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FOREWORD

This third international Symposium on the Physics and Chemistry of
Fission, heldin Rochester, N.Y., from 13 to 17 August 1973, was a worthy
successor to the important symposia held in Salzburg (1965) and in Vienna
(1969), Although there may not have been in Rochester quite the excite-
ment that prevailed in Vienna (where the beautiful verification of the struc-
tured fission barrier provided by the Strutinsky calculations was presented),
the present meeting reaped the benefits of this revolutionary discovery.
The first direct experimental verifications of the deformed fission isomers
have also only recently been achieved.

The present Symposium, somewhat more than previous ones, concen-
trated on theoretical concepts and calculations concerning the fission pro-
cess itself, and only on those new experimental results most pertinent to
the theoretical development. Contained in these two volumes are the full
texts and discussions of the 62 papers presented at the Symposium, and
abstracts of those contributions that, because of time limitations, could
not be presented,

These Proceedings of course do not represent the lest word on this
obviously complex topic. It is apparent that even the liquid drop features
of the fission process have not yet been fully, or even adequately, worked
out, the most obvious deficiency still being a reliable treatment of the
dynamics, where a better knowledge of the 'viscosity' is obviously needed,
The importance of quantum mechanical, single particle effects in the
fission process is emphasized in these Proceedings, and a number of
advances in microscopic calculations are included,

Itis clear, inview of the large participation and the quality of the work
presented, that scientists throughout the world find these meetings a
valuable international forum for the exchange of information and welcome
the Agency's initiative in promoting this continuing series of symposia,
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SYMMETRIC AND ASYMMETRIC FISSION
OF Ra- AND Ac-ISOTOPES

E, KONECNY, H.J. SPECHT, ], WEBER
Beschleunigerlaboratorium der

Universitdt und Technischen Universitit Milnchen,
Munich, Federal Republic of Germany

Abstract

SYMMETRIC AND ASYMMETRIC FISSION OF Ra- AND Ac-ISOTOPES,

Fission probabilities and fragment anisotropies have been investigated at low excitation for fission of
6 pe, ®Ac, P8 Ac and °Ra, 2*'Ra induced on a **°Ra target by direct reactions with a 23, 5-MeV *He beam
and an 18-MeV d beam.These results show that the triple-humped character of the mass distribution pertains
to low excitation energies where second- and higher-chance fission are energetically excluded, More
important, they reveal different thresholds for symmetric and asymmetric fission, In addition, the angular
anjsotropies for both components close to the fission barrier seem to be different, also suggesting that
asymmetric and symmetric fission of the nuclei investigated proceed over different saddle points, The
fission probability T3 /I, increases exponentially for both components, with a much bigger slope for the
symmetric one, For %'Ra and *®Ac the fission probability for symmetric fission even exceeds that for
asymmetric fission already at some few MeV above the barrier,

The average kinetic energy is lower for the symmetric than for the asymmetric component and does
not change significantly with excitation energy of the fissioning nucleus, On the contrary, for asymmetric
fission it decreases with excitation, as obsexved for fission of actinide nuclei,

1. INTRODUCTION

One of the important problems in nuclear fission has
been to understand the existence of two types of fragment mass
distributions, symmetric and asymmetric. Low excitation fission
of higher-Z actinide nuclei is typically asymmetric (for a re-
view see, e.g. ref.[1]), characterized by a double humped mass
distribution. On the contrary, nuclei near Pb and Bi exhibit
a symmetric mass distribution [2,3]. For fission of nuclei in
the intermediate region (Ra, Ac, Th, Pa) a triple humped mass
distribution with well-established minima between the three
mass yield peaks is observed[4-11].

It has been suggested that the triple humped mass dis-
tribution is the result of a superposition of two different
fission components, a symmetric one which has similar features
like the symmetric fission of lighter nuclei and is appropria-
tely described by the liquid drop model[12] and an asymmetric
component, which shows the same characteristic features like
fission of U or Pu, the energetics of which is explained to
very great detail by the influence of shells in the nascent
heavy fragment [13].

Briefly summarized, the evidence for two separate com-
ponents is the following: (a) The average total fragment ki-
netic energy for symmetric fission is about 5 MeV smaller
than for asymmetric fissionj; the average values for the
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asymmetric and symmetric component follow separately the ki-
netic energy systematics of asymmetric fission for nuclei
with higher Z and of symmetric fission for lower-Z nuclei,
respectively[5]. (b) The dependence of the fragment kinetic
energy on the excitation energy of the fissioning nucleus is
very different for the two components (see below). (c¢) If
analyzed as a function of fragment mass, the width of the
kinetic energy distribution shows clear maxima for those frag-
ment masses for which the contribution of both components is
about equal; apparently, another contribution is added to the
"intrinsic" energy width of each component which results from
the difference in average values[5,9] . (4) The fragment exci-
tation energy as represented by the number of evaporated neu-
trons shows independent evidence for the superposition of two
components, becoming especially visible in the number of
emitted neutrons as a function of fragment kinetic energy for
constant mass ratio. 4 full and quantitative description is
given in ref.[9].

Although there are hints for two components even for U
and Pu fission at moderate excitation energies{6] they become
most clearly visible for Ra or Ac. Since so far all experi-
ments exhibiting evidence for two-component fission were
carried out at higher excitation energies, it remained experi-
mentally undecided whether the two components are associated
with two different fission barriers. According to recent cal-
culations gn the deformation-dependent nuclear potential ener-
gy surface[14—18], the character of the fragment mass split
is, in fact, explained as a consequence of either an asymmetri-
cally (pear shape like) or a symmetrically distorted outer
fission barrier, with slight hints even for two different
saddles in the same nucleus[14,15] .

It therefore seemed desirable to measure the fission
probability and the fragment anisotropy (presumed to be deter-
mined at the barrier) close to the fission threshold, separate-
ly for the two mass components. Such a study is not feasible
for higher-Z actinide nuclei both because of the inner barrier
being the higher one[15]and the extremely low relative yield
( £10°% ) of the symmetric component close to the barrier;
earlier attempts in this direction[19,20] have, in fact, been
unsuccessful. In the present experiment, we have therefore in-
vestigated fission of Ac and Ra isotopes for which the outer
barrier is presumably the higher one. In order to obtain suffi-
ciently low excitation energies, we have investigated fission
of **%Ac, *Ac, ?*®Ac and of **®Ra, *7’ Ra induced by the reac-
tions (*He,t) , (®*He,d), (*He,x ), (d,p),on a 226Ra target respectively.
It has been proved [21] by cross bombardments and by a comparison with
neutron induced fission that indeed direct reactions provide a reliable tool
for determining fission thresholds.

