOB Tal-

E,
nuA. B 8 xononke Tabin.l npusenens! 3HaueHHA Zpacq =2ak o (E)dE,
k

Eg

BKIIiOYaI0lMe BKIIAJ, BCeX MCMApHMTENbHBIX KaHaioB. Kawane Mcmapenus, cyMmapHbiit
BKJIal KOTOPbIX < 10 % OT NOMHOH BENMMMHBI Zpacy 1A TPOCTOTH He BKIIIOEHB! B TabI.I

Kax Bumno u3 13611, s Bcex HaGNMIONABIMXCA NPOAYKTOB peaxlimil MONyueHo
KaueCTBEHHOE COTJIACHE PACYETHBIX M IKCHEePHMEHTANBHBIX WHTETpaNbHBIX ceueHMil. Hu-
TEpeCHO, YTO BCE TPH KOMIAYHM-Afpa OGpa3yoTcsa B MpaKTHYeCKH COBIAJAIOIIKX HAYails-
HbIX COCTOSIHMAX IO 3HEPTHH BO3GYXHCHMA M YrTIOBOMY MOMEHTY. JleiCTBHTENBHO, A
25T, 29Ph y *®Bi pacuerHas BeHUMHA Gapbepa B3aMMOJEHCTBHA ¢ **Ca pamma 172,
172,8 u 175M3B un E:mn = 22,3, 18,9 1 20MsB, coorBercrBenHo. [o31OMY H3 COBO-
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CEYEHHS (ofen) B Mx6 (1 6apu (6) = 1072 m?), UHTETPAJIbHBIE IIONEPEYHBIE CEYEHHA (Soxem: Opacys Zpact) — B MK6 - MoB

pacy

M2
Muniens Tlpoayxr Zaxen Kanan GpTc':c Upac'x(ic 2 Zpacy
wrm o om0 i v a2 o7 o8
1p , ) 7
ecTm
wet 1302 3n 0,25 0,7 0,69 0.76
an 0,11 0,78 0,27
3Fm 4,2:08 2n 2,1 15 0,1 1,5
208py, BIFy + %Ry 1,202 1n 0,25 1,8 0,1 1,1
la 0,11 0,86 1
mcf 40,6+ 6 2n 2,1 15 0,9 14
" + WP 0,93 £ 0,16 tn g"’g: 0'1‘; i 13
a ,01 0,
209 5
C 0,39 & 0,08 3n 0,034 0,32 0,99 0,32

9¢l

dv ¥ HKDOAHVIO
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Puc.3. Pacuernuie gyRKyuu ao3Oyxoenus Oas peaxyui *°°Pb + **Ca, *ST! + *Ca u *™Bi + “(Ca.
Crpeaxamu obo3Hauenul 3Hauenus suepzuu *Ca 6 nabGoparopuoii cucteme HG@ 6x00e 6 TOACTbIE MU-
wenu.

KYIHOCTH [aHHbIX, NPEICTABNEHABIX B TaGl.I, MOXHO OLEHHTb POJb BCEX OCHOBHBIX
MCTIAPHTENBHBIX KAHAIOB.

B pamHoi#t paboTe ynanoch M3MepHTb ceyenMe peakiy In. MMEHHO 3T0T KaHai
oGycnasuBaer oxono 90 % Bbixoma *2Fm mpu o6nyvemn °°'Tl. Xopomee cornacke -
M3MEpEHHOTO MHTETPATBHOTO CEYeHHS C PACUETHBIM CBHIETENbCTBYET O TOM, UTO IpH
nepexone oT “Ar x **Ca pajuyc B3auMOJEHCTBHA CTAIKHUBAIOWMXCA ANEP NPAKTHYEC-
KH He H3MEHWICA. PacueTHOE CecueHHe B MAKCHMyMe (YHKIMH BO30YX[IEHHA DEaKImMH
205T] (%Ca, 1n) paBHO 3,5-107 % cm?. KaHan peauu 1n BHOCHT MpUMEPHO 60 %-HbId
BKJIa[ B BbIXOR M30TomoB *S*Fm + °Fm B peaxumm *®Bi + *Ca. B peaxuun
03phy 4 48Ca prUa FTOr0 KAHATA BLUIGIMTb TPYHHO, TaK KAK GONBUIOE CEYCHHE HMe-
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TABJIMIIA II. PACUETHBIE IOIEPEYHBIE CEYEHM A PEAKIIMI ITPY 3HAUEHUAX
SHEPTUI UIOHOB E,yac (IABOPATOPHA A CUCTEMA), COOTBETCTBYHIINX MAK-
CHMYMAM GYHKIMH BO3BYXIEHUA. Q=M; +M, - My_g

r B, Q E o
P 0 (] MaKC
carui ) (MsB) (MsB) (M3B) (cM?)
1,28 3,2 -205 283 2,6+ 10-%
zoapb SBF , ln
(*Fe, 1n) 1,25 2,2 -203 288 6,5-10"%
1,28 3,2 -205 293 3,1-10°%
208 58
Pb (**Fe, 2n) 1,25 22 -203 293 8,810
1,28 3.4 ~154 224 1,0- 10-%
2Ry (*Ca , 2n) 1,28 24 -152 223 4,0-10°%
1,25 2,4 -152 228 3,0-10-%
1,28 3.4 -154 227 5,0+ 10-%
26R, (*1Ca, 3n) 1,28 24 -152 226 7,0 10°%
1,25 24 -152 230 1,5-10-%

T peaiua ¢ HCHapeHHeM o-YaCTHIBI, 2 Buika Ha K-saxsar y apmpa 2%°102 skcnepumen-
TAJIBHO He HaGnwopanack. Jia OUEHOK Mbl HpUHANM ee paBHOH 10 %.

Kak BmgHo M3 pHc.3 pacuerHple ceueHMs MCNApeHMA ABYX HEHTPOHOB B MAaKCHMY-
Me ABJIAKTCA HanGONBIUMMH [0 CPABHEHHMIO C IpPYFMMH KaHalaMu uclapennus. Kanan 2n
YeTKO MpOABNseTCH B cilyuae peakuun °°Pb + “®Ca B BRIXOHAX u3oTOmOB 2*Fm u 25Cf.
Ha 0CHOBZHHM HALMX [ZHHBIX MOXHO YTBepX[Jarh, 410 y 24102 mmeercn 10 %-Has Bl
xa Ha K-3axBar. Pacuetssii MakcMMyM ceyeHua peakumu 2°5Pb(*®Ca, 2n) pasen
2,1-10”®cm?, opHaKo, U3 CPABHEHHMA Zoen H Zpacy CIEMYeT, UTO IKCIIEPHMEHTAIBHOE
CeueHHe TpHMeEpHO B 3 pasa GOJblle PAacyeTHOro.

B peaxcumn 2Bi+ “*Ca Baxon *$Cf nonnoctsio 06ycrosnen xaHanom 3n, pacuer-
HOe MAKCHMAIBHOE CeYeHHe KOTOpOro pasHO 3,4:107%2 cm2. J1uM xe KaHanom ompe-
nernAercs okono 60 % uamepeHoro Bhixoma 2*Cf B peacmpn *'T1 + *Ca.

4. OBCYXIEHHME PE3YJIbTATOB

YuuTbiBasA MOMYYEHHOE COINIACHe MEXIY TeOpHeil M oKcnepumenToM (cM. TaGn.l),
MBI COWIH BO3MOXXHBIM IPHMEHHTb ONTMCAHHBIA MeTOJ, pacyera WIs OLIEHKH MOIEPEUYHBIX
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ceuenmil peaximit mojHoro ciuaHuA **Ra + *8Ca u 2°°Pb + 8Fe. Peaynwrarsr pacuera
npencraBnensl B 1abn.ll, n3 xoropoi BHAHO, yTo IpH Iy = 1,28 dM NomepeyHbie ceyeHMs
NCTIapHTENIBHBIX PeakKLMH B YK43aHHbIX KOMGHHAUMAX HOH — MHLUEHD IOJKHBI GBITH CylliecT-
BEHHO BblIE TeX NPEHENOB, KOTOpble GBUIM AOCTHTHYTHI B HAIUMX 3IKCIepHMeHTax. [los-
TOMY ObUIO LleNecoOGpasHbIM OHEHHTh 3aBHCHMOCTD IIPENCKa3bIBaeMbiX MONEPEYHBIX Ce-
YEHHH OT MapaMeTpoB MOJENIH Iy, By M OT BO3MOXHbBIX OIIMGOK B Q-peakumsax, BbI3-
BaHHBIX HETOYHOCTBI0 MaccoBOit dopmyiel [22]. Ilpu 5TOM MBI BO3ZEpPXANHCH OT pa-
OMKAIbHBIX H3MEHEHHH B TEODHH, CBA3AHHBIX C MpPEANOJIOXEHHEM O PE3KOM YMeHbllle-
HUM BEpOATHOCTH CHAMAHMA TSKeNbIX Afep IpH Mepexofie OT CBHHUOBOH MHILEHH K pa-
JiHeBOH MITM OT GoMGapmupylowmx HOHOB Ar-Mn k 58Fe. BeHuMHbBI NONepeYHBIX ceye-
HHMi )1 HEKOTOPLIX peaklyil NMpH H3MeHeHHBIX NapaMerTpax Ty, Bo H Q-peaxuun, mpen-
cTaBieHbr B Ta6n. Il.

Kax BupHO M3 TaGn.ll, 3TH BeJIHYMHBI OKA3bIBAKTCA BbILIE IKCHEPHMEHTANIBHO yC-
TaHOBJIEHHBIX TpemeoB. II03TOMy OTCYICTBHE Cpeiy NPOIYKTOB peaximii 20%208Pp 4 58Fe
CHOHTAHHO JIETAWMXCA HYKIMIOB ¢ Tjjp 2 0,1 Mc, MO Bcel BEPOATHOCTH, CBA32HO C
TEM, YTO BpPEMEHA XM3HH COOTBETCTBYIOIIMX H30TONOB %4108 menbwe 0,1 mc. Hec-
KJIIoyeHH e, GBITh MOXeT, cOCTaBNAeT H30TON 26°108 ¢ umcnmom HeitrpoHoB 157. O mor
06pa30BaThCA B HALUKX OIBITaX TONMBKO B peaxumH 2°°Pb (%3Fe, 1n), gns Wi KOTOPOH mpu
1o =1,28 H By = 3,2 M5B nApezicia3biBaeTCA HOMEPEYHOE CEUEHHE B MAKCHMYME
2,6.1073! cM?.  Onpako, Kax BHAHO M3 Tabm.Il, MONMyCTHMble M3MEHEHHA B BeIMYMHAX
ITHX NMAapaMeTPOB M Q-peaKlMH MOryT OOBACHMTb YMEHbILIEHHe BEJIHYMHBI NONEPEYHOro
ceueHus oToH peakuun B 400 pas u Gonee.

PacueTh! TOKa3p1BAIOT (CM. Ta6.Il), YTO TpH MOCTOAHHOM Iy = 1,28 ¢pM ymeHb1ueHue By
Ha 1 MaB u nepexop or Q =-154 MaB k Q =-152 M3B (410 ABNsAETCA GONBLIMM H3MEHEHH-
€M 1A THX TlapaMeTpoB) TOTepeuHbie ceveHms peaxuuit *Ra (*®Ca, 2n) u **Ra(*Ca, 3n)
BCe eille OKa3bIBAKTCA BbILIE NPeNelIOB, YCTAHOBNEHHBIX IKCIepHMeHTaNbHO. OcoBeHHO
Clab0 3aBHCHMT OT NApaMETPOB CeYeHHe peakuuy 3n, NMpHBOAsALIee K OGpa3OBaHMIO H30-
Tonma *™108. Yro xacaercs NapameTpa To, mis xomOGuHauum **Ra + *8Ca ero ymems-
LIeHHe TO CPABHEHHIO C BENH4YMHOH 1,28 M, yCTaHOBNEHHO# IpH aHAIH3e [JaHHBIX IO
peaxiuam caussnsa *Ca ¢ Ti, Pb u Bi, Bpan nu ompaspano. OnHaxo, faxe 3aMer-

HOE ero yMeHblueHHe, A0 1,25 ¢M, He NPHUBOOMT K CHHXKEHHIO NpeCKa3biBaeMOro ce-
YEHHs PEAKIMM 3n HIDKe SKCIEepUMEHTAIBHOrO mpenesa.

Taxum oGpaszomM, HauGOllee NpeIHOYTHIENbHBIM OKA3bIBAETCA NPENNONOKEHHe, YTO
usotonbt 2"*2%72108 ye mabnmromanuch HA ONMBITE, TAK KAK MX TMepHOIBI MONYpacmajga Ko-
poue, yeM 1 Mc. EcTeCTBEHHO NpefNOAOKHUTL, YTO OCHOBHBIM BHJOM HX pacliaja ABJsA-
€TCsi CIIOHTaHHOe [ielieHHe.

Tlpepens: mepuopoB HOMypachmana Tls/}; mia u3otonoB 108-ro snemeHTa, MoNyyeHHbIE
B Hacrosawlel paGore, MOKa3aHel Ha puc.l. Kak BHOHO M3 pHCYHKa,3TH Tpenelibl He
CTONb JATIEKH OT TeOPEeTHYeCKHMX NpeACKasaHwil [jiA Jerkux Hsotonos 297265108,  Op-
Hako, WiA GOllce TANKEAbIX H3OTONOB OHH CYLUECTBEHHO HIDKE OXKMIABIUMXCH BeJIMUMH.
Hanpuntep, Wis HeyeTHOro usoroma >7'108 pasuuua cocrasiser 4 TOPAMKA BelHYMHBL
Takoe pacxoxpenue He ABIACICH, TeM He MeHEe, HEOXKHIAHHBIM, TAK KaK TOYHOCTh pac-
YeToB Tls/}; HeBenmuka. PacXOXmeHHs pacyeTHbIX BETTMYMH Tls/l; C 9KCNEpUMEHTATIbHBIMH
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OAHHBIMH B OGNacTH H3BECTHBIX ANEP NOCTHraeT HECKOJIbKHX NMODANKOB BeIMYHHBI
[10, 11, 14, 24]. OueHurs HeONpeneIeHHOCTh NPEICKA3aHHH B OGNAaCTH HEH3BECTHBIX
ANEp MOXHO, CPaBHHBAasA pe3yNbTAaThi PacyeToOB IO palNMUHBIM Momenam [10, 11, 14],
KOTOphie HAIT ONH3KHe pe3ynbTaThl B OGNAcTH M3BECTHBIX H30TONOB ¢ Z = 100-102
M pasiyaloTcs Ha 2-3 NMOpsAfKa BeNHYUHbl B cocenHeit ofmactu (Z = 104-108, N=156-162).
Mpencxasanue s usoronoB 108-ro 3nmemMeHTa MOHOTOHHOTO POCTa TIS,E C YBEJIHYEHHEM
unciia HefATpoHOB [10, 11] Takke ABNAETcA HeOOHO3HAYHBIM [14].

Ham npepcraBnsgeTcs, YT0 HEOGXOPMMO AansHeiilliee UCC/IeNOBaHHe NPOGIEMBbI' CHH-
Te3a 10810 anementa. [Ilpu uayuenun peaxmun ®Pb + *8Fe neoGxomum mouck mpo-
ayxros ¢ Tyjp <0,1mc. Beuto Gbl IenmecooBpasHbiM Takoke H3y4HTs peaxupd *PCf + 22Ne,
210py, + S8Fe, 20%Hg + %*Ni, KOTOpEIE MO3BONAIT MONYYHTh, B NpHHUKENE, GOTlee TANE-
nbie u3oTonbr 108-r0 anementa. (DaKTHIECKH 9KCMEePUMEHTHI MO cuHTe3y 108-ro amemeH-
Ta ABJAITCA MOMNETbHBIMHU [JIf IlepeXOia K CHHTe3y CBEpXTMKeNbix simep. Takoil mepe-
XOfl CBA3aH ¢ NpHMeHeHHeM TDKeNbIX MuuieHeit u “Ca win ewe Gomnee Taxensix Gom-
Gapaupyloumx vactuu, IlosToMy naiibHeiiuiee M3yueHHe peakumu **Ra -+ *Ca mpu cy-
LLIECTBEHHO GoMNbuIell GBICTPOTE HEACTBHA M YYBCTBUTENBHOCTH METOOUKH ABIACTCH
OuYeHb >KeTaTeNibHbIM. C HaualoM paGoTel HOBOTO YCKOPHTENSA TAXENBIX HOHOB — LHK-
notpoHa ¥-400 OMSIH BO3MOXHOCTH NpOBeeHHs NMONOOHBIX paGoT pe3KO BO3POCIH.