2, EXPERIMENT AND DATA ANALYSIS

The experiments were carried out with 23.5-MeV ?He and
18-MeV 4 beams from the Munich MP accelerator on a 50 ]ug/cruz
*‘Ra target evaporated on a 20 pe/cm* carbon backing. The out-
going light particles from the direct reactions were identi-
fied by a AE - E telescope mounted at 108° with respect to the
beam axis. In coincidence with these, the fission fragments were
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FIG.1. Diagram of the detector arrangement, The dashed circle indicates the position of a *2Ct source
mounted on a Si-detector above the reaction plane for on-line calibration and stabilization of the fission
detectors F1 to F4,

measured in two pairs of semiconductor detectors at approxi-
mately 0° and 90° with respect to recoil axis in very close
geometry. A geometrically correct diagram of the detector
arrangement is given in fig.1. On-line calibration and stabili-
zation of the fragment detectors was done by additional coinci-
dences with a further detector placed behind a **Cf spontaneous
fission source. Fast-slow techniques with constant fraction
triggers were used throughout, with pile-up rejection in addition
for the AE-detector. The pulses from the 6 detectors and their
time relationship were digitized in 7 ADCs, fed into the

Munich PDP8/410 computer system and stored event-by-event on
magnetic tape. The incoming data were sorted into four types

of events: (a) AE-E telescope coincidences; (b) triple coinci-
dences of AE/E with either F2 or F4, the closer fission frag-
ment detectors in each direction; (c¢) quadruple coincidences

of AE/E with either F1/F2 or F3/F4; (d) events in each of the
fission detectors F1 to F4 in coincidence with the 2?Cf de~
tector mentioned above.

The data were then analyzed on-line according to exci-
tation energy of the final nucleus, fragment mass and total
kinetic energy using the Schmitt calibration method[22] and
including corrections for recoil effects, prompt neutron
emission and target absorption. Chance coincidences could be
exactly corrected for using the time spectra of the coinciden-
ces and the singles particle energy spectra.

From the data, the fission anisotropies 6.(0°)/ 6,(90°)
and the fission probabilities

& CHe,pf) _ 't
P.= = == for M.« 7



6 KONECNY et al,

(and equivalent for the other reactions used) were determined
as a function of excitation energy. The denominator 6 (*He,p)
is obtained from the AE-E singles but must be corrected for
contaminants from the C-target backing and, specifically in
this case, for break-up of the >He particle into p+p+n in the
Coulomb field of the target nucleus which was investigated
separately with coincidences between pairs of AE/E telescopes.
The break-up correction influences only the data obtained for
the highest excitation energies. In all cases, the "true"
singles spectrum has been checked by additional runs with ®He
and d on **®*U, assuming that the fission-particle coincidence
spectra represent the shape of the reaction singles spectrum,
since [ /[, is nearly constant over a wide energy region for
the corresponding compound nuclei[21,2§]ﬁakingnﬁoaccountﬁm
second-chance fission effects and small differences in the
Coulomb field between Ra and U). Throughout the paper, the in-
dicated error bars refer to statistical errors only; the syste-
matic error is of the order of 20%.

For ***Ra(®He,« ) ***Ra-»f a further correction must be
applied for ternary fission of the 2*9Th compound nucleus
formed after ®*He capture. A good quantitative estimate of this
correction can be obtained from the observation of « -particle-
fission coincidences in the reaction d+ 22Ra, for which the
reaction #*Ra(d,x)**Fr -f is ruled out energetically for the
deuteron energy used. The shape of this « spectrum as well as
its relative yield are in agreement with similar data on %2 Cf
spontaneous ternary fission 24]. For the total energy range
covered in the experiment, the total amount of this correction
is about 20% of the observed events with an estimated relative
error of 0.2 included in the error bars for the 2?Ra data.

Ra( *He,df)
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FIG.2. Fragment mass distribution for fission of *?’Ac at excitation energies between 7 and 13 MeV,
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The fission probabilities and fragment anisotropies were
analyzed both for events of type (b), and for the asymmetric
and symmetric component separately (using coincidences of
type (c¢)). Fig.2 shows, for example, the fragment mass spec-
trum for fission of 2?27 Ac at 0° corresponding to excitation
energies between 7 and 13 MeV. The symmetric component was
determined from a narrow mass window (in this case 105 < A<123)
and its corresponding yield multiplied by a scale factor
(~1.4) transforming the window observed to the area corres-
ponding to a symmetric mass distribution with Gaussian shape
[9]. Because of the steeper angle with respect to the target
surface for the fission fragments detected, the pair of detec-
tors F1/F2 had a better mass resolution, i.e. no tails from the
asymmetric yield in the symmetric window; for F3/F4 a small
correction (3% of the asymmetric yield) for such tails had to
be subtracted. The sum of the counts for the symmetric and
asymmetric components observed in correlated detector pairs
F1/F2 or F3/F4 were normalized to the corresponding number of
counts observed in F2 or ¥4 alone, to avoid errors from mis-
alignment of the detectors.

For the two nuclei investigated with the highest statisti-
cal accuracy (2?7 Ac and **® Ac) the data were also completely
analyzed with respect to the correlated three parameters:
nuclear excitation energy, fragment kinetic energy and frag-
ment mass. :

3. TFISSION PROBABILITY FOR ASYMMETRIC AND SYMMETRIC FISSION

The mass distribution for 227 Ac for 7 < E_ £ 13 MeV as
given in fig.2 shows a triple humped curve with™ clear minima
between the three mass yield peaks. Since second~chance fission
is excluded here for energetical reasons, we can conclude that
both fission modes really occur in the same nucleus, contrary
to speculations that one of them is due to fission of another
isotope after neutron emission from the originally excited
nucleus.

Figs 3 and 4 show fission probabilities and fragment aniso-
tropies as a function of excitation energy in the fissioning
nuclei — 226,227,228 pc gng 225,227 Rg, respectively, separately
for the symmetric and asymmetric fission modes. In all cases the
data presented for the (in most cases dominant) asymmetric com-
ponent were obtained by subtraction of the curve indicated in
the figs. for the symmetric component from the data points for
total fission which were measured with higher statistical
accuracy (events of type (b)). Only for *** Ra in fig.4 the
total fission probability is given in addition, for clarity
displaced by a factor of 10.

Several interesting features are directly visible in figs.
3 and 4.

1. Most important, symmetric and asymmetric fission eppear, in
fact, to be associated with different fission barriers; for all
cages except 225 Ra the symmetric barriers appear to be higher
than the asymmetric ones. This is definitely true for 227 Ac and
228 pc, the two cases with the highest statistical accuracy

(8.5 MeV compared to 7.3 for ?*7 Ac, 9.2 compared to 7.2 for

228 pc respectively). In these cases, the upper limit for a
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FIG.4. Fission probabilities and fragment anisotropies for **Ra and ?*’Ra as a function of the excitation
energy in the fissioning nuclei., Arrows mark the neutron binding energies,

possible symmetric yield averaged over the region between the
two thresholds relative to the symmetric yield just above the
symmetric threshold is 6% (95% confidence limitg. The fragment
angular anisotropies also seem to be different for the two mass
components; the dashed line in the plots for symmetric fission
(top of fig.?) marks the anisotropy for the asymmetric compo-
nent. This difference further supports the interpretation of
the different threshold behaviour as really being due to se-
parate barriers.

2. Pollowing the well-known trend at the lower-Z actinides, the
atomic number of the fissioning nucleus appears to have a pre-
dominant influence on the total fission probability. From Ra to
Ac, 2dding one single proton increases the fission probabili-
ty near the threshold by almost a factor of 10. Nevertheless,
the absolute fission probabilities, especially for symmetric
fission, are extremely small, which, of course, presents the
major difficulty of these experiments.
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3. The competition of symmetric and asymmetric fission seems to
be governed more by the neutron number. Clearly, both for Ra
and Ac the nuclei investigated with the smallest neutron numbers
(#% Ra and **® Ac) reveal the biggest relative contributions of
symmetric fission.

4, The fission probability for both the symmetric and asymmetric
component rises exponentially with increasing excitation energy,
generally for the symmetric component much steeper than for the
asymmetric one. In the logarithmic plots of figs.3 and 4, the
slope of the fission probability d(logfly /7))/9E« for both
fission modes remains constant for at least 5 MeV above the
barrier (the increase above the dotted line for **®Ac in fig.3

is caused by the onset of second-chance fission) and is much
smaller than expected on the basis of simple statistical model
considerations [25]. However, it _seems to be influenced by the
same parameters used in ref.[25] to describe the statistical
aspects of neutron evaporation vs., fission competition. Fig.5
shows the slope b and the intercept a of the function logﬁ?/m)=
a+b(E,-E;) as a function of E.-B s E, being the fission barrier
and B ' the neutron binding engrg§ of “the daughter nucleus after
neutr8n evaporation, corrected for even-odd neutron number
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effects (B! =B _+A; A=0 for odd N and equal to the neutron ener-
gy gap for"evell-N daughter nuclei[2ﬂ; for a nucleus (Z,N) it has
been deduced by interpolating differences in the neutron binding
energies [26] for the nuclei %Z,N), (z, N~1) and (2Z,N), (Z,N+1)).
Although the observed slopes are higher and the fission proba-
bilities are lower for symmetric compared to asymmetric fission,
both components seem to follow the same trend.

5. Most surprisingly, however, the yield of the symmetric com-
ponent even exceeds that of the asymmetric component already a
few MeV above the threshold, as is evident for *2’Ra and

28 pc  within the range of our data and has been observed also for *27Ac
[8-10]. This result cannot be_due to second-chance fission as
has been speculated before[27]. Nor can it be explained [27]

as due to a washing-out of shell effects with increasing exci-
tation energy, which,according to recent calculations[28], should
be negligible at these low energies. In a simple statistical
model for the competition of symmetric and asymmetric fission,
level density considerations to be valid would require the level
density parameter a_ for levels associated with the symmetric
saddle to exceed th8t for level densities above the asymmetric
saddle, a,, by more than 30% for 227 Ra and %% Ac.

6. The fission probability for the asymmetric component of 27Ac shows a
definite structure in the region of the fission threshold. Although the
minimum in the structure might be correlated with the onset of symmetric
fission,it could more likely be caused by the competing neutron channel
(the difference between fission threshold and neutron binding energy being
only 0, 7 MeV in that case), since similar effects are not observed for the
other reactions in Figs 3 and 4. A similar structure (a ''plateau')
observed in the 226Ra(n, f) reaction at 8.5 £ E, = 9. 5 MeV in 227Ra [29] is
not confirmed in our 226Ra(d, pf) data.

In conclusion, we have found experimentally the existence of different
barriers for symmetric and asymmetric fission in the same nucleus,
suggesting that the character of the fragment mass split is already pre-
determined at the saddle stage of the fission process. Although this seems
to be in accord with the expectations from shell model calculations [14, 15],
a deeper understanding specifically of the rapid increase of the symmetric
fission probability above the asymmetric one has to await further detailed
analysis.

4. FRAGMENT MASS AND ENERGY DISTRIBUTIONS

Aside from the fundamental question on different barriers
for symmetric and asymmetric fission, the observed data contain
a rather comprehensive information on the fragment mass and
kinetic energy distributions as a function of excitation
energy of fissioning Ac-nuclei, Although much has been known
on this subject before[5,8~10] a more detailed presentation
of our data on the reactions observed with the highest statis-
tical accuracy, i.e. **°Ra(*He,pf) and 2*¢ Ra(*He,df), seems
reasonable since only the present data allow one to exclude in-
fluences from second- and higher-chance fission.
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being averaged, Data shown refer to excitation energies in ?*TAc between 7 and 13 MeV (first-chance
fission only).

Fig.6 shows the fragment mass yield, the average total
kinetic energy and the width of the kinetic energy distribu-
tion as a function of fragment mass for all events observed in
the reaction 22 Ra(®He,df). Although this sum is weighted in a
complicated way by the fission probability and by the energy-
dependent (3He,d) cross-section (high deuteron energy corres-
ponds to low excitation energy), it contains only data for
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excitation energies in *7Ac(7 MeV < E_ £ 1% MeV)and therefore
refers to first-chance fission only, second-chance fission
being ruled out by energy considerations. The data show the
same features as those known for higher-energy fission of

227 $¢[9,10] and similar nuclei:

a minimum in the mass distribution around fragment mass
A=125;

an average fragment kinetic energy being about 10 MeV lower for
near symmetric mass splits (A& 114) with respect to A=134 to
126 and the subsequent decrease for higher fragment masses,

well known for asymmetric fission and explained by shell effects
in the nascent fragment nuclei{1];

a distinct maximum of the width of the kinetic energy distri-
bution for fragment masses A=128 to 130, which can be inter-
preted as strong evidence for the existence of two components
as outlined in section 1. For **¢ Ra(®*He,pf), the data observed
look rather similar. For E_> 12 MeV they contain contributions
of second-chance fission (see fig.3).

In figures 7 and 8, the average kinetic energy is
analyzed for the symmetric and asymmetric component separately
as a function of excitation energy in the fissioning nuclei
227 Ac and 2*® Ac, respectively. (The squares in fig.8 refer to
data corrected for second-chance fission using the data of
figs.7 and 3). The average values for both components not
only appear to be different in absolute value, indicating that
the distances of the charge centres of the nascent fragments
at scission are different for the two components. They also
change with excitation energy in a different way. For asymmetric
fission, the fragment energy decreases with excitation energy by
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FIG.7. Average total fragment kinetic energy for the asymmetric and symmetric component as a function
of excitation energy in the fissioning nucleus **’Ac, Lines represent least squares fits,
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aEk/aEy=-o.7zio.’| 5 for 2*%2Ac and aEk/aEx=-o.6aio.o7 for %7 Ac

(corrected for+second—chance fission), very similar to
aEk/ZbEX=-O.54~O.O4 found for the (asymmetric) fission reaction
2pu™(d,pf)[30] . In particular, this decrease is greatest

for the near magic heavy fragments with A = 13%2-134, This is
more clearly shown in fig.9, where for 2?2 Ac the average slope
aEk/aEX is plotted as a function of fragment mass (not corrected

for second-chance fission effects), This trend is consistent
with earlier measurements[30-32] and explicitely discussed in
refs.[Bﬂ,B}]. Contrary to asymmetric fission, the fragment ki~
netic energy for the symmetric component does not change signi-
ficantly with excitation energy (if at all, it rather increases
than decreases; thg comparative values fordE, /@/E_ are

0.14%0.22 and 0.1320.11 for ** Ac and 2* Ac,” refpectively).
The different behaviour for symmetric and asymmetric fission
also in this respect is another piece of evidence for the
existence of two separate fission modes.