B 3akmoueHue aBTOpE! Gnaropmapar B.3aiipens, 10.A. Cennukoro, B.B. Q®yHuireiina,
C.C. Kosanenko u K.A. Ilerpxkaka, yuacTBOBABIMX B IKCIEPUMEHTAX C pajsiMeBoi MH-
wieHb1o, X. Bpyxeprtaaitidepa, O. Koncrantunecky, M. IlBapuenGepr, K.A. T'aBpunosa
1 UYoit Ban-cexa 3a npoBenenue xuMmyeckux sxcnepumenton, C.II. TpersakoBy 3a mo-
MOIlb B pacyeTHOH YacTH pabGOTHI.
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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 'y /Ty 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 liguid-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 Z, and Z,? 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 BLP = 0. We did not,
therefore, consider cut-off due to the initial conditions.
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Abstract

DYNAMICAL CALCULATIONS OF SPONTANEOUS-FISSION HALFE-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 T¢, 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 Tge 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.[1] as I. _

We shall concentrate on even-even nuclei with atomic numbers Z = 96—110.
The half-lives T are calculated dynamically. The main differences with respect
to the paper I are: accounting for the €4 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, T¢ = 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=[1+exp S(Ly)1™* )]

where

S2
S(L)y=2 / \ /h% [V(s) — E] B(s) ds 2)
51
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with
_ dos dog
B(s) = Z Bayey® - o @

ij

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, o and ¢ (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 B of the mass tensor.

By the dynamical calculation of T, we mean that, having both the potential
energy V(ey, . . ., o) and the mass tensor By, 0 (oy, . . ., &) dependent on
deformation, we look (by variational methods) for the trajectory Lyin for which
the action S(L) becomes minimum.

The deformation of the nucleus is described by the following parameters:
(quadrupole) e, (hexadecapole) €4, (multipolarity 6) €4 (see Ref.[8]) and
(reflection-asymmetric) e,5, being a combination of the parameters e; and €5
corresponding to the deformations of multipolarities 3 and 5, respectively [9].
Besides these axially symmetric deformations, the non-axial quadrupole deformation
v [10] is also taken into account. The full dynamical calculation is performed in
the (e, €4) space. Other degrees of freedom are accounted for either in an
approximate dynamical way () (see I) or only statically (eg4, €35), 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 (€, €4)-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 Ly, 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 V(gy, . . ., ap) is larger than the energy E of a fissioning
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FIG.1. Potential energy of **Fm calculated as a function of the deformation parameters
€ and €f. Static and dynamic fission trajectories are indicated.

FIG.2. Effective mass parameter calculated along static and dynamic trajectories for *>*Fm.

nucleus. Asthe 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 Lyyin [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 1073).

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 Tt
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 € and e,
(the parameter e} =€, — 0.2 € + 0.06, equivalent to e,, is introduced to make
an average fission trajectory for heavy elements especially simple: €; = 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 (B4¥Yn) 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 B4Yn js considerably smaller than Bstat
in the region of the saddle point which is around € = 0.4 (as seen in Fig.1).

This difference results in the smaller life-times Ty when calculated dynamically,
than those obtained statically; so, it makes dynamics significant. It can also

be seen that BA¥D is a smoother function of the deformation than B2t and this
makes BAY? somewhat less sensitive to details of the shell structure of the
nucleus and, thus, to details of its description, than BSt2t. [n the figure, we also
show a one-parameter semi-empirical effective mass Bsemiempr a5 introduced

in Ref.[17] The parameter is fitted to the experimental Ty [17] (see also
Ref.[4]). We see that Bsemiempl jg rather close to our effective B, when in the
latter the shell effects are smoothed out.

The effect of the deformation €4 (investigated only statically in this paper)
on the fission barrier is considerable. It is illustrated in Fig.3 for 2*2Fm. 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 Ty by about two orders. The changes in Tsf, due to the inclusion
of €4, are explicitly given in Fig.4 for all Fm isotopes for which the experimental
Tsf are known. We can see that Ty is increased for almost all isotopes.

The final results for Ty 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 Ty 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, I agree that the residual interactions which are
not included in the cranking model and which could be considered, for éxample,
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 ATDHEF 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.
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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, quadrupole
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 [1] 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]. 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. Vandenmbosch [3].

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 {4] the fission frag-
ments from isomeric decays were observed in the intervals between the beam
bursts, whereas in recoil distance measurements 5,6] the delayed fission
fragments were registered in funnel~-type detector arrangements placed along
the direction of the fission isomers recoiling from the target. TFor 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 [ﬂ
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FIG.1. Part of the nuclear chart giving the half-lives of all fission isomers known at present.

Two values for the same nucleus indicate spin-isomeric states in the second minimum. In some
cases, their excitation energies relative to the lowest states in the second well have been measured.
Information on the spins of the isomers in *"Pu and **°Pu are also included {see Section 5).
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FIG.2. Double-humped fis&ion barriers for a magic and a non-magic actinide nucleus,
demonstrating the effect on the fission isomeric half-life.

and Cm [I0] isotopes. Together with K isomers in the second well recently dis—
covered [i1,12] 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 K isomers
in the odd-even 2?7Pu [13] and 2®%Pu [14] isotopes, respectively, which are
considered to be excited single particle configurations in the second well.
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metrizes the dependence of the half-lives on proton and neutron number as well as the odd-even

effect.

Apart from the isomers in 23%Pu [11] and 2%®U [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 of 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 [15] (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 us, and 50 pys for the
isomers in 2355238y and 237Np, respectively, while the experimental values
[17,18,2@] 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 U and in the Np isotopes, except
for ?37Np [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)
K 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 kV from reaching the detector. Conversion electrons from the a-decay of an 2ym

source provide an on-line energy calibration.

a y decay was reported for the isomer in 23%Uby 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%%U isomer. Preliminary results have been obtained
at Heidelberg claiming the de-excitation of this isomer by a 2.215 MeV y tran-
sition [23]. This measurement, however, has been challenged by a recent in-
vestigation of the group at GieBen [24] who failed to observe the reported y
line and conclude that the y decay of the 23fU 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 ?“°Pu and the ana-
logous measurement of the Copenhagen—Seattle collaboration [26] on 2%%U 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 § 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 ub 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 § 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 K 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 23%U(a,3n) reaction 2%°Pu nuclei
excited 1n 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 us half-life, is registered in
an annular detector after having stopped the recoil ions on a catcher foil.
The electron detector is protected against § 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 us
half-life of the fission isomer and thus verifies that the observed electron
lines originate from transitions in the second minimum of ?3°Pu. 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 givenm in Ref. [14] leads to the decay scheme of Fig. 7
establishing two states at 24.3 and 56.2 keV which are féd by a spin isomer
tentatively placed at an excitation energy of 203 keV on the basis of only
weak feeding transitions.

The low-1lying 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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FIG.6. Spectrum of electrons measured in delayed coincidence with isomeric fission of 2°Pu
after correction for random coincidences [14]. The inset shows the decay curve measured for
the electrons in the energy range from 3.5 to 31 keV. The dashed curve represents a fit to the
data. The position of the K, L, M, and N components of the different transitions are indicated.
The curve denoted L-Auger is an estimate for the intensity and spectral distribution of Auger
electrons which is included in the fit.
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FIG.7. Suggested decay scheme [14] of the 2.6 ns isomer in the second well of **Pu showing
the transitions feeding and depopulating the rotational band on the 8-us fission isomer. Transi-
tions given as dashed lines are only tentative. The intensity of each transition is indicated.

E. - E, = AL(I+1) + BIZ(1+1)2

I K 1)

which involves three unknown parameters; the spin I, = K of the fission isomer,
the rotational constant A = h?/29 related to the moment of inertia &, and the
coefficient B of the second-order term describing the perturbation of the band.
A fit of Expression (1) to the observed energies gives I = 5/2, A = (3.36¢
0.1)keV, B = (4% 3)eV if one requires in addition that the resulting rotatio-
nal constant A be close to the value (3.343% 0.003)keV measured [25] for the
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FIG.8. Spectrum and decay curve of electrons measured in delayed coincidence with isomeric
fission of *8U [30]. The solid curve represents a fit to the Ly, M, and N conversion electron
lines of the supposed 2* 0" transition. The chance coincidence background (dotted line) and
the contribution of Auger electrons (dot-dashed line) are also indicated.

fission isomer in the neighboring isotope 2*°Pu. The odd-even effect in the
moment of inertia generally known to be less than 207 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 2*°Pu.

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 672 < 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 [(gg-gg)/Q,)2, and knowing the quadrupole moment of Q, = (36+
4)b (see Sec. 4) a limit of [gx—gRI < 0.30 has been determined. Together with
the deduced spin oﬁv5/2 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
238y [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 1 ns for its half-life. The Lyyy 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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TABLEI. ROTATIONAL PARAMETERS OF BANDS IN THE SECOND WELL

Nucleus A [kev:] B [eV] Ref.
236y 3.36 £ 0.01 26
238y 3.27£0.03 30
239py 3.3620.1 4+ 3 14
240py 3.343%0.003 -(0.28+0,04) 25
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FIG.9. Moments of inertia of fission isomers and ground states of actinide 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 § 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 [33] 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). 1In view of the non-
negligible discrepancies between theory and experiment the present comparison
does not allow to favor clearly one of the two assumptionms.

4. QUADRUPOLE 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 nucléar 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-Krdnig 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 107!* 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
(0,xn) reactions. After some picoseconds corresponding to distances of the
order of uym 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 comver-
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

const
<1,k20| 1,K>% (1+a)

T, ,,(I,,K) =
1728 Q02E5
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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. Experimental arrangement for measuring the charge distribution of long-lived fission
isomers (Tyz, > 200 ns) by deflection in @ 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 (Tyj2 2 5 ns) 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 2*°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 pus fission isomer
in 239%Py [11]. Fission isomers produced in the 238y(n,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 us, 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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FIG.13. Fraction of highly charged recoil ions as a function of the distance (or flight time)
between target and charge resetting foil [11). The lower part shows the same quantity plotted
versus an expanded distance scale after subtraction of the contribution from the decay of the
2.6 ns spin isomer. The solid curves represent a fit of a cascade calculation to the data points
using the known spin, rotational constants and M1/E2 mixing ratio.

Fission isomers in even-even nuclei with half-lives of Tj/p < 200 ns are
too short-lived to be deflected in a magnetic field since they would fission
in flight before reaching the detector. Instead, an electrostatic field has
been used [12] to separate low and high charge recoil ions over a distance of
only a few millimeters corresponding to flight times of some nanoseconds (Fig.
12). This technique has been applied to measuring the quadrupole moment of
the 200 ns fission isomer in 23%y [12]. 1In passing the carbon foil the fis—
sion isomeric recoil ions from the 22 U(d,pn) reaction are slowed down to en-—
ergies of less than 250 keV. A voltage of -30 kV is applied to the target and
the carbon foil enabling only recoil ions with charges of less than 8% to
reach the detector arrangement which is on ground potential. Their fission de-
decay either in flight or after being stopped on a catcher foil is again re-
gistered with track detector foils. Recoil ions with higher charges are di-
rectly reflected into the target or deflected onto the carbon foil holder.
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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 [11,12] 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. 13,14. For short distan-
ces of $l00 um, 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} .; ns
has been found for the spin isomer im 2%%Pu [11]; for 2%%U 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 [14,3d
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
23%py and 238U, 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 23°pPu [il1].

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

Isomer
Nucleus
Q (1] c/a Ref.
238y 29+ 3 1.8%0.1 12
236py 37+ 4" 2.0+0.3 35
239py 364 2.0%0.1 11
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FIG.15. Quadrupole moments of fission isomers and ground states of actinide 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 23%Pu with a
half-1ife 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 O' 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 O%
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}}* b 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 [}1,32] 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 anisatropies [}0,41] and g factors [42,
4{] 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/cm®) 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 experimerts 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 t.I us for 2%7Py and 8 us for 23°Pu., After a better
insight into the hyperfine interactions in the solid state enviroonment has
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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 determime 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 pys state and 5/2 to the 100 ns state. An interpretation iden-
tifying the observed isomers with the Nilsson orbits [615]11/2% and [862]5/2*
has been suggested tentatively [47,48]. 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 2%°Pu yielded a spinm of 5/2 and |gg - gg|
£ 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
K K
g = (I - gey)8r * RO Bk

KgK = g1<].z> + gseff<sz>

gnlar momenta and for different values of gr and gse . The comparison shows

that the predominant component of thé wave function of the isomeric state in
23°Py has to be an orbit with antiparallel coupling of spin and orbital angu-
lar momentum and that the admixture of a component with I and s parallel

allowing for parallel as well as antiparallel coupli?% of spin and orbital an-
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FIG.17. 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 [Nn,A] 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 n,= 0.65, 14=0.08 which are consistent with the measured quadrupole
moment of the 239py 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 signature together with the spin I = 5/2 per-
mits the identification of the odd neutron state at the deformation of the se-
cond minimum by comparison with the single particle diagrams in Fig. 17 calcu-
lated by various groups [49,50,5!,52] using different single particle poten-—
tials. The only Nilsson state that meets both requirements is the 5/2+[633]
orbit. It is found close to the Fermi surface for the neutron number 145 only
in the calculation of Hamamoto and Ogle [52] who used a spin-orbit force 20%
higher compared to standard parameters. The comparison of experiment and the-
ory suggests that the spin orbit force in the nuclear potential may have to be
increased with deformation, as noted already by S.G. Nilsson and coworkers
[53] and independently by Dudek and Werner [54] in an attempt to reproduce
consistently the experimentally known single particle level order in nuclei
close to the doubly magic 2°%Pb as well as in the deformed rare earth and ac-
tinide nuclei.
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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,
57,58,59,6Q] and the population of fission isomeric states [61] as well as
structures in photofission yields [62,63]. Vibrations along the nuclear sym-
metry axis (B vibrations with KT = 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 (KT=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 [59,60].

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. KT = 0% resonances are most pronounced in prompt
fission probabilities derived from direct reactions, while KT = 0~ and |~ vi-
brations may rather be located by analyzing the structure in photofission
yields because of the strong absorption of El radiation. Resonances due to
K = 2% vibrations are observed best in the probability for the population of
the fission isomeric states because of the supposed Y instability of the inner
fission barrier, leading to a near degenaracy of KF = 2% and 0% states, and
the relatively higher outer barrier for the K = 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 al.
[§4] 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 K = 0% vibrations at the inner and
outer barriers and in the second minimum, respectively, is shown in Fig. 18.
The K = 2% vibrations at the inner barrier and the K = 0~ vibrations at the
outer barrier, respectively, are found to be nearly degenerate with the K = ot
states, giving further support to the supposition of a gamma-instable inner
barrier and a reflection asymmetric outer barrier [66]. 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 2%°Th and 2°2Th. 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 fission
barrier because of the large moment of inertia associated with these bands.
For 2*!Th [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 agsymmetric 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 Y 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 223U 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 233U (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).

H.J. 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. Ishould 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 (8DF) gives a possibilfty 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 (Sg) on the SDF branching ratio
has to be considered. This is in general not being done. In this paper, the low-lying structures
that occur in Sg are discussed and microscopic calculations for the Gamov-Teller strength
function are presented for 2821y (8 -decay) and 22py W, 24248501 and 2*8Fm (6+—decay).
Using the calculated strength functions, ﬁtDF branching ratios are calculated and compared
with the experimental ones. The sensitivity of the results to different shapes of Sg is investigated.
It is concluded that, when the expected structures in Sg are considered, there are, at present, no
indications from B+DF measurements that the errors in the fission barrier calculations are larger
than the uncert+ainty given for those calculations. The difference in magnitude between the
ﬁ_DF and the 8 DF branching ratios is also explained by the occurrence of low-lying structures
in Sg.

1., INTRODUCTION

Beta delayed fission (BDF) was first directly observed in
proton-rich nuclides in experiments performed at Dubna [1]. 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]1, was interpreted as due to B~DF [5] in the nuclides
beta decaying to the line of beta stability after the neutron
exposure. This indicates very large B™DF branching ratios for
nuclides like 232,254,256py and 254,256Ccm [6]. Recently, B+DF
branching ratios have been measured in 232,234py [l,7].§40Cm [81,
244,246,248¢cf 8,91 and 248,250Fm [10), On the neutron-rich
side B”DF in 234,236,238y [10-121 and 232Th [10] has been

investigated.
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In calculations of the BDF branching ratio the beta
strength function, SB' enters

Sg(E) = b(E)/(£(Q4-E,2) *T) )

where b(E) is the absolute beta intensity to levels at
excitation energy E, Qp the total energy available, f the
statistical Fermi funcgion and Tj,;, the beta decay half life.
The BDF branching ratio is obtalneé by folding the fission
probability over Sg(E)f(Qg-E,Z)Ty/2. When Qg is smaller or
about equal to the hlghest f1551on 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 BDF in 232,234py were used by Habs et al. [7]1 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 predlcted
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 [13,14]1. Three different assumptions
have generally been used for analy21ng B-delayed phenomena
1) Sg(E) = constant [151]

2) Sg proportional to the level densityv in the daughter
nucleus [161]
3) gross theory [171

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 [18,13,14,191 that all these assumptions ignore
the existence of important low-lying structures in Sp. Experi-
mental evidence for these structures is found in higg resolu-
tion B-delayed neutron work [20,21]. The fact that the corres-
ponding structures expected (18,131 in Sg+ have not been obser-
ved in heavy nuclei by recent tédtal y-absorption experiments [e.g.
ref. 151 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]1 in the
presently made analysis of beta delayed phenomena, (for de-
tailed discussion see ref. [131).

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 BDF branching ratios.
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2. SHAPE OF S, IN THE ACTINIDE REGION

B

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 B~ 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 M1 isovector operator
CPS and BSFS are populated also by M1l y-decay 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. 22,231 and the information from these inves-
tigations can be used to estimate the energies of the diffe-
rent states. Using the Lane potential V;, the position of
the AIAS centroid is expected at Ejypg = Eypg - V1 (2T,+1)/2A
with Vi= (120 * 30) MeV. Ep,g is the excitation energy of the
IAS.The simplest CPS configqurations 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 neighbouring shells possible.

The low energy structures in the Gamow-Teller B~ strength
function have been observed directly in high resolution B -
delayed neutron and gamma experiments in medium heavy nuclides
up to A < 140 by Kratz et al. [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) [241.

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 [25]1 in nuclei with v = (3N)1/3 — (32) 173 i.e.
when the neutron excess is more than one major shell rnhe
E(-1;-1;-1) is of considerable interest for the neutron-rich
nuclides. Its centroid will be at

E(El(-1;-1;-1)=E o = 79 A"l/3 - vg; (T5+1)/A (2)

where Vgy = (55:15) MeV [26]. The importance of this structure
for beta delayed processes has first been pointed out in ref.
[13,191. Apart from the strong first forbidden transitions in
the region around 208pb there is no direct experimental evidence
for E1(-1;-1;-1). The large BDF 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, [13,191].

An estimate for the centroid o6f El1(+1l;+1;+1) is obtained
from eq. (2) by changing the signs for the three right hand
terms.

Figs. 3,4 shgg the calculated GT-strenqgth functions g

r
the B -decay to Th and the B'-decay to 232pu, 240cp, 244
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FIG.1. Schematic presentation taken from Ref.[13] of the M1 (AT, ) modes and Gamow-
Teller beta transitions in a proton-rich (ﬁ+decay ) and a neutron-rich (8 decay) nuclide. Only
the lowest-lying CPS and SFS configurations are shown. Weak § transitions to the AIAS
occur because of mixing with the CPS and SES configurations.
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FIG.2. Schematic presentation taken from Ref.[13] of the El ‘(AT; U An) modes and E1-like
beta transitions in a proton-rich /ﬁrdecay) and a neutron-rich (ﬁ‘decay/ nuclide. The parameter n

is the harmonic-oscillator quantum number.
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248¢cf and 2%8Fm. 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 2321, has been performed by
the model used recently [14] for the calculation of Sy- for
the decay of 236,238p5, and used earlier for calculation of
the M1l strength distribution in the isovector y-decay of
isobaric analogue states [23,28,29]. The matrix of the
Hamiltonian H = HgptHgr with the residual interaction

G G
Hop = -3 (3+%) + _%_(?o%) @3 (3)
was diagonalized in the basis of proton-particle neutron-
hole states that are connected with the 1%*-moment.

The lowest-lying states in Fig. 3 correspond to back-
spin flip transitions [see Refs. 13,141 and only very little
GT-B-strength is falling into the Qg-window.

The strength functions for electron capture (EC) have been

calculated in the following way [see also Ref. 301. The guasi-
partlcles have been equally distributed over the hg,,, iy3/2,
proton and ggso, 11172, ji1572 neutron subshells. The
Haﬁlltonlan eq. (3) of the system has been diagonalized in
the basis of states 1)-4) (setting A =4, = A = 0.4 MeV, a
spin 1% has been assumed for the parent state) :

Do Py 7 Mgy, ® Ry lot (BO)

2 Piyg T Pagy g, B oy lat B

3 Pirgys ~ Mgy, ©® ni11/2)0+ (E=24_)
Pi1372 % Pinzl)2"

Y Piagn

> +

(p. B n. ) + (p. B n. ).+ +
[p113/2 i11/2'1 Pirzza ® Miyy/0°1 ] 0,2
n,
t11/2
(E=28_+20p)

(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 Sg‘w1th
the Fermi function, which for EC is proportional to (Q —E) .
The main uncertalnty in the calculated positions og the
peaks in SB+(E) is coming ‘rom the pairina energies. The
interference between the 8% and 8~ ~decay (see Ref. 25) is
estimated to have a minor effect on these positions, however,
it will reduce the calculated strengths. For the calculation



180 KLAPDOR et al.

T T
232, BT 232
ggAt— "5, Th
1AS
01== }xo.s . —
; =
(] k
£ o= =
- B x10
232At
=204 B—i -
232Th
1 1
05 19 BY+

FIG.3. The calculated reduced Gamow-Teller transition probability for B¢ ‘—3>232Th. The
beta strength function is given by BE;T.

of BDF 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 %ission
isomers [32]. For nuclides far from the stability line beta-
delayed fission seemsat 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 [13,141.

The large BDF branching ratios [61, PB P in the beta-
decay chains of the products from the thermonuclear exveri-
ments, occur in nuclides where QB is several MeV larger than
the maximum fission barrier . The branching ratio is
independent of the details o rrier penetration and is
effectively determined by the shape of Sp together with the
values of Epay 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 [33]. For the

£max
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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 Qgc-values calculated using the
Garvey-Kelson mass relationship [38).

nuclides produced in the laboratory where the BDF ratio has

been measured, QpVE, .. or Qg << Epax- The possibility of very
narrow resonances in §he fission probability, P:(E), close to

the energy of the second well [34] makes the analysis of the
Pgpr-values in the latter type of nuclides difficult. For
nuclides where Q VEpax and PBDF is not too small, one would
expect most of the fission to come from high-lying levels, where
Pe(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 M8ller and Nix [35}
with the modified harmonic oscillator potential. Using these
fission barriers the ADF branching ratios have been calculated
for 232py, 244cg, 248pm, assuming the shape of Sg being a
Gaussian peaked at the center of gravity for the upper ’

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 thé results from the delayed neutron experi-
ments [20,21]. 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 Calculated
PBDF PﬂDF
232py (1.3% ) X 107%(Ref. {7]) 5X10°
M4ct 5 X 107 (Ref.[9]) 4x 10
M8Em 3 X 1073 (Ref.[10]) 2X 1072
T T T T
————— No background Eg=4.2 MeV

Peak to background (area}:10
~——— Peak to background (area): &

o
I

E,:HEIGHT OF FIRST BARRIER (MeV)
-~ wn
I I

A/
0=070 o= 0.[35

| | 1
3 1 2 3 &

Es,: CENTROID OF Sy-~STRUCTURE (MeV)

FIG.5. Keeping Ey fixed at 4.2 MeV, the height of the first barrier (Ea) corresponding to the
measured branching ratio Fgpp=1.3 X 10'2[7] has been calculated for different positions (Egg)
of a single structure in the beta strength function. The structure is assumed to have a Gaussian
shape. The width, o, of the Gaussian is varied as well as the ratio between the area in the
structure and the area of the background within the Qg-window from states lying outside this
window. 0=0.35 MeV corresponds toa FWHM of 1 MeV.

[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 Rwp=0.9 and
hw_ =0.6 MeV have been chosen. Table I gives the experimental
ang 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 Sg» together with
the Strutinsky type fission barrier calculations describe
the experimental results fairly well. For 240cm and 248cf
branching ratios of 105 and < 10-7 have been measured [8,91,
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 Ep=4.2 MeV,
letting the height of the first barrier, Ep, to be deter-
mined by the experimental results and the shape of Sp- Ep=
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.a 2 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
Sz and assuming a width consistent with the delayed neutron
experiments [20,21Y would, even with the lower E_, give EA
=4.0-4.5 MeV i.e. within the errors quoted for tge Strutinsky
procedure. Two conclusions can be drawn from the analysis above:

- If the expected structures in S, are included, there is
at present no indication from the experimental results
on BDF 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 8*DF can be
observed, the low-lying structures in the Gamow-Teller S
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 B*-decay. Thus, the B*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 BYDF 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 236,238y in ref. [141 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 B™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 Epayx [131 enhancing
the ratios. The large B~ 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 I[5,37,
6,18,13,191.

We have here not at all discussed the effect of the low-
lying structures in Sg on the beta decay half-life. This is
done elsewhere [18,13,191.
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DISCUSSION

H.J. SPECHT: I am most interested to hear of your difficulties in attempting
to use B-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 ?32Pu 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 Pgpg and the g strength
function available at present, it is not possible to conclude that there is a ‘thorium
anomaly’ for 232 23Py as well. We feel that reliable extractions of barrier heights
from f-delayed fission measurements can be made only after careful experimental
determination of the § strength function.

The effect of deformation on the spreading of the 8 strength function has
been investigated in detail for 117"123B3 isotopes by Ivanova and co-workers
(Yad. Fiz. 24 (1976) 278) and is found to have much less influence on the shape
of SB than you suggest.

G.F. HERRMANN: I would just like to comment that structures in the
B strength function of proton-rich nuclei have also been assumed by Khamaukov
and co-workers in order to explain the shapes of several §*-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 §-delayed neutron spectra and branching into the final
excited states can be understood.

C:0. WENE: Thank you for the comment. We have recently given a detailed
review of the theoretical and experimental work being done on the § 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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Abstract—-Résumé

STUDY OF VIBRATIONAL RESONANCES IN THE REACTION *!Pa(n,f).

The excitation function of the reaction *3'Pa(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 E,, = 200 keV and E, = 330 keV and revealed a
narrow resonance around E, = 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 23 Pa(n,f).

La fonction d’excitation de la réaction 231Pa(n,f) a été mesurée de 130 4 450 keV avec
une résolution en énergie des neutrons de 5 keV, Cette mesure a confirmé ’existence des
deux structures déja observées vers E;, = 200 keV et E, = 330 keV et mis en évidence une
résonance étroite vers E;, = 160 keV. L’utilisation d’une résolution en énergie de 2 keV seule-
ment a montré que la largeur de cette résonance est <2 2 keV. Les distributions angulaires
des fragments de fission ont également été mesurées au voisinage de ces trois structures avec
une résolution en énergie de 5 keV. La fonction d’excitation et les distributions angulaires
ont été reproduites simultanément a I’aide d’un modéle statistique rendant compte de la
compétition entre les différentes voies de sortie (émission de neutrons, émission gamma,
fission a travers une barriére 4 2 maxima). Cette analyse montre que la résonance étroite a
160 keV présente toutes les caractéristiques d’une résonance de vibration pure (KJ7)= (33%).
Les résonances & 200 keV et 330 keV sont interprétées comme correspondant a des états de
vibration K" =0* et K*=0".

* Actuellement 4 I’Institut Laue Langevin, Grenoble, France.
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1. INTRODUCTION

Il y 2 une dizaine d’années, on avait déja observé que les fonctions d’excita-
tion des réactions (n,f) sur les actinides non fissiles présentaient souvent des
plateaux ou méme des structures résonnantes au voisinage de leurs seuils. Dans
le cadre du modéle de la goutte liquide, qui prévoit une barriére de fission
présentant un seul maximum, ces structures ne pouvaient étre dues qu’a une
modification de la compétition entre les différentes voies de sortie (fission,
émission de neutrons ou émission de rayonnements 7), et elles ont généralement
été attribuées a I’'ouverture soudaine de nouvelles voies de neutrons; mais toutes
les tentatives d’interprétation quantitatives basées sur cette hypothése se sont
soldées par des échecs, et il a fallu attendre 'introduction par Strutinsky des
effets de couche et d’appariement dans le modéle de la goutte liquide pour
expliquer d’une maniére cohérente I’existence de ces structures.

En effet ’une des principales conséquences des travaux de Strutinsky [1—4]}
consiste & prévoir une barriére de fission présentant 2 maxima encadrant un second
puits de potentiel capable d’assurer une certaine stabilité 4 des états trés déformés
et en particulier 4 des états de vibration § qui jouent le role d’états-porte vers la
fission.

Ceci est schématisé sur la figure 1 qui présente la variation du coefficient
de transmission a travers la barriére de fission en fonction de 1’énergie disponible
dans le degré de liberté associé 2 la fission.

Ce coefficient de transmission présente des résonances pour des énergies
correspondant aux états de vibration § du second puits de potentiel. La largeur
de ces résonances dépend naturellement de la largeur, donc du temps de vie, des
états de vibration qui leur donnent naissance. Comme i chaque état de vibration
est associée une bande de rotation, la probabilité de fission présente une série
de résonances correspondant aux différents membres de cette bande de rotation.
Ces résonances individuelles seront distinctes si leur largeur est faible par rapport
a I’énergie de rotation et plus ou moins confondues dans le cas contraire. Leurs
intensités relatives dépendent principalement de la distribution en moment
angulaire du noyau composé, car la compétition entre Ies différentes voies de
sortie dépend peu du moment angulaire.

L’étude de ces résonances de vibration présente un grand intérét dans la
mesure ou il est possible d’en extraire des informations sur la forme de la
barriére de fission et sur les caractéristiques spectroscopiques des états de
vibration 8. Dans certains cas priviligiés, il est également possible de mesurer
le moment d’inertie de noyaux trés déformés [5], ou d’obtenir des informations
sur ’importance de la viscosité nucléaire au niveau du second puits de potentiel [6].

L’obtention de ces informations exige toutefois I'utilisation d’une trés bonne
résolution en énergie et la mesure simultanée des distributions angulaires des
fragments de fission afin de mettre en évidence I’ouverture successive des différentes
voies de fission.
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FIG.1. Variation du coefficient de transmission d travers la barriére de fission en fonction
de I’énergie disponible dans le degré de liberté associé d la fission.