Thus it seems that after the gross determination of the
symmetric or asymmetric character of fission made already at
the barrier, the two components follow a different path with
no or little overlap in the development from the barrier to
the scission configuration.
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DISCUSSION

H.C. BRITT: Your I}/I; results show structures that look very much
like subbarrier resonance structures, especially in the case of 227Ac, and
I am curious to know what the experimental energy resolution was in these
experiments, If the structures are subbarrier resonances, then it seems
possible that the estimated asymmetric barrier heights might be too low,
as was the case for %%Pu before we took resonance phenomena into account.

E. KONECNY: The experimental energy resolution was about 100 keV
FWHM, For statistical reasons, however, we have summed over 200-keV
energy intervals., The structure observed is not broadened by insufficient
resolution, It is very interesting that the dip in the structure for 227Ac
occurs exactly at the position where the symmetric fission sets in. We
have therefore looked for similar structures in the data for the other nuclei
investigated and have not found any with statistical significance,

H.J. SPECHT: We have discussed three possible explanations for the
structure in the case of ??TAc. First of all, one might suspect transmission
resonances below the barrier, as Mr. Britt has pointed out. However,
the width of the structure is of the order of 1 MeV, which is much more
than the instrument resolution, but also much more than the width normally
observed for such resonances. As in the other cases, the fission probability
increases extremely rapidly at the barrier, in accordance with the behaviour
of a single rather than a double barrier,.

Secondly, as Mr. Konecny has already said, the minimum in the
structure coincides exactly with the onset of symmetric fission, This looks
very much like a destructive interference between two coupled channels,
and, in fact, the size of the dip even agrees quantitatively with such an
exciting speculation, Unfortunately, however, we just do not find this
phenomenon in the other nuclei investigated.
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The third and I think the most likely explanation at the moment is the
presence of some structure in the competing neutron channel., In the case
of 227Ac, the difference between the fission threshold and the neutron
binding energy is only about 1 MeV, whereas in all the other cases this
difference amounts to 2-3 MeV.

C.F. TSANG: I should just like to raise again the idea that Dietrich
suggested in Session IV in the discussion on Bj$rnholm's paper!. One
can perhaps understand the behaviour of I; /I;, for asymmetric and
symmetric fission based on Bj¢rnholm's enhancement of L; /T, for
asymmetric shapes. The observation that initially the asymmetric I}/T;
is much larger than the symmetric one may be due in part to this enhance-
ment. Then the rate of increase of I; /I, as a function of excitation energy
for the asymmetric case being much less than that for the symmetric case
may be explained by the washing-out of this enhancement,

H. GROENING: The data for 2Ra seem to indicate that the fission
barrier for symmetric fission would be much thinner than that for asym-
metric fission, I understand that Nix has mapped the potential energy
surface for Ra and I wonder if the calculations bear this out,

Also, I do not think that the data which you obtained differ greatly from
those of Babenko and co-workers? in the 226Ra(n, f) reaction, Both show a
plateau at rou%hly the same energies with a subsequent sudden increase.
Your data for *®Ra seemn to show an analogous phenomenon,

E. KONECNY: The statistical accuracy of our 227Ra data is too small
to establish the slope of the symmetric threshold. From the data on %27Ac
and 228Ac, however, we find no significant differences in the steepness of
the symmetric and asymmetric threshold, The subsequent rise in fission
probability for the symmetric component is attributed to the neutron
emission vs fission competition and not to the penetration of a barrier,

The hint of a (statistically non-significant) ''plateau’ in our data on
227Ra relates to excitation energies of about 9.4 to 10 MeV compared to
the plateau observed by Babenko and co-workers at about 8,5 to 9.5 MeV.
At these latter energies we observe a fairly steep rise in the fission
probability instead. For 2%°Ra our data are statistically not precise enough
to deduce any structure.

D.G, PERRY: Would you comment as to why, in the case of 228Ac,
one sees a rise attributed to second-chance fission in the asymmetric
component, but not a corresponding increase in the symmetric component?

E. KONECNY: At the onset of second-chance asymmetric fission at
an excitation energy of about 12, 5 MeV in 28Ac the first-chance asymmetric
fission probability is about 2, 5 X 103, compared to an asymmetric fission
probability of about 5 X 1073 in??"Ac; thus second-chance effects become
very clearly visible., For symmetric fission, second-chance fission
effects may be expected at about 14 MeV in 228A¢ (very close to the end
of the energy range covered in the experiment), where the first-chance
symmetric fission probability is also about 2.5 X 1073, The symmetric
fission probability for 2?8Ac near the threshold, however, is only about
3 X 10%. Therefore second-chance effects for symmetric fission do not
become observable in our data,

! BJQRNHOLM, S., BOHR, A,, MOTTELSON, B.R., Paper IAEA-SM-174/205, these Proceedings, vol, 1,
? BABENKO, Yu.A,, etal., Sov, J. Nucl, Phys, 10 (1969) 133,
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S. BIPRNHOLM: Do you still see the bump around 8 MeV in 227Ac
when you sum the symmetric and asymmetric fission probabilities?

E. KONECNY: Yes,

H.J. SPECHT: One should distinguish between an interference effect
and simple competition between uncoupled channels. In the first case, the
sum will still show structure, whereas in the latter it will not.

S5.S5. KAPOOR (Chairman): I should like to point out that your results
showing a larger anisotropy for symmetric mass divisions are in agree-
ment with the results of some of our measurements carried out about
eight years ago for the 4~MeV neutron-induced fission of #5U, These
results seem to imply that not only Kg but also mass division should be
determined at the fission transition point,

E. KONECNY: You are correct, The differences in anisotropies for
symmetric and asymmetric fission support the theory that the two fission
channels proceed over different barriers associated with different K-
distributions. As far as correlations between fragment anisotropies and
the finer details of the mass division are concerned, no conclusions can
be drawn on the basis of our resulis,
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FRAGMENT MASS AND KINETIC ENERGY
DISTRIBUTIONS FOR FISSIONING SYSTEMS
RANGING FROM MASS 230 TO 256%*