Dans une précédente étude (7], réalisée avec une résolution en énergie de
10 keV, nous avions observé dans la fonction d’excitation de la réaction 23!Pa(n,f)
deux structures résonantes situées au voisinage des énergies de neutrons E;=200 keV
et E, =330 keV; Plinterprétation simultanée 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 résonances de vibration. Il nous a donc paru intéressant d’essayer de mettre en
évidence ces différentes composantes éventuelles en reprenant nos mesures avec
une meilleure résolution en énergie.

2. TECHNIQUES EXPERIMENTALES
Production des neutrons

La section efficace de fission de la réaction 23!Pa(n,f) ainsi que les distribu-
tions angulaires des fragments de fission ont été mesurées auprés de ’accélérateur
Van de Graaff de 4 MV du Centre d’études nucléaires de Bordeaux-Gradignan.
Les neutrons incidents sont produits par la réaction ?Li(p,n) sur une cible de
fluorure de lithium. Un détecteur de neutrons placé dans la direction des protons
incidents permet de contrdler le flux de neutrons. Les mesures sont faites point
par point en modifiant I’énergie des protons incidents. La calibration en énergie
du faisceau de protons est obtenue par la mesure du seuil de ia réaction 7 Li(p,n)
qui est pris égal 4 1880,6 keV. Au-dela du seuil, la fonction d’excitation de la
réaction présente un maximum; I’épaisseur des dépots de LiF est évaluée a
partir de la variation en énergie des protons incidents faisant passer le taux de
production de neutrons de 10% 4 90% de ce maximum. En utilisant un faisceau
de protons de 30 uA surun dépdt de LiF de 10 ug/cm?, on obtient un flux de
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2 1

neutrons de 10° n-cm™2 - 571 sur le dépot fissionnant situé 4 une distance de
10 cm. La résolution en énergie du faisceau de neutrons est alors de 1’ordre de
2 keV.

Dépots de 3\ Pa

Les deux cibles de 23'Pa que nous avons utilisées proviennent de Harwell et
sont constituées d’un dépdt d’oxyde de protactinium sur un disque d’aluminium
de 2 cm de diamétre et de 0,25 mm d’épaisseur. Les épaisseurs de 2>1Pa sont
respectivement égales 4 2,04 mg/cm? et 2,01 mg/cm?; chaque cible contient
donc environ 6 mg de 231Pa. Les dépots contiennent (93,5 + 0,2%) de 23!'Pa et
(6,5 £ 0,1%) de descendants. Parmi les descendants seuls les noyaux 227 Ac et
207Pb ont des périodes suffisamment longues pour assurer leur accumulation,
mais ils présentent des seuils de fission beaucoup plus élevés que celui de la
réaction étudiée.

Détection des fragments de fission

La section efficace de fission de la réaction 23'Pa(n,f) est faible (inférieure
a 100 mb) dans la zone d’énergie étudiée prés du seuil. Par contre le 231Pa
présente une trés forte radioactivité o (1,8 X 10¢ at-mg™"' .s71). Le taux relatif
de fragments par rapport aux particules & est donc de I'ordre de 1077, Ces
conditions trés particuliéres nous ont conduit a utiliser les détecteurs plastiques
de traces. En effet, en choisissant convenablement les parameétres de 1’attaque
chimique qui permettent de révéler les traces des particules enregistrées
(concentration, température, durée), il est possible de faire une discrimination
entre les particules « et les fragments de fission avec une efficacité pratiquement
égale a 100%.

Le détecteur utilisé est une feuille de Makrofol suffisamment mince (10 um)
pour étre traversée de part en part par les fragments de fission dont le parcours
est de 15 4 20 um dans cette matiére. Aprés irradiation, une attaque chimique
(NaOH 6N 2 70°C pendant 20 min) permet de produire un trou de 1 3 2 um de
diamétre a ’emplacement de chaque impact d’un fragment de fission sur le
détecteur.

Les traces sont ensuite visualisées en utilisant 1a méthode proposée par
Lark [8]: la feuille de Makrofol est placée entre une plaque de cuivre et une
feuille de Mylar métallisé dont la couche d’aluminium est portée a la haute
tension; ‘les claquages qui se produisent a ’endroit des traces détruisent la
couche d’aluminium. On obtient ainsi une image de la distribution de I'impact
des fragments de fission sur le détecteur.
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2.1. Mesure de la section efficace de fission
Dispositif expérimental

Pour cette mesure nous avons utilisé les détecteurs plastiques de traces dans
un montage en sandwich comportant un dépdt de 23'Pa et un dépot de 23U
placés dos a dos. Chaque détecteur est constitué par une feuille de Makrofol de
10 um d’épaisseur, maintenue face a chaque dépdt a une distance de 1 mm. La
géométrie de détection est alors trés voisine de 2 .

Dans une premiére expérience, nous avons voulu obtenir une dispersion de
Pénergie des neutrons AE; =5 keV. Pour cela, nous avons employé¢ une cible
de LiF de 30 ug/cm? d’épaisseur qui produit une dispersion maximale due 4 la
perte d’énergie des protons incidents: AEf’1 =42keVaE, =150keV. Le
systeme dépdts-détecteurs a été placé a 7,5 cm de la cible de LiF; pour cette
distance, on a une dispersion due a I’ouverture du faisceau de neutrons
AE: = 2,2keV A E, = 150 keV; la dispersion totale & 150 keV est alors
AEItl = 4,8 keV.

. Dans une expérience complémentaire, nous avons pu atteindre une dispersion
encore plus faible en utilisant une cible de LiF de 10 ug/cm? et en placant le
sandwich dépodts-détecteurs 4 10 cm de cette cible. On a alors respectivement
AEP =13 keV et AE: = 1,4 keV a 150 keV, ce qui donne une dispersion totale
AE}-’l = 2,1 keV pour cette énergie en évaluant a 1 keV la résolution de 1’accéléra-
teur. Une dispersion aussi faible s’obtient bien entendu au détriment du taux
de comptage, et il est difficile de I’employer sur d’importantes plages en énergie.

La normalisation des résultats se fait par rapport a la section efficace de
fission de la réaction 2**U(n,f) pour laquelle nous avons pris les valeurs de la
compilation de Sowerby et al. [9].

Résultats

La section efficace de fission mesurée de E; = 130 & 450 keV par pas de
5 keV avec une résolution en énergie des neutrons de 5 keV est présentée sur
la figure 2; les barres d’erreur qui sont portées représentent seulement les
fluctuations statistiques sur les nombres de traces comptées. Cette mesure
confirme I’existence des deux larges structures centrées sur E;, = 200 keV et
E, =330 keV, mais la meilleure résolution utilisée ici permet de faire apparaitre
nettement une résonance trés fine a3 E; = 160 keV. Cette résonance présente
une hauteur de 25 mb et une largeur égale 4 la résolution en énergie AE, =S keV.
Les valeurs de la section efficace au sommet de la résonance et dans le creux, a
E, =175 keV, sont dans le rapport 3,8.

Afin de préciser la largeur réelle de cette résonance, nous avons fait une
nouvelle mesure avec une résolution en énergie AE; = 2 keV dans une zone trés
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FIG.2. Section efficace de fission entre E, = 130 et 450 keV.
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FIG.3. Section efficace de fission dans une zone limitée autour de 160 keV.
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limitée autour de 160 keV. Le résultat obtenu (fig.3) montre que la largeur de

la résonance est encore de I’ordre de la résolution en énergie, c’est-a-dire 2 keV.
Par contre, le sommet de la résonance passe de 25 4 39 + 3 mb; il est donc tout
a fait possible que cette résonance soit encore plus Kaute et plus étroite.

2.2. Mesure des distributions angulaires

Pour compléter la mesure de la section efficace de fission, nous avons aussi
mesuré les distributions angulaires des fragments de fission avec une résolution
en énergie compatible avec la largeur des structures observées.

Dispositif expérimental

Les fragments de fission sont enregistrés par un détecteur plastique
cylindrique, de 18 cm de diamétre et de 30 cm de hauteur, dont I’axe est
perpendiculaire 4 la direction moyenne des neutrons incidents; les dimensions
de ce cylindre résultent d’un compromis entre la résolution angulaire, I’angle
solide de détection, la facilité de manipulation du détecteur et le rapport signal
sur bruit du détecteur. Afin de permettre le dépouillement par la méthode des
étincelles, le détecteur est une feuille de Makrofol de 10 um d’épaisseur. Cette
feuille est fixée par effet électrostatique sur une feuille plus épaisse de Makrofol.
Au centre du cylindre les deux dépdts de 23!Pa sont placés dos a dos, et animés
d’un mouvement de rotation autour de I’axe du cylindre. Cette rotation a pour
but d’atténuer I'influence sur les distributions angulaires du ralentissement ou
de I'absorption des fragments rasants dans I’épaisseur des dépdts de 23'Pa.
L’ensemble se trouve dans une chambre cylindrique en acier inoxydable dont
la paroi fait 1 mm d’épaisseur; une pompe maintient cette chambre sous un vide
primaire. La chambre est placée sur un plateau orientable permettant le
positionnement correct de I’ensemble cibles-détecteur par rapport 4 la direction
des neutrons incidents (fig.4).

Obtention des distributions angulaires expérimentales

En premiére approximation, on peut considérer que les fragments de fission
proviennent d’une source ponctuelle. Les fragments dont la direction d’émission
fait un angle 8 donné avec la direction moyenne 0z des neutrons incidents
atteignent le détecteur le long d’une courbe décrite par I’intersection du cylindre
du détecteur avec le cone de demi-angle au sommet 8 et d’axe 0z. La figure 5
représente ces courbes sur un demi-cylindre de détecteur déroulé et pour des
angles 8 variant de 0° 4 90° par intervalles de 10°. Au moyen d’une grille, on
peut compter les traces des fragments dans chaque zone du détecteur ainsi
délimitée et obtenir les quantités (AN/d£2)/(0).
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FIG.4. Détecteur cylindrique.

Afin de préciser I'influence des dimensions réelles du dispositif sur les
mesures, nous avons effectué un calcul du type Monte Carlo pour simuler la
répartition des fragments sur le détecteur pour différentes distributions angulaires
théoriques, en tenant compte des dimensions réelles des cibles de LiF et de 231Pa
et de la rotation des cibles de #!Pa. L’écart entre les distributions angulaires
théoriques et simulées reste inférieur a 2%; I’influence de la résolution angulaire
est donc négligeable par rapport aux fluctuations statistiques.

Résultats

Les distributions angulaires des fragments de fission ont été mesurées de
E, =160 keV 4 E;, =350 keV avec une résolution en énergie des neutrons de
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FIG.5. Courbes décrites par l'intersection du cylindre du détecteur avec le cone de
demi-angle qu sommet 6 et d axe 0z.

5 keV. Les résultats obtenus sont représentés sur la figure 6 ainsi que le lissage
obtenu au moyen d’un développement en polyndomes de Legendre:

W)= A, [1 + Z on Pon (cos 0)]

n

Dans le tableau I, nous donnons les valeurs des coefficients apy, ainsi que
les valeurs du rapport R = W(0°)/W(90°) calculées 4 partir de ce développement.
L’information la plus intéressante qui ressort de ces mesures est la forme
nettement piquée 4 90° de la distribution angulaire pour E, = 160 keV. Lorsque
I'énergie croit jusqu’a E;, = 225 keV, les distributions angulaires tendent 4
devenir isotropes. Dans le domaine de la résonance située autour de E; = 330 keV,
la forme des distributions angulaires varie assez peu autour d’une forme isotrope.
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TABLEAU I. COEFFICIENTS a3, ET R OBTENUS AU MOYEN D’UN
DEVELOPPEMENT EN POLYNOMES DE LEGENDRE

E, (keV) o ay R = W(0°)/W(90°)
160 — 0,656 = 0,024 0,26 % 0,03
175 — 0,404 £ 0,039 0,50 0,05
185 - 0,389 + 0,047 0,51 +0,06
195 — 0,113 £ 0,042 0,84 + 0,05
205 — 0,165 + 0,039 0,77 £ 0,05
215 — 0,035 + 0,046 0,95 + 0,06
225 0,012 % 0,052 1,02 £ 0,07
300 0,060 % 0,055 0,147 % 0,068 1,18 £0,11
310 0,119 * 0,028 1,19 £0,04
320 0,056 * 0,038 1,09 £ 0,05
330. — 0,247 £ 0,056 0,201 0,072 0,80 0,10
340 — 0,182+ 0,034 0,159+ 0,044 . 0,85 % 0,06
350 —0,162+0,041 ' 0,78 £ 0,05

3. METHODE D’ANALYSE

L’interprétation des résultats expérimentaux est effectuée 4 1’aide d’un
programme d’analyse basé sur les hypothéses suivantes:

— La réaction (n,f) est supposée se dérouler en deux étapes successives
indépendantes. Dans I’étape initiale, il y a formation d’un noyau composé de
moment angulaire J et de parité = par capture de neutron. Le noyau formé
présente une déformation trés voisine de la déformation de 1’état fondamental
du noyau cible. Ii se trouve donc dans le premier puits de la barriére de fission
avec une énergie d’excitation E* = B, + E,,. Dans notre étude de la réaction
(¥1Pa+n) ol B, = 5,562 MeV, cette énergie d’excitation varie entre 5,7 et
6 MeV environ. Dans une deuxiéme étape le noyau se désexcite suivant I'un des
trois modes de désexcitation possibles: émission d’un rayonnement gamma,
émission d’un neutron ou fission.

— Nous supposons en outre que la projection K du moment angulaire total
J du noyau composé sur son axe de déformation principal se conserve au cours
du processus de fission et-en particulier pendant la transition du point-selle au
point de scission. Cette hypothése peut se justifier par la rapidité de cette
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transition (1072! 4 10722 s) qui empéche une action importante des forces de
Coriolis. On suppose que les fragments de fission sont émis le long de I’axe
de déformation principal du noyau.

La section efficace différentielle de fission correspondant 2 une voie de
fission caractérisée par les nombres quantiques KJw est alors donnée par
I’expression suivante:

KIm (p*
—j—g (E*,J7K,0)= 22:1 e
i TRIT(E*)+ NIT (B*) + NIT(E*)
+; K
X Z oo (E*, JaM) - |dlx 0) [
M=-J

Dans cette expression, E* est I’énergie d’excitation du noyau composé, 8 définit
I’angle d’émission des fragments de fission par rapport a la direction des neutrons
incidents; o, est la section efficace de formation du noyau composé; T; est le
coefficient de transmission 4 travers la barriére de fission; Ny et N, sont les
nombres de voies de sortie effectives respectivement associés 4 1’émission d’un
neutron et a I’émission d’un rayonnement gamma; enfin les fonctions d%,[K(O)
sont les fonctions d’onde de la toupie symétrique.

a) La section efficace de formation du noyau composé est calculée en
utilisant les coefficients de transmission pour les neutrons T§*1/2 (E) obtenus
par Perey et Buck [10] au moyen d’un potentiel optique non local.

b) Pour calculer le coefficient de transmission Ty & travers la barriére de
fission V (), on ne considére que I’énergie Eﬁ, effectivement disponible dans le
degré de liberté § associ¢ 4 la fission: Eg=E* — Ei ou Ei est I’énergie <internes
disponible dans les autres degrés de liberté du noyau parmi lesquels on distingue
la rotation du noyau autour d’un axe perpendiculaire a son axe de déformation
principal:

Eﬁ =E* — (E}) +E. )
avec

2
Epot = 5}

JA+ D —KE+D+8EK, 1/ -a-(DIT12.0+1/2)
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ol / est le moment d’inertie du noyau et « le paramétre de découpage.
11 s’agit donc de résoudre I’équation de Schroédinger:

hz a‘z
-5 —E%ﬁl ¥ [V(B) —Eﬁ] o(8)=0

Dans le cas d’une barriére 4 deux maxima, cette équation se résout
numériquement ou analytiquement dans le cadre de ’approximation WKB [11].
Cependant Cramer et Nix [12] ont proposé une méthode de résolution analytique
sans aucune approximation pour une barriére représentée par une suite de trois
paraboles jointives. Le coefficient de transmission calculé par cette méthode
présente des résonances aigués pour des énergies Eﬁ inférieures au plus bas des
deux maxima de la barriére. Ces résonances correspondent aux états de vibration
du deuxiéme puits. La position et la forme des résonances dépendent des six
paramétres (E, , hw, ), (Ep, hwp), (Byy, hwy) qui caractérisent respectivement
les hauteurs et les courbures des 2 maxima et la profondeur et la courbure du
puits intermédiaire.