J.P. UNIK, J.E. GINDLER, L.E. GLENDENIN, K,F, FLYNN,
A, GORSKI, R.K, SJOBLOM

Chemistry Division, Argonne National Laboratory,

Argonne, IIl,, United States of America

Abstract

FRAGMENT MASS AND KINETIC ENERGY DISTRIBUTIONS FOR FISSIONING SYSTEMS RANGING FROM
MASS 230 TO 256,

Pre-neutron~ermission fragment mass and total kinetic energy (TKE) distributions, as well as mass-
energy correlations, have been obtained for thermal~neutron-induced fission of 2°Th, 3%y, %y, 2¥py,-
¥5cm, *°Cf, *4gs and spontaneous fission of 25Cm, 2¢Cm,. 2°Cf, 2%Cf, Cf and ®*Em using the double-
energy method. Post-neutron-emission mass distributions of fragments formed in the thermal-neutron-
induced fission of !Cf, *Es, *Fm and spontaneous fission of 2**Es, 2Fm and 253-‘}11 have been obtained
radiochemically, These data, covering a wide range of different fissioning systems, make possible detailed
examinations of many aspects of the fission process, All the double-energy data were analysed in a self-
consistent manner (identical energy calibration methods, corrected for neutron-emission effects, experimental
resolution, fragment energy losses in target materials, etc.) so that the precision of reported TKE values
and fragment masses, relative to the energy calibration method used, are believed to be better than £0, 5 MeV
and 20, 2 amu, respectively, Several of the pre-neutron mass distributions, particularly for S Tiyn, 1,
235U(n, f) and z"SCm(sf), exhibit pronounced fine structure, This observed fine structure is discussed in terms
of enhanced formation of even-Z fragments in fission, nuclear chatge division and fragment shell structures
at large deformations, The total kinetic energy released in the fission of 6Cm and #°Cf resulting from
neutron capture is greater than in the respective cases of spontaneous fission, However, the fraction of initial
excitation energy appearing as additional TKE in the fission of 25°Cf is substantially greater than for 26Cm,
consistent with existing neutron emission probability measurements. The neutron emission function 7(4)
for pre-neutron-emission fragment masses has been indirectly determined by comparison of cumulative
pre- and post-neutron-emission mass yields for thermal-neutron-induced fission of **Es and spontaneous
fission of “?Cf and ***Fm, The trends in P{A) and the characteristics of the mass distributions as a function
of the fissioning nucleus and excitation energy are discussed.

1. INTRODUCTION

The large amount of data published in the past on fission
fragment mass and kinetic energy distributions has contributed
greatly toward our qualitative understanding of many aspects of
the fission process. However, recent, rapid advancements in
fission theory now require data of greater precision, studies
of a wider range of fissioning systems (particularly the heav-
iest elements, such as fermium), and investigations of the many,
finer details of the fission process. Unfortunayely, complete
post-neutron-emission (secondary) mass distributions of the
fission products are presently known for only a few of the more
rgsdi]y avajlable isotopes of uranium and p]uton1um‘anq for
25z, Physical measurements of the pre-neutron-em]ss1on.(pr1—
mary) mass and kinetic energy distributions and their various

* Work performed under the auspices of the US Atomic Energy Commission,
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correlations have been made for a much Targer number of fission-
ing systems. However, much of this data is of Timited value
because of uncertainties associated with the different methods
used for energy calibration, the corrections applied for neutron
emission from the fragments, the quality of the sources, the
experimental resolutions, etc.

A comprehensive program is currently underway to investi-
gate fragment mass and kinetic energy distributions for a wide
range of nuclides that fission either spontaneously (sf)} or
when irradiated with thermal neutrons (n,f). A1l data are col-
lected and analyzed in a complete, self-consistent manner to
attain the highest relative precision and absolute accuracy
possible with available experimental methods. Secondary mass
distributions are determined radiochemically, whereas primary
mass distributions are obtained with solid-state detectors
using the well-established double-energy method. These two
methods are complementary since the radiochemical method can be
used to obtain mass distributions for many fissioning systems
where physical measurements are not feasible because of extreme-
1y low fission specific activities, low fission-to-alpha emis-
sion branching ratios, etc. On the other hand, for those fis-
sioning systems where primary and secondary_mass distributions
are known, neutron emission probabilities, v(A), as a function
of fragment mass can be indirectly obtained. The double-energy
method provides a great deal of additional information, such as
fragment kinetic energies and fragment mass and kinetic energy
correlations. In the present investigation ggga have Egen ob-
tained for fissioning nuclides ranging from Th to 299Fm,
These results, combined with our earlier studies of nuclear
charge distribution [1] and mass distribution fine structure
[2] in fission, now make possible detailed examinationsof many
aspects of the fission process.

2. EXPERIMENTAL PROCEDURE
2.1, Double-Energy (Physical) Method

The fissioning systems studied by the physical method are
Tisted in Table I. As indicated in this table, most of the
sources were prepared by direct collection of de-accelerated
isotope separatgr beams of the heavy-element isotopes onto
thin (90 wng/cm2) nickel foils. To avoid penetration of the
heavy-element materials into the backings, collection voltages
of only 300 volts were used. The 233U, 2350 and 239Py targets
were prepared by vacuum volatilization of_ the respective tetra-
fluorides onto the nickel backings, and 252Cf sources were pre-
pared by the self-transfer method. Source thicknesses were
" kept quite Tow to minimize uncertainties caused by fragment
energy losses in the target materials. Calculated energy losses
were used for the majority of the sources which had energy loss-
es of less than 0.2 MeV based upon the measured thicknesses.
Energy Tosses were measured directly for those few sources hav-
ing energy losses greater than 0.2 MeV. As a result of these
precautions and measurements the uncertainties associated with
the energy losses of fragments in the target materials are gen-
erally Tess than = 0.1 MeV.
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Coincident fission fragments were detected by two 4-cm2
gold-surface-barrier silicon detectors. The resultant pulse
heights were recorded event-by-event onto magnetic tape for
subsequent off-line data processing. A1l data were taken with
an identical experimental arrangement and electronics, similar
to those described in Ref. [1]. The fragment masses and kinetic
energies were calculated event-by-event using an iterative tech-
nique. Post-neutron~emission kinetic energies of complementary
fragments were first calculated from the recorded pulse heights
using the mass-dependent energy calibration based on a 252Cf
fission fragment energy spectrum [3]. The post-neutron-emission
kinetic energies were then transformed to pre-neutron-emission
energies by a suitable correction for the average effects of
neutron emission from the fragments. Published_neutron em}gsion
functions, v&A), were used for the 233u(n,f), 235u(n,f), 239y
(n,f) and 252Cf(sf) fissioning systems [4-6]. Neutron emission
probabilities as a function of fragment mass are not known for
the other cases studied. Therefore, the appropriate shape of
the neutron function for 229Th{n,f) was assumed to be the same
as that measured for 235U{n,f) [6], and the reported shape of
the 252Cf(sf) neutron function [4] was used in the fragment mass
and energy computations for Cm, Cf, Es and Fm isotopes.
Uncertainties introduced by these assumptions for the shapes of
the V(A) functions are discussed in Sect. 5. In all cases, the
neutron functions were normalized to give the appropriate mea-
sured average total neutron emission ?UT) values [75 when aver-
aged over the computed mass distributions,and corrections were
included in these transformations for the dependence of V(A) on
the total kinetic energy release. The primary fragment masses
were then calculated from the pre-neutron-emission energies
through the conservation laws of mass and Tinear momentum. The
iteration procedure began with an estimate of the fragment mass-
es and subsequently used results of the preceeding iteration
until convergence criteria were met for the computed masses and
kinetic energies.

By using the same experimental arrangement and electronic
equipment, extremely thin targets and backing materials, a sin-
gle consistent energy calibration method and neutron emission
correction method, and by making the necessary second order
corrections, the relative precision of reported average total
kinetic energy values and fragment masses (relative to the
energy calibration method used) are believed to be better than
+ 0.5 MeV and 0.2 amu, respectively., The absolute accuracies
are more difficult to estimate since they are primarily depen-
dent upon poorly understood inherent uncertainties in the
energy calibration method used. However, an analysis of the
data taken in this work for 235U(n,f) and 252Cf(sf) using a new,
totally independent energy calibration method [8] yielded aver-
age values for the masses and total kinetic energies within 0.1
amu and 0.8 MeV, respectively, of those reported here. This new
calibration procedure is based on the energy response of surface
barrier detectors to heavy ions ranging from alpha particles to
low-energy uranium ions and depends upon the mass, nuclear
charge and energy of the ions. 1In comparison, the currently
used calibration method [3] depends only on the mass and energy
of the fragments. Although the new calibration method appears
to be applicable over a wider range of energies and masses than
the existing method, the parameterization of the new calibration
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method must be more fully studied before it can be universally
applied. However, since the two independent calibration methods
yield almost identical results for low-excitation energy fission
of the actinide elements (within their respective estimated
errors), the results quoted here based on the existing calibra-
tion method are believed to have an absolute uncertainty of

+ 0.2 amu and £ 1 MeV for the average masses of the 1ight and
heavy fragment groups and total kinetic energy release, respec-
tively.

2.2. Radiochemiéa] Method

Radiochemical measurements of the fission product mass dis-

Erlbutions were made for the spontaneous fission of ESS

54Fym, 256Fm and the thermal-neutron-induced fission of 2°1¢f,
254€s, and 295Fm. Tach of the above nuclides after chemical purification
accounted for essentially all of the observed fission events
with the exception of the 255Fm samples for which corrections
were made for growth of 251Cf during the neutron irradiations.
Chemical purification was achieved by separating the desired
elements from other actinide elements on a cation exchange
column using Dowex-50 resin in the ammonium form and o-hydr-
oxyisobutyric acid as the elutriant [9]. Whenever purification
from fission products or inert salts was required, a column of
Aliquat-336 (a mixture of trioctyl and tridecyl methyl ammon-
ium chloride) adsorbed on hydrophobic diatomaceous earth [10,
11] was used. Rare earth fission products were removed by elu-
tion with a 1M NHgSCN - 0.01M H2S04 solution. The desired
element was then eluted with 0.02M HpS04. Further purification
was achieved by loading the 0.02M H2S04 solution onto a column
of di(2-ethyl hexyl) orthophosphoric acid (HDEHP) adsorbed on
diatomaceous earth and eluting the column with various concen-
trations of hydrochloric acid [12].

Final samples of the isotapes were prepared by evaporating
a tetraethylene glycol solution of the element as the nitrate
or chioride on a 0.005-inch-thick platinum plate. This gave
samples that were well-distributed and thin enough to collect
recoiling fission fragments on catcher foils. Aluminum catcher
foils were used for spontaneously fissioning samples, whereas
polyethylene catcher foils were used for thermal-neutron-indu-
ced fission to avoid interference by neutron-activated impuri-
ties in aluminum. In most cases, the catcher foils were in
intimate contact with the fissioning source. 1In a few cases,
a 0.00025-inch mylar film was interposed between the fissioning
source and catcher foil to prevent transfer of the actinide
source material and thus avoid possible contamination of Tlan-
thanide fission products with alpha activity.

Neutron irradiations were made in the large pneumatic tube
(rabbit) of_ the Argonne heavy wa%er reactor, CP-5,in a flux
of % 2 x 1013 neutrons cm-2 sec™!. The irradiations were from
thirty to sixty minutes duration.

After an irradiation or collection period the catcher
foils were either counted in a standard position of a Ge(Li)
y-ray spectrometer or dissolved {in HC1 or NaOH for aluminum
and in HC104-HNO3 for polyethylene) in the presence of carriers
for the fission product elements. The fission products were



24 UNIK et al,

isolated using conventional radiochemical techniques and counted
in a beta proportional counter with a Tow background. Fission
yields were calculated from the measured activities using the
appropriate Bateman equations to correct for growth and decay.

3. FRAGMENT MASS DISTRIBUTIONS
3.1. Double-Energy (Physical) Method

_ The first moments of the fragment pre-neutron-emission mass
(A u}s kinetic energy (E_,4) and total kinetic energy (TKE) dis-
tributions as well as the root-mean-square widths of these dis-
tributions are listed in Table I for all of the fissioning sys-
tems studied. The subscripts L and H refer to the Tight and
heavy fragment mass groups,respectively. The pre-neutron-emis-
sion mass distributions for thermal-neutron-induced fission and
spontaneous fission are shown in Figs. 1 and 2, respectively.

A11 of the distributions shown have been corrected for the ef-
fects of experimental mass dispersion caused by neutron evapora-
tion from the fragments, the energy resolution of the detectors
and the energy loss of the fragments in the target materials [1].
The calculated mass resolutions for the fissioning systems
studied here range typically from ¢ = 1.22 to 1.78 amu.

Many qualitative features of mass division in Tow-energy
fission are evident in Figs. 1 and 2. For example, the average
masses of the heavy fragment groups are nearly constant over the
entire range of fissioning nuclides studied, whereas the average
masses of the Tight fragment groups increase with increasing mass
of the fissioning nuclides. There is an appreciable increase in
the yield of symmetric fission fragmenti for the ver% heaviest
fissioning systems, particularly for 2%4Es(n,f) and 256Fm(sf).
Furthermore, it is quite apparent that a great deal of fine
structure exists in the mass distributions, most notably for the
lighter fissioning nuclides. This fine structure has previously
been shown to be the result of a preferential formation of frag-
ments with even nuclear charges in low-energy fission [2, 13,
14]. The shaded vertical bars in Figs. 1 and 2 indicate the cal-
culated masses corresponding to the formation of fragments with
the designated even nuclear_charge numbers. The most probable
or average nuclear charge, Z; y, associated with a fragment of
mass, Al g, wag_found in ear%ier charge division studies [1]
of 233U(3"F), 235U(n,f), 239u(n.f) and 252CF(sf) to be N0.5
0.2 proton greater for the 1ight fragment and 3 0.5 proton Tess
for the heavy fragment than calculated on the basis that the
fragments are formed with the same charge density (Zp/Af) as the
fissioning nuclide. From this observation the average fragment
masses corresponding to given even nuclear charges, as indicated
in Figs. 1 and 2, were calculated using the relationships,

L= (AF/ZF)(ZL - 0.5) (1)

b
1

ol
ll

wo= (Ap/Zg)(Zy + 0.5) (2)

As can be seen in Figs. 1 and 2, there is generally excellent
agreement between masses corresponding to the maxima of the
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mass-distribution fine structure and the calculated masses
associated with fragments possessing even nuclear charges. The
widths of the shaded bars shown in Figs. 1 and 2 reflect an
estimated £ 0.2 proton uncertainty in the calculation of average
masses associated with even-charge fragments.