Dans le cas d’une barriére présentant 3 maxima, telle que I’ont suggérée
Moller et Nix [13], on peut utiliser le calcul analytique généralisé par Bhandari [14],
mais comme dans cette hypothése le premier maximum est faible, on peut se
ramener a une double barriére constituée par le second et le troisiéme maximum
de hauteur comparable.

Pour simuler un effet de damping au niveau du second puits, on ajoute,
comme I’ont proposé Back et al. [15] au potentiel réel V() un terme imaginaire
W(B) localisé dans le second puits. Le coefficient de transmission est alors la
somme de deux termes: un terme correspondant a la transmission directe sans
amortissement Tpy et un terme décrivant la redistribution du flux absorbé. On
suppose que cette redistribution se fait indépendamment de la voie d’entrée:

J

Z TIB(JT(

K
J J
K¥r . KJn
K K

ou T, et Ty sont les pénétrabilités & travers chacun des maxima A et B calculées
par la formule de Hill et Wheeler [16].

T}(JT( =TI]§JT( + AKJ1I’

TE{};{ = [1 + exp (27r(EAB — Eg)/hw, »
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Dans le cas limite ot il y a amortissement complet dans le second puits, le flux
transmis directement est nul et le flux absorbé est égal au flux transmis 4 travers
le premier maximum:

J
z TKJTr
B
KIr — vKJn K
Te =T - —3 ]
KJr KJr
z TA + Z TB
K K

¢) Les densités de niveaux utilisées dans le calcul sont obtenues 4 partir
des densités d’états wpy, établies par Britt et al. [17] pour le 2*°Pu. Ces densités
sont déduites directement des spectres théoriques des états de particules indé-
pendantes calculés pour les différentes déformations [18]. Pour une déformation
donnée, on a

p(E*,J)=C.wp, (E* + 84, +84,) - (2 + 1) exp [ o

—(J+1/2)? ]
Dans cette expression 4, et Ap sont les corrections de pairing pour les neutrons
et les protons; o est le spin cut-off pris égal 4 5,45 MeV, et C est une constante
qui est ajustée pour rendre compte de la densité de niveau mesurée pour le
232Pp, au voisinage de I’énergie de liaison du neutron.

4. ANALYSE DES RESULTATS

Le but de cette analyse consiste 4 déterminer les paramétres qui permettent
de reproduire simultanément la section efficace de fission et la forme des
distributions angulaires des fragments de fission. Ces paramétres sont:

— la valeur de K et la parité w des structures internes correspondant aux voies
de fission considérées;

— le moment d’inertie. j associé a la bande de rotation construite sur chaque
structure interne;

— les hauteurs et les courbures (E 4 , hwp ), (Eyy, hiwp), (Eg, hwg) qui
caractérisent la barriére de fission effective associée 4 chaque structure
interne.

La comparaison de la forme trés caractéristique de la distribution angulaire
mesurée vers E; = 160 keV avec les distributions angulaires WKI7(9) calculées
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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 E, (keV) of (barns) oi " (barns)
160 1,220 0,055

4 188 0,007 0,032
223 0,006

pour différentes valeurs de K, J, 7 conduit 4 attribuer la résonance trés étroite
observée a cette énergie 4 un état de vibration pur (K, J, )= (3, 3, £). Le
tableau II donne les énergies auxquelles nous devrions trouver des résonances
correspondant aux différents membres de la bande de rotation construite sur

le méme état de vibration (en donnant au paramétre h? /2 £ la valeur de 3,5 keV
mesurée dans le second puits du 2*°Pu par Specht et al. [19]) ainsi que les
sections efficaces de formation du noyau composé pour les 2 parités. Sion
considére la parité négative, la contribution de J" =4~ 4 E; = 188 keV n’est
pas négligeable, et la distribution angulaire a cette énergie devrait avoir une
forme correspondant a la forme théorique W347(8), c’est-a-dire piquée a 55°;
expérimentalement nous n’observons pas une forme semblable. Nous avons donc
choisi la parité positive.

En ce qui concerne les deux résonances a E;; =200 keV et E;, =330 keV,
pour lesquelles nous n’avons pas observé de sous-structure, il est plus difficile
. de les interpréter sans ambiguités. La forme des distributions angulaires qui
leur correspondent ne permet pas de choisir nettement entre les différentes
possibilités K™ =0%, 07, 2*, 27. Nous avons donc essayé de reproduire la
section efficace et la forme des distributions angulaires pour les différentes
combinaisons possibles. Nous avons obtenu le meilleur accord avec les résultats
expérimentaux (fig.7 et 8) en attribuant la résonance observée vers E;, = 200 keV
a un état de vibration pur K7 =07, et la résonance observée vers E;, =330 keV
4 un état de vibration K7 = 0~ faiblement amorti.

Les paramétres des barriéres de fission effectives utilisées dans cette analyse
sont donnés dans le tableau III; ils sont en bon accord avec les valeurs extraites
de I’analyse de I’allure générale de la fonction d’excitation [7], et avec les valeurs
obtenues a partir de la réaction 23'Pa(d,pf) [20].
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TABLEAU III. PARAMETRES DES BARRIERES DE FISSION

En (keV) K7 _ EA hOJA EB hOJB
160 3* 6,0 0,85 6,15 0,4
200 o* 5,85 0,9 6,20 0,4
330 0- 6,00 0,85 6,15 0,5
B1pa(n,f) 5,95 0,9 6,15 0,4
231pa(d,pf) 5,75 0,8 6,10 0,45

5.  CONCLUSION

La fonction d’excitation de la réaction 23!Pa(n,f) a été mesurée de 130 a
450 keV avec un pas en énergie et une résolution en énergie de 5 keV, ce qui a
permis de confirmer ’existence des deux structures résonantes observées vers
200 keV et 330 keV et de mettre en évidence une résonance trés étroite a
160 keV; une mesure complémentaire effectuée avec une résolution en énergie
de 2 keV a montré que la largeur de cette résonance est inférieure ou égale 4
2 keV. Les distributions angulaires des fragments de fission ont également été
mesurées au voisinage de ces trois structures avec une résolution en énergie de
5 keV. La fonction d’excitation ainsi que les distributions angulaires sont bien
interprétées en considérant trois voies de fission caractérisées par KT=3"* 0~
et 0*; les 3 résonances sont attribuées 4 des états de vibration 8 du puits de
potentiel intermédiaire. La forme de la barriére de fission extraite de cette analyse
est en bon accord avec la barriére de fission extraite de ’allure générale de la
fonction d’excitation et avec la systématique de Los Alamos. Le résultat le plus
intéressant de ce travail concerne la résonance trés étroite observée 3 160 keV,
qui a toutes les caractéristiques d’une résonance de vibration pure (K7 = 3%).
Il s’agit d’une résonance de vibration individuelle correspondant au moment
angulaire J = 3. Les résonances associées aux autres membres de la bande de
rotation construite sur I’état de vibration KT = 3* ne sont pas observées car les
états du noyau composé présentant un moment angulaire supérieur 4 3 sont trés
faiblement peuplés par la capture de neutrons d’aussi faible énergie.

- Comme cette résonance est trés étroite, 1’état de vibration qui en est
responsable doit présenter une faible énergie 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 état de vibration appartient a4 un second puits de poten-
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tiel trés peu profond; ou au troisiéme puits proposé par Nix. Les calculs théoriques
prévoient que cet éventuel troisi€éme puits présente une asymétrie de masse, aussi
devrait-il exister dans cette hypothése un autre état de vibration K™ =37 au
voisinage de 1’état de vibration K™ = 3* mis en évidence; malheureusement il

n’est pas possible de ’observer en réaction (n,f) car les états du noyau composé

J7™ =37 sont trés peu peuplés. Il serait donc particuliérement intéressant d’étudier
la fission du 232Pa en utilisant une réaction directe pour obtenir une distribution
des moments angulaires plus large; en effet une telle étude permettrait de mesurer
le moment d’inertie du noyau dans ’état de vibration K™ =3* et de voir §’il
existe bien deux bandes de rotation K™ = 3* et 3~ constituant la signature d’un
troisiéme puits asymétrique dans la barriére de fission de ce noyau.
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DISCUSSION

R.H. IYER: You mentioned that you used a 2 mg- cm™ thick 23!Pa 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 ?3!Pa 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.

8.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 23! Pa target with a 23°U 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
252Cf source and found, as expected, that the angular distribution was isotropic.
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Abstract—Résumé

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] % 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 INTERMEDIAIRE.

Les effets des structures intermédiaires observés dans la section efficace de fission d’un
grand nombre d’isotopes ont été attribués 2 la présence d’états de vibration dans le deuxiéme
puits de la barriére de fission. Un phénoméne nouveau apparait avec les isotopes de thorium
o la structure intermédiaire présente des bandes de rotation. L’étude de ces bandes fournit
un certain nombre d’arguments en faveur de 1’existence d’un troisiéme puits dans lequel le
noyau prendrait une forme asymétrique: la présence méme de bandes de rotation suppose
un puits de potentiel moins profond que ne I’est le deuxi®¢me puits, le moment d’inertie est
le méme pour les trois bandes de rotation étudiées et sa valeur est trois fois plus grande que
dans I’état fondamental, enfin chaque bande est dédoublée en deux bandes de parités positive
et négative décalées de 11 keV. Cette derniére propriété est caractéristique d’un noyau dans
lequel la symétrie par inversion de I’espace n’est pas respectée; elle fournit des renseignements
sur la barrid¢re de potentiel qui sépare deux états inverses Pun de I'autre. Dans I'une des
structures étudiées on peut identifier le niveau [981] 1 gréce & la valeur du paramétre de
découplage. On posstde encore peu de renseignements sur les autres structures mais elles
pourraient &tre constituées par des bandes de rotation construites sur des bandes de vibration.
Enfin, I’estimation de certains temps caractéristiques — durée de vie, période de rotation et
période d’inversion — donne lieu 4 des comparaisons intéressantes.
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Les effets de structures intermédiaires dans les sections efficaces de
fission sont connus depuis plus de dix ans |]]| et il est maintenant bien &ta-
bli que ce sont des effets de voie de sortie qui prennent naissance lors de
la traversée de la barridre de fission. Ils sont dus & la présence de ni-
veaux situés dans un minimum secondaire de la barri&re ol le noyau peut sé-
journer dans un &tat intermédiaire métastable au cours de son chemin vers la
fission. En principe, une structure intermédiaire est constituée par un grou—
pe isolé de résonances fines. Cependant, il arrive trés souvent que, pour
des raisons expérimentales, la structure fine ne soit pas résolue. Le groupe
prend alors 1'aspect d'une résonance large qui représente la variation de la
valeur moyenne de la probabilité de fission le long de la structure. Ces ré-
sonances sont d'une grande utilité dans la détermination expérimentale des
principales caractéristiques de la barriére de fission. C'est ainsi qu'i la
suite de mesures extensives effectues sur un grand nombre d'isotopes, on a
pu dresser une systématique des maximums et des minimums en fonction du nom-
bre de protons et du nombre de neutroms |2].

Comme 1'ont montré Mdller et Nix [3], les calculs effectués avec une
double barriére sont en bon accord avec 1l'expérience, sauf pour les thoriums
oll le premier maximum et le second minimum sont bien plus bas que les valeurs
mesurées. Cette "anomalie du thorium" pourrait &tre résolue par le creuse-
ment d'un troisiéme minimum peu profond, 3 une déformation oii la symétrie
de masse du noyau n'est pas respectée. Plusieurs expériences ont donc &té
entreprises sur les thoriums afin de déterminer si ce résultat de calcul
pouvait recevoir une confirmation expérimentale ou si, au contraire, on de-
vait le considérer comme un effet artificiel résultant d'un choix trop res-
treint de paramétres.

Hiérarchie des &tats intermédiaires

La classification des &tats qui interviemnent dans la création de struc—
tures intermédiaires a été donnée par Lynn [h] puis par Back [} . Au départ,
1'hamiltonien.total du noyau est développé de maniére & faire apparaitre ex-
plicitement un terme Hg associé 3 la vibration qui permet seule au noyau de
franchir la barriére de fission :

H= HB + Hi + HBi
Dans ce développement, H, contient tous les autres degrés de liberté, que ce
soient les autres paraméfres collectifs associés i la forme du noyau ou 3 sa
rotation ou bien les excitations de particules dans le champ nucléaire moyen.
L'interaction entre le degré de libert& B et les autres degrés de liberté
est incluse dans le terme Hg;. En 1'absence d'interaction, les fonctions pro-
pres |8i> de l'hamiltonien H = Hg + H. s'&crivent comme des produits des
fonctions propres |B> et |i>? Quand la‘surface de potentiel a deux minimums
on peut diviser les fonctions propres |B>, donc aussi les fonctions propres
|Bi>, en deux classes appelées classe I et classe II suivant que 1'amplitude
est maximale dans le premier puits ou dans le second.

L'observation de largeurs de fission non nulles montre 1l'existence d'un
couplage entre le mouvement de vibration et les autres degrés de liberté.
L'importance du couplage dépend de la densité d'états a 1'énergie considérée.
Dans le premier puits, aux &nergies qui nous intéressent, la densité est trés
grande puisque 1'espacement moyen est d'environ 1 eV. L'énergie de vibration
ne peut rester concentrée sur un seul &tat, elle se répartit rapidement sur
les &tats voisins. Dans ces conditions, on admet généralement que les compo-
santes de vibration dans le premier puits sont uniformément réparties sur les
états plus denses du moyau composé. Le mouvement de vibration dans le premier
puits sera assimilé 3 une onde plane. Dans le deuxiéme puits, une partie de
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1'énergie est immobilisée sous forme d'énergie potentielle. L'énergie dispo-
nible sous forme d'énergie d'excitation est d'autant plus petite que le mi-
nimum est plus élevé. La densité d'@tats est environ cent fois moins. grande
que dans le premier puits. Dans ces conditions, les &tats de vibration se-
ront beaucoup moins dilués et n'auront, en fait, de composantes notables que
sur les seuls &tats voisins. Dans un mode&le oli les espacements sont constants,
la force de la résonance de vibration est distribuée suivant une fonction de
Lorentz :
PII

1

- 2 -T2
(E EII) + A PII

P(E) =

L
2w
ol E__ est l'énergie de 1'état de vibration et T__ représente la largeur de

coup{%ge de cet &tat aux autres &tats du deuxiéme puits.

Situation expérimentale

L'expérience fournit des exemples de différents amortissements de la
résonance de vibration dans les &tats voisins.

Dans un noyau comme 238Np 1a profondeur du deuxidme puits de potentiel
est d'environ 3 MeV. L'espacement moyen des &tats au voisinage des sommets
de la barriére y est de quelques dizaines d'@lectronvolts. Le mouvement de
vibration est donc complétement amorti et la composante de vibration est dis-
tribude de maniére quasi uniforme sur tous les &tats de classe II. C'est ce
qui est observé dans la section efficace de fission induite par neutrons oill
aucune résonance large n'est visible au voisinage du seuil 6]. On peut es-
timer la largeur de couplage T._ 3 plusieurs centaines de keV. Les &tats de
classe II apparaissent comme dé5 résonances fines dont la largeur est d'en-—
viron 10 eV ; leurs espacements ob&issent & la loi de Wigner. Les spins de
ces &tats sont distribués de manidre statistique suivant une dépendance en
2J + 1. Quand la résolution en énergie devient meilleure que 1l'espacement
des 8tats de classe I, on voit que la probabilité de fission & travers un
8tat de classe II est en fait distribuge sur les &tats de classe I qui ont
le m@me spin que lui et une énergie voisine [7].