By closer examination of the mass distributions shown in
Figs. 1 and 2, there appears to be a strong preference in these
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fissioning systems for mass and charge divisions that yield heavy-
fragment groups containing 52 to 58 protons. Major fractions of
the yields for all these fissioning systems are associated with
heavy fragments formed within this range of protons numbers.
Furthermore, there appears to be a preference for divisions in
which the 1ight fragment contains 42 protons and is complemen-
tary to a heavy fragment with 52, 54 or 56 protons. For thor-
ium and uranium isotopes where the Z = 42 1ight fragments are

not complementary to these proton numbers, these charge-mass
divisions occur in very low yields. However, for fissioning
nuclides of plutonium, curium and californium the divisions
corresponding to (Z;,Zy) = (42, 52), (42, 54), and (42, 56),
respectively, generally occur with the highest or nearly highest
yields. It is not immediately obvious that, in the act of fis-
sion, fragments formed with these protons numbers have special,
stabilizing properties which strongly influence the fission mass
and charge distributions or whether the neutron numbers associa-
ted with these proton numbers are the more important, controlling
factors.

Wilkins and Steinberg [15] have been somewhat successful in
reproducing the qualitative features of mass distributions over
a wide range of fissioning nuclides using a static potential-
energy surface calculation. The total potential energy of two
nearly tangent spheroids was calculated as the sum of three de-
formation-dependent terms: 1) a liquid-drop term, 2) a Strutin-
sky-type deformed-shell and pairing correction term, and 3) a
Coulomb interaction correction term between the fragments. The
minima in the potential energy surfaces were found to be criti-
cally dependent on the fragment deformations and the size of the
deformed-shell correction terms. In their model, Wilkins and
Steinberg calculate the relative potential energies for all mass
divisions at the value of the deformations for 1ight and heavy
fragments corresponding to the minimum in the surface and relate
these potential energies to the observed fission yields. Examina-
tion of the various contributions to the total potential energy
at these deformations reveals that the minima are strongly in-
fluenced by sizable negative shell corrections occurring for
neutron numbers in the vicinity of %66 and 88, and for proton
numbers of ¥44 for large fragment deformations. These shell
corrections, taken from the work of Strutinsky [16], are shown
in Fig. 3. In this figure, a deformation parameter of n & 9
would correspond to the deformation at which the deepest minima
in the calculated potential energy surface occur. As can be
seen in Fig. 3 for this region of fragment deformations, there
are no sizable negative proton shell corrections corresponding
to the large fission yields observed for 52 < Z < 58. However,
a large netative shell correction exists for fragments having
%80-90 neutrons. These fragments have proton.numbers associated
with them which are within the Z = 52 to 58 range. Sizable
shell corrections also occur at these deformations for Z % 44
and N &% 66, nucleon numbers that are quite close to those of the
Z = 42 fragments which also seem to play a role in determining
fragment mass distributions in fission.

Therefore, on the basis of simple, static potential energ
considerations, the neutron shell corrections (level densities{
for deformed fragments near 88 neutrons seem to be important in
determining the relative constancy of the heavy fragment mass
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group near Ag % 140 for a wide range of fissioning nuclides. In
addition, neutron and proton shell corrections near N % 66 and
Z X 44 also contribute to the shapes of the fragment mass distri-
butions. Further refinements in the calculation of these poten-
tial-energy surfaces including shell corrections which are cal-
culated more precisely [17] may lead to a more quantitative
;Qterpretation of many aspects of mass and charge division in
ission.

3.2. Radiochemical Method

Fission yields for the various mass chains determined in
this work are presented in Table II and plotted as mass-yield
curves in Fig. 4. Included in both the table and figure are
the fission yields determined previously at this laboratory for
256Fm(sf) [18]. The errors for the values given in Table II
were evaluated on the basis of the number of measurements, the
statistical error in the counting rate determination, and any
uncertainties in the decay scheme of the particular nuclide
measured. The measured yields of the isomers 53.5-h 115dcd and
27-h 1219Sn were converted to total chain yields by using values
for the isomer ratio, (m+g)/g, reported for 2350(n,f) as 1.072 %
0.02 [19] and 1.156 = 0,05 [20], respective1¥. However, the
reported isomer ratio of 2.5 £ 0.2 [20] for 1259Sn in 2350(n,f)
does not appear to be apg1icab1e to the heaviest fissioning
systems, 259Fm(n,f) and 256Fm(sf) (see Table II and Fig. 4). This
leads to some uncertainty in estimating the peak-to-valley ratios
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FIG.4, Radiochemically determined mass-yield curves for several fissioning systems,

for the othe¥ Eissioning systems (Table III). An isomer rat;o

of X1.5 for 1299Sn s suggested by the mass-yield curve for 2°5Fp
{n,f) and was used to establish approximate valley positions for
the other cases (arrowheads in Fig. 4). Summations of the mass-

yield curves for the six fissioning systems were normalized to
200%.

It is interesting to note the marked decrease in the peak-
to-valley ratios of the mass distributions (enhancement of sym-
metrical fission) with increasing mass of the fissioning nucleus
for both spontaneous and neutron-induced fission. Of partjicular
interest is the nearly symmetrical fission in the case of 255Fm
(n,f) (with a peak-to-valley ratio of only ~N2.5) in view of the
reported symmetrical fission for 257Fm(n,f) [21]. Enhancement
of symmetrical fission with the increased excitation energy of
& 6 _MeV from neutron _absorption is also apparent in gggparisons
of 251Cf(n,f) with 252Cf(sf) and of 255Fm(n,f) with Fm(sf).
Shigin [22] has predicted on the basis of a statistical approach
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TABLE III. Summary of Radiochemically Determined Mass
Distribution Characteristics

Fissioning ML MH 3} Peak-to-Valley
System (amu) (aru) Ratio
224Th(n,f) 87.6 139.9 2.5 500
2835 (n,f) 93.3 138.2 2.5 440
285(n,¥f) 94.9 138.6 2.5 620
289py{n,f) 98.9 138.1 3.0 150
24%Scm(n, f) 102.8 139.2 4.0 155
2490f(n,f) 105.8 139.8 4.4 230
281cf(n,f) 107.3 140.7 4.0 %20
252¢0f(sf) 106.1 142.1 3.8 2600
253Fg(sf) 105.9 142.4 4.7 450
25%Fg(n,f) 110.6 140.2 4.2 &8
25%Em{sf) 108.8 141.5 3.7 860
255em(n, f) 113.2 138.8 4.0 2.5
258Fm(s¥) 111.8 141.0 3.2 12
252

that symmetrical fission of Cf will decrease with an_increase
in excitation energy. The results presented here for 251Cf(n,f)
clearly do not support this hypothesis. Alse in evidence in

Fig. 4 is the shift of the light mass peak and the relative con-
stancy of the heavy mass peak. The characteristics of the six
mass distributions are summarized in Table III together with the
characteristics of several other mass distributions determined
previously.

The variation with fissioning mass in the mean masses (first
moments) of the 1ight and heavy groups for both primary (solid
curve) and secondary (dashed curve) mass distributions is shown
in Fig. 5. Previous papers (e.g.,Ref. [18]) have considered the
variation of the mean secondary masses, M and My, to be essen-
tially Tinear functions of the fissioning mass (AF) with only
252¢t(sf) deviating from this pattern. However, with the new
data presented in this paper it is clear that these functions
(for both primary and secondary masses) are not quite Tinear and
ghat there is a distinct deviation in the region of Ap X 250 to

55.