Quand la densité des états de classe II diminue, le mouvement de vibra-
tion n'est plus que partiellement amorti dans le second puits. C'est ce qui
est observé dans la réaction 239Pu(d,pf) [8] : entre 4,9 et 5,1 MeV la fonc-
tion d'excitation montre un groupe de résonances fines qui résultent du cou-
glage d'un &tat de vibration aux états de classe II. Comme dans le cas de

38Np, les espacements sont distribués suivant la loi de Wigner mais 1'espa-
cement moyen est plus grand ; il vaut 10,8 keV. Il semble, par contre, que
les spins soient tous identiques. Pour expliquer ce résultat surprenant, on
a émis 1'hypothése d'un effet de voie d'entrée. Un cas assez semblable a &té
rapporté dans la réaction 23%U(n,f) Bﬂ. A une énergie de neutron 300 keV,
il apparalt un groupe de résonances de clagse II avec un espacement moyen de
13 keV. Ce groupe a été analysé en termes de couplage des &tats de classe II
avec un état de vibration et la bande de rotation construite sur cet &tat.
L'analyse conduit 3 des largeurs de couplage rp = 800 * 300 keV dans le pre-
mier puits et T 1.= 35 % 5 keV dans le deuxiéme. Dans ce cas aussi, les dis-
tributions angu}aires sont trés semblables d'une structure fine 3 1'autre.
Elles sont expliquées par un état de Xibration KT = 1/2% avec des contribu-
tions de deux autres &tats : K' = 3/2" et K" = 1/27 situés 3 des énergies
d'excitation un peu plus &levées.

Pour les thoriums, les calculs, la systématique et 1l'analyse des don-
nées de photofission sous le seuil tld] prévoient tous un deuxiéme minimum
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compris entre 2 et 3 MeV au-dessus du premier, soit un puits au moins aussi
profond que pour le neptunium. On s'attend donc 3 une densité@ de niveaux im—
portante et i un amortissement complet de la ré&sonance de vibration. Or, la
section efficace de 230Th pour les neutrons de 720 keV présente une résonan—
ce isolée avec une largeur de 25 keV qui est citée comme le prototype d'une
résonance de vibration peu ou pas amortie Dl]. Pour lever la contradiction,
il faut admettre que cette .résonance n'appartient pas au deuxiéme puits mais
plutdt au troisiéme qui, lui, est beaucoup moins profond. Un moyen de prou-—

-

ver cette hypothése est de parvenir 3 ré&soudre la structure fine. En effet,
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si cette structure fine est causée par les tout premiers niveaux excités, on
doit observer, en raison du caract@re collectif de ces niveaux, des proprié-
tés fort différentes de celles qui existent dans le second puits oi le ca-
ractére collectif s'est complé&tement estompé.

La section efficace de fission des thoriums-230 et 232

La d&tection de niveaux dans un &ventuel troisiéme minimum nécessite une
bonne résolution en énergie. C'est le cas des mesures qui ont &té& effectuées
auprés des accélérateurs linéaires de Saclay puis de Geel sur la section ef-
ficace de fission des thoriums-230 []2] et 232 [}3] pour des neutrons d'éner-—
gies comprises entre 0,5 MeV et 3 MeV. La mesure de la section efficace a
été complétée, pour ce qui concerne 232Th, par deux mesures d'anisotropie
dans lesquelles une grille placée contre la cible de thorium &liminait les
fragments émis 3 des angles supérieurs respectivement 3 45° et 30° ; les an-—
gles sont comptés par rapport d la direction du faisceau de neutrons inci-
dent. Les principales caractéristiques de ces expériences sont indiquées dans
la référence [14 .

Les figures 1| et 2 montrent les sections efficaces de fission de 230Th
et 232Th, Des structures fines apparaissent clairement sur les résonances
larges : & 720 keV pour 230Th, 3 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-
férent de ceux qui existent pour les autres noyaux et dont nous avons rappe—
1é les principales propriétés.

i) Ces résonances fines ne peuvent évidemment &tre des &tats de classe T
dont 1'espacement mesuré 3 1'énergie de liaison d'un neutron est d'environ
10 eV. Peuvent-elles €tre des &tats de classe IT ? On a vu que le deuxiéme
minimum est situé entre 2 et 3 MeV au-dessus du premier. Dans ces conditions
on peut é&valuer 1l'espacement des états de classe II 3 une énergie de neutrons
de 1,6 MeV par exemple, par comparaison avec l'espacement connu des &tats de
classe I a4 des énergies de neutrons de quelques &lectronvolts. Par applica-
tion d'une relation de la forme

D U 5/4
3 l:-ll-] exp 2va (YO. - /ﬁ;})

on trouve un espacement D__ = 5 eV pour un deuxiéme minimum 3 2 MeV et

D.. = 38 eV pour un minimum & 3 MeV. Avec de tels espacements, on ne peut
céftainement pas expliquer des "fluctuations statistiques' qui auraient un
espacement observé de 10 keV.

ii) Dans les structures intermédiaires des autres noyaux, les espace-
ments obéissaient 3 des lois statistiques (distribution de Wigner). Dans le
cas des thoriums, on observe une régularit& qui sera analysée en détail 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 &léments d'une
méme structure mais, au contraire, augmente en fonction de 1'énergie.

Ces arguments montrent qu'il n'est pas possible d'attribuer les struc-
tures intermédiaires observées dans les thoriums 3 des niveaux du deuxiéme
minimum de la barriére de fission, comme on 1'a fait précé&demment.

Les bandes de rotation

L'influence du second minimum sur la structure intermédiaire &tant &car-
tée, on peut se tourner vers le troisiéme minimum. Dans cette hypothé&se, oii
1'énergie d'excitation est trés faible, on ne peut atteindre que les tout
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TABLEAU I. ENERGIES EXPERIMENTALES DES STRUCTURES FINES
ET ENERGIES CALCULEES AVEC LE SPIN J*

i E,,(keV)  E_ (keV) |I” E,,(keV)  E (keV)
20Th 1/2* 708,6 £ 0,6 708,7 /27 719,8+04 719,7
(bande K =1/2) | 3/2* 701,61 701,4 3/ 712,3 %1 712,4

512t 733,0% 1 732,6 572" 743,31 743,6

7/2* 715,51 715.6 12" 726,61 726,6
B2Th 32 1568,9+1  1569,3 3/2° 1579,8+0,5 1579,7

(bande K=3/2) | S/2* 1581,5+1 1581,6 |5/2~ 1591,8=1 1592,
7/2%  1699,8+1 15988 |7/2° 1611 1  1609,4
9/2*  1620,5t1  1621,0 |9/2" 1631 1 1631,6
1127 1660 *2  1658,8

BT 1/2*  1690,1+1  1689,9 127 1702 1 1702

(bande K = 1/2) | 3/2* 1680,9t1 16807 3/27 1693 +1  1693,2
572 171461 17150 5/27 1726 1 1726,2
7/72% 1693,5+£1  1693,6 72~ 1706 1  1705,9
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premiers états, trés peu denses. Le mouvement de rotation inclus dans le ter-
me H, de 1'hamiltonien est faiblement couplé au mouvement intrinséque et
peut en étre séparé. On s'attend donc i observer des bandes de rotation.

Dans cette hypothé&se, Blons a cherché 3 attribuer aux différentes struc-
tures fines un spin J et une parité@ 7 en se basant sur les espacements et les
intensitds relatives. En effet, les &tats qu'il est possible de former par
capture d'un neutron de moment angulaire £ ont le spin et la parité
JT = (2 & 1/2)(_ 2 : or, la section efficace de formation du noyau composé,
trés sensible & la valeur de %, détermine généralement une valeur unique. Il
est certain que cette attribution constitue une base de travail qui demande
3 8tre confrontde aux mesures de distribution angulaire. Malheureusement,
une comparaison détaillée s'avére difficile parce que ces mesures souffrent
en général d'une résolution en énergie insuffisante pour séparer les struc—
tures fines. Toutefois, une mesure 3 bonne résolution, effectuée récemment i
1'Université de Bordeaux sur 230Th, n'est pas en désaccord avec l'attribution
qui a &été faite [}5]. Dans le cas de 232Th, la situation est compliquée par
la présence, sous les résonances a 1,6 MeV et 1,7 MeV, d'un fond important
qui perturbe les distributions angulaires. Néanmoins, on constate une varia-
tion du rapport d'asymétrie le long de chaque résonance, en accord qualita-
tif avec l'hypothé&se d'une bande de rotation (figure 3).

L'analyse de Blons montre la nécessité de faire intervenir, pour chaque
valeur de J, 3 la fois la parité positive et la parité négative. Le tableau
I donne, pour les trois groupes de résonances &tudiés, les &nergies et les
attributions de spin et de parité. Les énergies sont comparées aux &énergies
calculées par la formule habituelle :

J+l/2(J N %) ]

EQ) = Ex * ’-Zl; [J(J + 1) =KX+ 1) + 8§(K,1/2)a(-1)

L'accord observé entre les valeurs calculées et les valeurs mesurées est ex—
cellent. Il montre l'existence d'une grande régularité dans la distribution
des espacements (fig. 4). Il faut noter aussi que les valeurs du paramétre
de rotation-h2/2") sont trés voisines (1,9 * 0,1 keV pour 230Th a 720 keV,
2,5 + 0,2 keV pour 232Th a 1,6 MeV et 1,9 * 0,1 keV pour 232Th a 1,7 MeV),
ce qui plaide en faveur des bandes de rotation.

Le troisiéme minimum

L'existence de bandes de rotation indique la présence d'états collec—
tifs purs ou presque purs. Leur faible largeur montre, d'autre part, que ces
états sont peu dilués. Il faut en conclure qu'ad 1l'énergie considérée la den-
sité de niveaux est petite et donc que cette énergie est tr&s voisine de
celle du minimum. Le deuxiéme minimum, trop profond, ne remplit pas cette
condition ; par contre, le troisiéme minimum, avec une profondeur calculée
voisine de | MeV, semble convenir.

La valeur du momernt d'inertie renforce cette interprétation : il est
trois fois plus grand que dans 1l'état fondamental alors qu'il n'est que
deux fois plus grand 3 la déformation du deuxidme minimum []6]. Cette dépen-
dance est conforme 3 celle obtenue par le calcul [371. On remarque cependant
que la valeur obtenue pour les bandes K = 1/2 (qui ont méme moment d'inertie
et méme paramétre de découplage pour les deux isotopes) est légérement plus
grande que celle de la bande K = 3/2, Cette différence ne permet pas, pour
1l'instant, de tirer des conclusions définitives concernant la forme de la
force d'appariement : le moment d'inertie des bandes K = 1/2 semble indiquer
une force d'appariement constante, alors que celui de la bande K = 3/2 sup-
poserait plutGt une force d'appariement proportionnelle i la surface.
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TABLEAU II. ENERGIE D’INVERSION POUR
DIFFERENTS CHEMINS TRACES SUR LA

FIGURE 5
S
+
Trajet ?ﬂe\f} (unités
arbitraires)
a 74 104
a’ 23 114
b 5 201
b’ 0,4 155
[ 0,01 422

Enfin, un argument de poids en faveur du troisidme minimum est le dé-
doublement de parité. Le tableau I montre que, dans chaque cas, une bande de
rotation de parité positive est accompagnée d'une bande de rotation de pari-
té négative identique, 3 un décalage prés d'environ !l keV. C'est une pro-
priété bien connue en spectroscopie moléculaire pour les molécules asymétri-
ques dont 1'ammoniac est le prototype. L'énergie potentielle d'une telle mo—
lécule, tracée en fonction de la distance de 1'atome N au plan H,, a un dou-
ble minimum correspondant aux deux configurations d'équilibre drdite et gau-
che &quivalentes. Les fonctions d'onde sont des combinaisons linéaires des
fonctions d'onde de la molécule dans chacune de ces configurations :

1
¢+=72_(1DD+IDG)
= Loy -
bom =l g

Dans la molécule de NH,, les &tats de parité négative de la bande K = 0 sont
décalés vers le haut par rapport aux é&tats de parité positive, la fréquence
d'inversion &tant de 23 GHz.

L'énergie potentielle U des noyaux de thorium, tracée en fonction du
paramétre d'asymétrie de masse e€,, a le méme comportement au niveau du troi-
siéme minimum qui, en réalité, sé dédouble en deux minimums correspondant
aux deux orientations possibles du noyau. Cet effes n'existe pas pour le pre-
mier et le deuxidme minimum ol la symétrie de masse est respectée.

L'énergie d'inversion entre la bande de parité positive et la bande de
parité@ négative dépend de la pénétrabilité de la barriére de potentiel qui
sépare les deux puits asymétriques. Dans le cas d'une barriére i une dimen-
sion, et en supposant que le mouvement de vibration de masse est découplé
des autres mouvements collectifs, on peut calculer cette énergie d'inversion.
Cela a été fait pour différents chemins tracé&s sur la carte d'énergie poten-—
tielle calculée par Mdliler []8] (fig. 5). Les résultats sont rassemblés dans
le tableau II ainsi que la valeur correspondante de 1l'intégrale d'action :

2
de
S=J 2u(E-U) [l+(——):lds
() de3 3
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FIG.6. a) Section efficace de fission de **Th. b) Rapport d’anisotropie.

Dans ces calcyls on a supposé que le param@tre d'inertie p &tait constant :
u = 0,0540 A%/3 %2 MeV !, L'examen du tableau II montre qu'il est possible
d'obtenir un bon accord avec 1l'énergie d'inversion mesurée de 11 keV 3 con-—
dition de ne pas choisir un chemin comme le chemin ¢ qui passe tré&s prés du
sommet de la barridre et qui d'ailleurs est tr&s peu probable. En fait, on
peut envisager deux chemins possibles qui passeraient de part et d'autre du
sommet.

L'observation, dans 23!Th et 233Th, d'une bande de rotation K = 1/2
avec un paramétre de découplage a = - 2,5 est intéressante car elle permet
de personnaliser le niveau sur lequel est construite la bande de rotation.
D'aprés des calculs effectuds par le groupe de Nilsson [}é], on peut trou-
ver quatre niveaux de spin 1/2 dans un intervalle de 3 MeV autour de 1'éner-
gie de Fermi des thoriums 3 la déformation correspondant au troisiéme mini-
mum. Tous ces &tats ont un paramétre de découplage positif ou nul sauf un :
1'stat [981] situé & environ 700 keV au-dessus de 1'énergie de Fermi de

31Th pour lequel a = - 2,2, valeur remarquablement voisine de la valeur ex—
périmentale. Outre cette bande K = 1/2, on doit trouver d'autres bandes de
rotation associées aux différents &tats possibles. La plus spectaculaire est
celle qui se trouve i 1,6 MeV dans la section efficace de 232Th et pour la-
quelle K = 3/2, Mais il est vraisemblable gu'il en existe d'autres comme,
par exemple, dans la section efficace de 230Th au voisinage de 970 keV et de
1100 keV (fig. 1) ; & ces énergies les structures apparaissent moins dis-
tinctement car elles se superposent 3 l'ouverture de la voie de fission
K = 1/2 qui crée une contribution importante i la section efficace et qui
perturbe la distribution angulaire.
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L'étude et la classification des différentes structures peuvent &tre fa-
cilitées par la remarque suivante : dans un puits de potentiel caractédrisé
par une courbure w, les &tats de vibration sont espacé&s de fw. Cela se tra-
‘duit dans le coefficient de transmission d'une barriére & deux bosses par
1'apparition de résonances & 1l'&nergie de ces &tats. La largeur de ces réso-
nances est :

L2
= ZHe (T, + Tp)

oli T, et T, sont les coefficients de transmission 3 travers chacune des deux
barriéres qui 2ncadrent le minimum ; elle diminue donc au fur et & mesure
qu'on s'enfonce dans le puits. Si le troisiéme puits de la barriére de fis-
sion a une profondeur d'environ 1 MeV pour une courbure ‘hw =~ 0,65 MeV, on
peut y construire, sur chaque &tat intrinsé&que, deux ré&sonances de vibration
séparées de 0,65 MeV, la plus basse en énergie ayant une intensité beaucoup
plus petite que l'autre. Précisément, la section efficace de 232Th montre,
au—dessous de 1,3 MeV, une série de ré@sonances larges qui ne dépassent pas

2 mb (contre plus de 50 mb au-dessus de 1,3 MeV). Ceci apparait clairement
sur la figure 6 et a &été rapporté aussi par Androsenko et Smirenkin [20ﬂ.

En particulier, il existe, & 0,95 MeV et 1,05 MeV, deux résonances dont les
mesures d'anisotropie indiquent qu'elles ont précisément les mé€mes nombres
quantiques K = 3/2 (ou 5/2) et K = 1/2 que les résonances i 1,6 MeV et [,7
MeV situées & 0,65 MeV plus haut. De méme, on remarque deux résonances
K=1/2 3 0,78 MeV et 1,25 MeV auxquelles pourraient correspondre les struc—
tures intermédiaires K = 1/2 situdes i 1,43 MeV et 1,90 MeV.

Comparaison de quelques temps caractdristiques

En &crivant 1'énergie de rotation sous la forme :

_ n2 _ 1
Erot = 2—,3' J(T + 1) - KK + 1)] = '2-5(1)2

il est possible d'&valuer la période du mouvement collectif de rotation du
noyau dans le troisidme puits. Dans la bande K = 1/2 ol le moment d'imertie
est le plus grand on trouve, pour différentes valeurs du moment angulaire J :

J 3/ s5/2w 7/2m 9/ 11/2%

T, * 101% 6,28 3,85 2,81 2,22 1,84
(pour la t8te de bande J = 1/2 le noyau n'a pas de mouvement de rotation col-
lectif). Il est intéressant de comparer ces valeurs 3 la durée de vie des
états estimée 3 partir de la relation d'incertitude :

AE.At =R

Pour une largeur AE de 7 keV, la durée de vie At est de l'ordre de

0,94 x 10 195, On voit qu'elle est notablement plus petite que la période de
rotation. Néanmoins, on congoit qu'il n'est pas nécessaire que le noyau ait
fait un tour complet pour qu'on puisse définir un mouvement de rotation. D'une
manidre plus précise, il existe une relation d'incertitude :

AJ.AB =A
qui montre que, pour pouvoir définir le spin J & une unit@ h prés, il suffit

que le noyau ait tourné d'au moins | radian. Cette condition est vérifiée mé-
me dans le cas oli le noyau tourne le plus lentement.
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Dans un noyau possédant la symétrie de résolution, la configuration ré-
sultant de 1l'inversion des coordonnées peut aussi bien &tre obtenue par une
rotation de 7 autour d'un axe perpendiculaire 3 l1'axe de symétrie. Le dé&dou~
blement des niveaux en parités positive et négative ne se produit pas dans ce
cas. S'il est malgré tout observé dans les thoriums c'est parce que, précisé-
ment, le noyau n'a pas le temps de tourner d'un angle &gal ou supérieur 3 7.
L'inversion ne peut donc pas se faire au moyen d'une simple rotation tant que
le spin est inférieur a 11/2K. Elle nécessite une inversion effective des co~
ordonnées et, par conséquent, le franchissement d'une barri&re de potentiel
qui est seul responsable du dédoublement de parité. Il serait intéressant
d'exciter la méme bande de rotation par une réaction de type (d,pf) Jui ap-
porte plus de moment angulaire afin d'alimenter des spins supérieurs & 11/2f.
On devrait alors observer la disparition du dédoublement.

La période d'inversion peut &tre estimée & partir de 1'espacement de
11 keV entre la bande de parité positive et la bande de parité& négative. La
valeur trouvée (3,76 x 10 19s) est, elle aussi, plus grande que la durée de
vie. Cela signifie simplement que le noyau ne franchit pas effectivement la
barriére qui sépare les deux puits asymétriques. Au cours de son trajet vers
la fission, il passe par un, et un seul, des deux puits.

Conclusion

Les structures intermédiaires observées dans les sections efficaces de
230Th et 232Th sont donc intéressantes & plus d'un titre. Elles montrent la
présence de bandes de rotation qui impliquent 1l'existence d'un troisi&me puits
de potentiel dans la barriére de fission. Les &tats de rotation sont situéds
dans ce puits et c'est la premi&re fois qu'on observe un noyau lourd dans un
état ol la symétrie de masse n'est pas respect@e. L'analyse qui a &té limitée,
jusqu'a présent, 3 trois structures principales a déja fourni un certain nom-
bre de renseignements. Nul doute que 1'&tude des autres structures apportera
plus de précisions et constituera le début d'une véritable spectrométrie dans
le troisidme puits. On sera alors en possession d'un ensemble de données ex-—
périmentales capables d'éprouver les mod&les théoriques.

On peut penser que des effets semblables existent dans les noyaux voisins
mais qu'ils sont pass&s inapergus jusqu'id présent i cause du manque de réso-
lution en énergie. D&ji, dans la fission de 231py par des neutrons de 160 keV,
apparalt une résonance dont la largeur est inférieure & 2 keV. Il est possi-
ble qu'elle soit aussi une résonance de vibration pure dans le troisiZme puits
de la barrigre de fission 21]. Malheureusement, elle serait la t&te d'une
bande K = 3 dont les autres composantes sont peu alimentées par des neutrons
de 150 keV, ce qui rend difficile leur observation.

Remerciements

Cet exposé est le fruit d'une collaboration quotidienne qui se poursuit
depuis plusieurs années avec J. Blons. De nombreuses conversations avec
M. Martinot et H. Nifenecker ont contribué au fil des mois a résoudre bien
des problémes. Des enseignements fort enrichissants ont jailli de discussions
avec B. Leroux et son &quipe. Enfin 1'inté&r@t que A. Bohr, B. Mottelson et

S8.G. Nilsson ont apporté a ce travail, ainsi que leurs encouragements ont &té
trés appréciés.

Références

{1] eava, b., BLONS, J., DERRIEN, H., MICHAUDON, A., Physics and Chemistry
of fission 1969 (C.R. Coll. Vienne,1969) AIEA, Vienne (1969) 307.

(2] BacK, B.B., HANSEN, D., BRITT, H.C., GARETT, J.D., Phys. Rev. C9 (1974)
1924.



IAEA-SM-241/B6 219

BACK, B.B., BRITT, H.C., HANSEN, D., LEROUX, B., GARETT, J.D., Phys.
Rev. CI10 (1974) 1948.

(3] MOLLER, P., NIX, J.R., Physics and Chemistry of fission 1973 (C.R. Coll.
Rochester, 1973) I, AIEA, Vienne (1974) 103 .

Bﬂ LYNN, J.E., UKAEA Rep. AERE-R-5891 et Physics and Chemistry of flss1on
1969 (C.R. Coll. Vienne, 1969) AIEA, Vienne (1969) 249.

[5] BACK, B.B., Nucl. Phys. A228 (1974) 323.

(6] PLATTARD, S., BLONS, J., PAYA, D., Nucl. Sci. Engin. 61 (1976) 477.

[:7] KEYWORTH, G.A., LEMLEY, J.R., OLSON, C.E., SEIBEL, F.T., DABBS, J.W.T.,
HILL, N.W., Physics and Chemistry of fission 1973 (C.R. Coll. Rochester,
1973) I, AIEA, Vienne (1976) 85.

[8] GLASSET, P., RUSLER, H., SPECHT, H.J., Nucl. Phys. A256 (1976) 220.

(9] BARREAU, G., Thése Doct. es Sci., Univ. Bordeaux CENBG 7706 (1977).

[iQ] BELLIA, G., Del ZOPPO, A., MIGUECO, E., Proc. Int. Conf. on Nuclear
Structure, Tokyo (1977) 754.
(11] JaMES, G.D., LYNN, J.E., EARWAKER, L.G., Nucl. Phys. A189 (1972) 225.

[12] BLONS, J., MAZUR, C., PAYA, D., RIBRAG, M., WEIGMANN, H., Phys. Rev. &41
(1978) 1282,
[13] BLONS, J., MAZUR, C., PAYA, D., Phys. Rev. Lett. 35 (1975) 1749.

(14] BLONS, J., MAZUR, C., PAYA, D., RIBRAG, M., WEIGMANN, H. , cette confé-
rence : résumés IAEA-SM-241/B9 et IAEA-SM-241/B10.
DS] LEROUX, B., communication privée.

(6] BACKE, H., RICHTER, L., HABS, D., METAG, V., PEDERSEN, J., SINGER, P.,
. SPECHT, H.J., Phys. Rev. Lett. 42 (1979) 490.
[]Z] SOBICZEWSKI, A., communication privée.

(18] MOLLER, P., Nucl. Phys. A192 (1972) 529.
[]9] NILSSON, S.G., communication privée.

(20] ANDROSENKO, Kh.D., SMIRENKIN, G.N., ZhETF Pis. Red. 19 (1974) 355 ;
JETP Lett. 19 (1974) 199.

[21] SICRE, A., CAITUCOLI, F., BARREAU, G., DOAN, T.P., BENFOUGHAL, T.,
LEROUX, B., cette conférence : communication IAEA~SM-241/B5.

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 23°Th, the essence of the argument in favour of
the triple-hump has been an attempt to demonstrate that both positive and
negative parity K = 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

Present [single parity] A Present data * 4 keV
4.0 === Blons, et al. & Present data * 8 keV
O Yuenetal £5keV
v Jameset al. 20 keV
O Lerouxetal * 1.25 keV
—
8
\\5 3.0 /‘\é
™ /
(=} _ 1
N —_— % \
a
g % \
: ?
& 2.0 % § %
: y !
1.0 T T T T T
675 700 725 750 775 800

NEUTRON ENERGY {keV}

FIG.A. Anisotropy versus neutron energy.

result from the use of this set of parameters, and the anisotropies 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 23Th, covering the energy region
around the 715 keV resonance, which was also extended to 1100 keV. The
anisotropies 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, I, ) = (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: Iwould say in reply to your comments that the 23°Th (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 eﬁergy resolution of & 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 23°Th (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 (v,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, B., 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 Ef; — 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-II states are strongly
damped at the excitation energy reached in compound nucieus by the absorption
of fast neutrons. So, these class-II vibrational states canrnot cause the structural
effects observed in the neutron-induced fission cross-sections for 23% 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 23%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 sophisticatzd 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, K 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 ofa (K, J,7) =
(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 22°Th 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 1.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
1/2" 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 1iquid 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-
1y 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
theorgtica]]y 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.1. Fission barrier of the hypothetical super-heavy nucleus 298] 14, obtained with the
Skyrme force, SIII, 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 298114 obtained with the Skyrme III force [8]. In
refs. [7,91, the dependence of the barrier heights on the force parame-
ters has also been investigated (for some results, see the discussion be-
Tow).

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 A 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 &) 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 (seealso 2.2.d below).

The right thing to do - but a 1ot 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 phenomenological 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.
K welT-Kknown deficiency of the HF-approximation is the fact that Slater
determinants (or BCS wavefunctjons) are neither good eigenstates of the
total centre of mass momentum P nor of the total angular momentum J. As a
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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

Ak, =X Py /2mA

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 [171), 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]l:

AE, . =033 /2}
where } is the moment of inertia. In heavy deformed nuclei, A8Erot 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 (Ep) 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 (E1), using the experimental
values of %, and amounting here to ~ 1 MeV. (A1l these corrections are
relative to the ground state energy E1). We anticipate here that the cor-
rection AEngt (as well as AEc.M.) 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 ECgx is very
time-consuming, it has in most cases been taken into account only ap-
proximately. In ref. [12] e.g., the statistical estimate

£ a _.5.( é.)lh E
CEX Yz \2n& D
was used,, where ECp is the direct Coulomb energy. A somewhat more re-
fined (local density) Slater approximation is [22,23]
.3 2f3Y 3

Ecex Ty (F)lsjd "S’:”("):_
op(r) being the proton density, and was used in most of the Skyrme-HF
cglculations [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 Egpyx 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 Ecpy is proportional to Ecp) 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 phenomenoTogical 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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[40]. No spin-orbit contribution is included. Note the linear dependence of a,®) and k
on the Skyrme force parameter t3.
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FIG.4. Deformation energy curves for the hypothetical nucleus >>*126, obtained with the
expectation value method (see Section 2.3). The spin-orbit force parameter Wy (in units of
MeV- fms ) is varied, the other parameters of the force Skyrme Il are kept constant.

Wo = 120 Me V- fm5 is the standard value (from Ref. [9]).
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nuclei; hereby, the forces with a larger density-dependent term t, 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 Ehesis of Flocard [7) (p. 37), a comparison is made of the
barriers of ¢40py 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 394126 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 Briickner-HF calculations with the Reid soft core nucleon-nuc-
leon potential [231, 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 W, [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 gariation of the barrier heights with W . Note
that for Wo = 120 MeV fm° (the standard value for S III) and Wo = 140

MeV fm®, the nucleus is spherical in the ground state, whereas for

Wo = 100 MeV fm® 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 Wo 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 apprecjab]g
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 Tack of consistency of HF plus BCS calcu-
lations as performed by the Orsay group [5-9] and Kolb et al. [10,12].
0f course, for the ground-states this is no severe restriction since
their pairing properties can usually be fitted reasonably well by the
phenomenological constants A or G. The deformation dependence of A
and G is, however, not known well enough. We may deduce some hints from
the1585u1t of the Gogny group [15]. There, a deformation energy curve
of 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 A 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 F]ogard et al. [7], the constant A
prescription led to a second barrier of 40py 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 A [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. [311). 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
Hw and ratio g of principal axes) of the deformed basis. In the fission
direction (symmetry axis), a single oscillator well (with N = 13 to 15)
is just about sufficient for deformationsup to the second saddle point of
actinide nuclei. In ref. [7]1, the remaining 5ancation error was estimat-
ed to be ~ 1-2 MeV at the second barrier of 24Upy. When going beyond the
outer barrier, a two-center basis of some kind becomes indispensable
[8,12,16] (see also refs. [33,34]).

Restrictions on symmetries and degrees of freedom

Even with projection on a finite basis, the computer time and space 1imi-
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 Tight nuclei see, e.g. ref. [35].) The corresponding errors in the
deformation energies can only be estimatsd from comparison with the re-
sults of SCM-calculations. Thus, in the 240Py 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 lTot 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].

Final remarks

To concludé 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 240Py 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 A 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 24°Pb OBTAINED BY FLOCARD ET AL.
[71 AND SEVERAL ERROR ESTIMATES (ALL QUANTITIES IN MeV).
EXPERIMENTAL RESULTS FROM Ref. [37]. RESULTS IN PARANTHESES
ARE OBTAINED WITH A CONSTANT AVERAGE PAIRING GAP A

Ea Eg
CHF, S III, Gasurf. (Aconst.) 9 (11) 13 (21)
a) spur. rotat. energy corr. -1 -2 to -3
b) Coulomb-exch. energy corr. < + 0.5 +0.5 to +1
e) truncation error < - 0.5 -2
f) v- and mass asymmetry energy -1 -4  to -5
c) uncertainty in force parameters several MeV several MeV
resulting barriers with S III 7 (9) 4-6 (12-14)
experimental barriers 6.0 £+ 0.3 15.35%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 Eg of ~ 13-14 MeV.

A similar result has now also been obtained in the newest Gogny-HFB cal-
culations [16]. 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



IAEA-SM-241/C1 237

the large deformation behaviour in the selfconsistent 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
Ko 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 toone 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) Diagonégize the one Qsdy-Hami1tonian (for each kind of nucleons)
- Ix - - - - -
H=‘V'zm_‘,(?)V\‘V(?)'LVW(!’)'(V"O')

compute the densities p(r) and t(r) and from them the total Skyrme energy.
Minimize it with respect to the basis size parameter fiw 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 Q2 is easily computed at each point. We show such a comparison for
40Py in Figure 5, taken from ref. [18]. The EVM curve was here obtained by
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FIG.5. Fission barriers of **Pu obtained with the EVM (above) and the CHF method (below)
using the force Skyrme III. A constant average pairing gap was used {from Ref. [18]).

minimizing the energy for each Qp with respect to the deformation parameters
¢ 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 selfconsistent CHF result within ~ 1-2 MeV.
(A constant average pairing gap & 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 [9].) The EVM is therefore
an efficient tool for exploratory calculations in unknown regions of nuc-
Tei. It has been applied for an investigation of super-heavy nuclei [9], a
result of which was shown in Figure 4 above.

0f course, this method requires some knowledge of the most jmportant
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 selfconsistency is required, the EVM provides an excel-
lent starting point for CHF-iterations. (As a rule, only ~ 2-5 jterations
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 f,. The Coulomb energy was thus
treated fully in Towest order perturbation. Including a reasonable (e.g.
LOM-} quess for the Coulomb potential in A should improve the method and
might, in fact, remove most of the remainiﬁg 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. It 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 sE, ﬁointing out that it can be extracted from the sum of occu-
pied levels 515 of the (deformed) shell model (separately for neutrons and

protons): wie .
- sMo_ gM>
6En'P % E’i <,,>;4 ;’i aver (3.1)

Here, the second term is a suitably averaged part (see Sect. 3.3) of the
single-particle sum. The ansatz

E,, “Eom *SE  (SE-SE +SE) (3.2)
was justified by Strutinsky [3] froP HF-theory using a (formal) decompo-
sition of the HF density matrix pH into a smooth part p, which is res-
ponsible for the averag (LDM) energy, and a fluctuating part &y, which to
lowest order is contained in §E:

?HF = § +<‘5g> (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]1). 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.
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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 [38,348-52]. Expan-
ding the HF-energy (in matrix notation)

E = tr T'?"": +45’cr i (tr ?HF ) (3.4)

HF

where v is the (ant1symmetr1zed) 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

cmELe™] =BT+ SE, + O[(de)] (3.5)
where
Elel =trTg +4trgltro w) (3.6)

and 6 is the first-order shell- correcE1on which can be written as in eq.
(3.1). Using the occupation numbers ni"F and n {see Sect. 3.3), it reads

Zan ~Z£,n =Z€‘- dn; (3.7)

Hereby ?1 are the eigenvalues of the averaged HF-Hamiltonian H defined by

_ IE o
HHF[g] ’—5é£;§ (3.8)

The point 1s that the term 8Ej7 in eq. (3.5), and with it the sum of occu-
pied levels 81, contains all contributions of first order in 8p. This is
true for any density dependent effective interaction, in contrast to the
findings of ref. [48] 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 Elp] (3.6) can be approximated by a phenomenologi-
cal LDM energy E|pm:

E[§] = Eiom (3.9)

2. The Tevels & of the averaged HF-Hamiltonian H eq. (3.8) can be approxi-
mated by shell-model Tevels ¢;SM

L l i 3 L
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3. The "shell-correction expansion" eq. (3.5) is converging fast enough, so
that the terms of second and higherorder in 6c can be neglected.

4. In the points 1. and 2. it is assumed that o 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 ¢{HF [50,54] (which
led to much too negative conclusions about the validity of the SCM
{50,54,561). That this is not so, is easily seen noting that

HF ~
dEA - Z E-HpniHF — Z &:‘F A (3.11)
i ¢ 4

does contain all first-order contributions in &p. (5E1HF differs from ¢E]

(3.7) only to second order in 8p.) Since the second sum in eq. (3.11) also
contains an oscillating term linear in 8¢ (which was actually observed in

ref. [50]!}, this term is miﬁéing - or rather double-counted - in the sum
of the occupied HF-levels ¢i™f.

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 6E» (containing all terms
quadratic in 6p 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 &2 in perturbation, using different parameter sets
of Migdal's universal quasiparticle amplitude [ 58] and Woods-Saxon single-
partic1% wavefuntions. In their results for a series of spherical nuclei
around 208pb, the quantity 8E> did not vary more than by £+ ~1 MeV around a
mean value of ~2 MeV.

Another preliminary test was pfrgormed by Bassichis et al. [59], com-
paring first-order CHF-results for 08Ry [5071 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 1ight and heavy
nuclei, using also the Skyrme force S II and the Negele-DME force {23] (see_
also refs. [4,19,531). In these calculations, the average density matrices ¢
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 (8 Ey) and sum of higher-order shell-corrections (8 E3) obtained for *®Yp
with the forces S Il and Negele-DME using the shell-correction expansion (3.5) of the HF
energy [62]. The shell-correction 8 E, obtained from a Woods-Saxon potential is shown for
comparison. Note that the scale for 8 E; is twice as large as that for8E,.
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FIG.7. Deformation energies for “*Ca 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 6E] 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

SE, -E, -E[5]-GE, (3.12)

Pairing correlations were included consistently in the BCS-uniform 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
8E'o 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 8E7 depends little on the effective in-
teraction used' (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 o in each step of the ite-
ration, so that the quantities p, E[p] and H after convergence became
selfconsistent. It was found, then, that 6E'2 is less than ~ 0.6 MeV in
magnitude at all deformations, even in such Tight nuclei as 160 and 40Ca.
(See also Fig. 7 below.) _

5. In 1light nuclei (A S 40), if the averaging of p is not done selfconsis-
tently, 86E'2 is up to ~ 3-4 MeV and of the same order as sE;.

6. The sum of all oscillating terms is also reﬁéonably well re%roduced (to
within ~ 1 MeV) by the shell-correction sE1"'" 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 6E7 and the sum of all higher-order terms 8E's are shown for
168Yb 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 &Ej
is well reproduced by the shell-correction obtained from a Woods-Saxon po-
tential with the same Qy-deformation [38]. (No adjustment was made of the
W-S parameters!) Note the correlations between the oscillations in &E; and
8E'5, which seem to suggest that neglecting 6E'p 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 (E) and self-
consistently averaged(E) energies are shown to differ by ~ 1-2 MeV; they

1 Apart from the spin-orbit force, see Section 2.2¢ and Fig. 4.
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are both perfect]y smooth. The approx1mat1on B+ 6E(s }» where the shell-
correction (3.7) is now evaluated in terms of the e1genva]ues of the self-
consistent average field, is very close ot the HF energy E at all defor-
mations. This implies that the sum &E', 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 gnd a shell-cor-
rection part works even for very light nuclei (including “°0 [62]), which
might not have been expected a priori.

Similar investigations were made by Bassichis et al. [65] along a pro-
gram outlined in ref [50] and using the earlier HF-results for 108Ryu [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

Vle should 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 &E1. 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 §Ej 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 Tight nuclei if LDM and shell-model para-
meters are not determined selfconsistently.

3. The first-order shell-correction SE1 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 se]fcons1stency 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 (selfconsistent) shell-cor-
rection 8E, extracted from Skyrme-HF calculations for 208Pb is in agree-
ment with %he value found from a Woods-Saxon potential [38] (~ -18to-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 ob-
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 doneé €ither 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 selfconsistency 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 [68,691. 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

Q =<{HY -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 ;1HF 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 7=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, rion-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 smaller 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 @,
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 ® 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” @ py 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 H, :
H, =H-wJ,

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 20Ne, see e.g. ref.
[761.) 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 1liquid
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 & 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 Tot 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
Titerature, 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):

% 5L> - F -_ng(E)dE (3.13)

The average level density E(E) in eq. (3.13) is obtained by folding the
level spectrum £§ over an energy range y:

2 See, however, Werner, E., et al., paper IAEA-SM-241/C26, these Proceedings.
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A

O - 2155 R (555); [§(E)dE-N (.19

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 P,(x) en-
sures that any smooth component of the level density, which is eq”a1 to a
polynomial of order M in energy,is identically reproduced by the averaging
procedure (3.14) independently of the value of ¥ and the precise shape of
the averaging function f(x). Introducing occupation numbers Tj by

-0

ios [ FeOR Gadx 2 fi; =N (3.15)
one can rewrite the average energy E (3.13) in the form [80,38].
~ o OF (3.16)
= Ny 2=
E iZe‘;ttnL Y 5

For a harmonic oscillator potential, where the true average level den-
sity is a parabola (for E > 0), the energy E (3.16) is independent of v
for M = 4 as soon as y is somewhat larger than hy , the level spacing, pro-
vided that A >> hw and sufficiently many levels are included above the Fermi
energy A. The curve E(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 poly-
nomial in E. Then the infinitesimal plateau conditions must be fulfilled

QB Lo LEM]| g (3.17)
QY'% ! AM Mo

which corresponds to fitting the (true) average level density locally by
an optimal Taylor expansion up to order M, [80]. In most cases, the condi-
tions (3.17) can be fulfilled with values of the order

¥, * (42-4.6)hQ . M~ 6-40 (3.18)
where h? is the average distance of the main shells in the spectrum ¢;.

Most of the trouble reported [81] was due to neglecting the simulta-
neous 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 con-
tinuum 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 of 8E), plotted versus averaging range
% for various orders 2M of the curvature-correction polynomial. Note that for 2M Z1 2,a
rather well-defined value 8E = (17 £ 0.15) MeV is found. The insert shows the stationary
points {or points of deflection) 8 E{7yo) versus 2M. Using a typical standard value y ~ 1.2 hQ2
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 2 100, _the conditions (3.17) can usually
be fulfilled up to an uncertainty in E of Af S 1 MeV.

2. For smaller particle numbers (N < 50) and in cases where the distance
of the Fermi level A from the continuum is smaller than hq, the uncer-
tainty may be as large as Ak = 1-2 MeVv.

3. Difficulties are sometimes met in situations where the local level den-

sity at the Fermi energy is large, i.e. when &E is maximal (see also refs.

(80,81]1). 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 Yo and Mg are not necessarily smooth functions of the

nucleon numbers N,Z. The error made in E is thus discontinuous and rather

random. The safest procedure is to determine Yy and My for a couple of
cases in a given region and then to fit a smooth interpolation formula

?P (N or Z) for systematic shell-correction calculations (see also ref.
801).
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5. In realistic cases, especially when deformations and spin-orbit term are
included which tend to remove the largest degeneracies_of the spectra
€i, the uncertainty in E should never be larger than AE = 1-1.5 MeV,
even if fixed standard values such as Yo ® 1.2 hQ and Mg = 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
To ~ 2-3 MeV (k=1), the shell effects disappear (see_also refs. [72,731);
E(T) and S(T) then_become smooth functions E(T) and 5(T), respectively.
Thus, calculating E and § at same finite temperatures

T <T«IA-V,I

and extrapolating these functions back to zero temperature, one may iso-
late the energy shell effect at T = O:
N

AE, =5 & ~E(0) (3.19)

It was numerically verified that AE, 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 E(T) and $(T), con-
taining the local derivatives of the average level density at the Fermi
energy §'(2), §''(x), ..., must be included in order to obtain unique
values of AE . 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]1). 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.
[57,901. We see this algso by comparing the equation (3.16) for the Stru-
tinsky-averaged energy E with the equation for the free energy F:

~

E =Ztaiﬁi +Yea)_;:v
ST
F = Zi&‘. nL(T)+T_ﬁ

Both equations are identical in their form. The important physical diffe-
rence is, however, that in the thermodynamical equation, -3F/3T = S > 0

for T > 0, whereas 3E/dy is always zero (see eq. 3.17). Due to the curva-
ture-corrections built into the fj, the Strutinsky averaging is thus a
"cold-averaging" (with zero "entropy" sE/3y ), in contrast to the temperature
averaging which brings excitation energy into the system.
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We see’'thus that the backward-extrapolated value E(Q0) 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 E
resp. E(0). In some cases the Strutinsky E is found less accurately than
E(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 £ 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. [92].

A different approach is replacing in eq. (3.13) the averaged level den-
sity 9(E) by an asymptotic expression gAS(E) valid for large values of E,
i.e. for large nucTeon numbérs. 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 Jpg(E) 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.
$.3a), the values for SE obtained by both methods agree within < 0.2 MeV
or N 2 40.

Bohr and Mottelson [69] proposed the direct asymptotic expansion of
the single-particle sum:
N

%gl =k, (N) +SE

(3.20)

; d 1
E,d(N) =a,N+aN® o NS va + . ..

This is completely equivalent to the use of gag(E) in eq. (3.13), but de-
monstrates the analogy with the LDM-expansion of binding energies more
readily. The coefficients in EA (N) are not easily evaluated in general.
The volume term a, is given in The Thomas-Fermi mode] [69], and the sur-
face coefficient a5 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 Epg(N) to the exact sums of occupied e¢i 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 EpS(N) for realistic particle numbers. When chosen to fit the Strutinsky-
averaged values E(N) for very large N, however, agreement of Eps and E with-
in < 1 MeV was found for N 2 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 Eag only 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]1. It makes use of a semiclassical expansion of the partition
function which goes back to Wigner and Kirkwood [100}:

Z(p) =2 (p) {4+h’“xz((5) +’ﬁ"‘xq(ﬁ>)+ ] (3.21)

In eq. (3.21), g is the inverse temperature (here simply treated as a
mathematical variable); x,(B) are coefficients which depend on the po-
tential and its first n gradients; and ZcL(B) 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 9tg(E). Correspondingly one obtains
the particle number and the average single particle energy sum in the form

N=Np+N, + N, + ...
TF 2 4 (3.22)

EETF = ETF + E2 + E4 + ...

where the indices refer to the order of the corresponding terms in eq.

{3.21) (ETF = ECL’ etc.). For details of this method, we refer to refs.

98 - 1011. 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

s . The series for EpTF (3.22) was shown in ref. [101] to converge
very rapidly for realistic Woods-Saxon potentials; the term E5 is of order
~ 1 MeV (for each kind of particles). The energy EETF can thus easily be
evaluated to at least the same accuracy as the Strutinsky-averaged quantity

. Hereby, the spectrum £; need not be known and only the classically al-
Towed region V(r) < A 1is used to evaluate Ecrr-

The close connection between the Strutinsky energy averaging and WKB-
or ETF-1ike methods was pointed out early [3,38,103}. In ref. [80] it was
shown analytically that for a (deformed) harmonic oscillator potential,
EETF and E are 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. {1013. In all cases,
Egrr and E agree within < 1 - 1.5 MeV, thus within the overall uncertainty
o¥ 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 Eptp is within 0.25 MeV when
EETF 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*3  (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 (671, 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 &E 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 N, 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 relative barrier heights of actinides 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-
tailed discussion.)

3.4 Summary of uncertainties in the SCM

Before turning to a comparison with experiments, let us now briefly
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 infinite potentials (Nilsson etc.):|ja E| £ 0.5 MeV.

- in_finite depth potentials (Woods-Saxon, folded Yukawa):
jaE] 1 - 1.5 MeV for A 2 100.
However, Targer uncertainties may arise in light nuclei or when the
separation energy is small compared to h2 (e.g. in nuclei far off the
g-stability line).

b) From the shell-correction expansion of the HF-energy:

- missing higher order terms: |ASE| X 1 MeV for A 2 100.
This error depends on the seTfconsistency of the potential and the LD
(droplet) model used; it may easily be several MeV in 1ight nuclei.
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- "quality" of commonly used potentials: |ASE] ¥ 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-anomalyl - see sect. 3.1lc 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-
correlated 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, no