_  VYalues of the average total emission of neutrons per fission
(v1) presented in Table III and Fig. 5 are those derived by the
mass-balance relationship

Sp o= Ap - (M + W) (3)
These values agree fairly well with values of VT measured direct-

1y [7] (depicted by the dashed-dot curve in Fig. 5) and seem to
indicate a leveling off of vy for Ap > 245,



32 UNIK et al,

T T I ] ! I I
'g 145 — ]
n—n
ICA /E/+t Je
o L S RN
3 140+ \P\\H_—v———/’g:/‘f N
& Sy *
)
rRECT S P!
Q -
o
: v Pu 7
¢ o Cm .+/+
Z 1o~ 8 OCf /7 .
= |t
@ 4 dEs P gt
72} & rd
T ® OFm -+ +
" I05—~  —+— Secondary Mass pad 7]
(o)
&
2 100 .
=
3
59 1
=
90 1
| +/ P
o < _
4 . /.o——— '_D ® Q
Cocr b _Aa—""
I~ 2 - B
AN -
| | 1

| | I |
225 230 235 240 245 250 255 260
MASS OF FISSIONING NUCLEUS (amu)

FIG, 5. Average primary masses (solid curves) and secondary masses (dashed curves) of the fission product
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4. FRAGMENT TOTAL KINETIC ENERGY CORRELATIONS

The average total kinetic energy release for many fissioning
systems has in the past been correlated with the symmetric-fis-
sion Coulomb repulsion parameter ZF/AF1/3, i.e.,

1/3

KE = B (zz%/Ap' /%) + ¢ , (4)

However, in previous correlations, e.g.,Ref. [23], TKE values
with Targe uncertainties were included as well as data for fis-
sioning systems with widely different excitation energies and
angular momentum distributions. The total kinetic energy has
previously been shown to be slightly dependent on both excita-
tion energy as well as angular momentum [24]. The TKE values
obtained in this work are correlated with the Coulomb repulsion
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FIG, 6. Correlation of measured average total kinetic energies (TKE) with the symmetric-fission Coulomb
repulsion parameter zE/A} 3 Data for thermal-neutron~induced fission are shown as open circles, data
for spontaneous fission are shown as solid squares, The fissioning nuclides are indicated for each data point,

parameter in Fig. 6. The line in this figure is the result of a
least-squares fit of the (n,f) data (open circles) to Eq. (4)
yielding B = 0.13323 and C = -11,64. For fission data taken at
nearly the same low excitation energy and with no angular momen-
tum, it is seen that TKE data can be adequately represented by
Eq. (4),generally to within * 1 MeV. However, in fitting the
data, the TKE value for 249Cf(n,f) was omitted since it is con-
siderably Tower than expected from such a linear fit. The

TKE values measured in this work as well as in the work of
others (e.g., Ref. [25]) indicate a deviation for californium
isotopes from this general linear dependence. The first moments
of the fragment mass groups for californium fission also deviate
from the smooth dependence with fissioning mass based upon iso-
topes of other elements as shown in Fig. 5.

The TKE values measured for spontaneous fission are in al-
most all cases less than those measured or interpolated from
(n,f) data, as seen in Table I or Fig. 6. Fragment mass and
kinetic energy correlations have been obtained for spontaneous
fission as well as fissjon following neutron capture for two
fissioning nuclides, 246Cm and 250Cf. In the case of 246Cm
there is Tittle difference between the TKE for 245Cm(n,f) as
compared with 246Cm(sf). However, 250Cf(n,f) has a substantially
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TABLE IV. Energy Balance Comparison: Spontaneous vs
Thermal -Neutron-Induced Fission

Fissioning 246, 250

System 96 98Cf
E*(n,f) (MeV) 6.450 6.617
vo(n,f) 3.832 + 0.034 4,06 + 0.04
Vr(sf) 2.86 * 0.06 3.53 + 0.09
AV 0.972 = 0.07 0.53 £ 0.10
TKE(n,f) (MeV) 184.2 + 0.5 189.1 =+ 0.5
TRE(sf) (MeV) 183.9 =+ 0.5 187.0 * 0.5
ATRKE (MeV) 0.3 £ 0.7 2.1 = 0.7
B (MeV/n) 6.3 * 0.8 8.5 % 2.1

%ﬁgater TKE value than 250Cf(sf). The difference in behavior of
KE of the two fissioning nuclides for (sf) compared with (n,f)
can be directly correlated with the measured neutron emission
probabilities, since the difference in initial excitation energy
between (n,f) and (sf) must appear primarily as additional in-
ternal excitation energy of the fragments (resulting in increased
neutron emission) or additional kinetic energy of the fragments.
The energy balances of neutron emission and TKE for these two
fissioning nuclides are summarized in Table IV. For 246Cm fis-
sion there is little difference in TKE between (n,f) and (sf),
and most of the injtial excitation energy appears as additional
internal excitation energy of the fragments resulting in increas-
ed neutron emission. For 250Cf there is a substantial difference
of TKE (2.1 MeV) for (n,f) compared to (sf). Consequently, Tess
of the initial excitation energy is available for eventual neu-
tron emission. The energy balance can be put into quantjtative
terms by assuming that the initial excitation energy LE*) must
be distributed between additional neutron emission (AVT) and
additional kinetic energy (ATKE) according to the relationship

* — = e
£ = (a9;)B, + ATKE (5)

An average energy required to emit a neutron, B X 7 MeV/neutron,
is obtained from this correlation using the available data. This
is quite consistent with the generally accepted value for Bn'

Comparison of spontaneous fission with fission taking place
above the barrier as in (n,f) for the same fissioning nuclide
can, in principle, provide information regarding dynamic, dam-
pening effects in fission. However, the meager amount of infor-
mation available at present indicates that interpretations will
be very complex. As seen from the 246Cm and 250Cf data pre-
sented here, there are differences in TKE between (sf) and (n,f).



TAEA-SM~174/209 35

TTKE (A) (MeV)

TKE(A) (MeV)

{c)

o 29%Cm (sf) |
+ 245Cm (n,f) ]

Fragment Yield (%)

125 130 135 140 145 150 155
Heavy Fragment Mass A (amu)

FIG.17. (a) rms: of total kinetic energy distribution, (b) kinetic energy data and (c) primary fragment mass
distribution for *°Cm(sf), shown as circles, and for 2*Crm(sf), shown as crosses, All distributions are
uncorrected for experimental dispersion,

However, the differences are variable from one fissioning nuclide
to another,and furthermore they are dependent on the fragment
masses. Figs. 7 and 8 show comparisons of the mass distri-
butions and TKE values as a function of fragment mass for sEon-
taneous fission and fission following neutron capture for 246¢m
and 250Cf, respectively. The data shown in these two figures
have not been corrszged for experimental resolutions. The mass
distributions for cm(sf) and 245Cm(n,f) are very similar, with
the 245Cm(n,f) mass distribution being s]ight1¥ more asymmetric.

n _the other hand, the mass distributions for 250Cf(sf) and

49¢f(n,f) are quite different, with the 249Cf§n,f) case being
more symmetric, contrary to the results for 246Cm. For both
fissioning nuclides, the major differences in TKE between (sf)
and (n,f) occur for fragment masses more symmetric than the aver-
age masses as shown in Figs. 7b and 8b. Correction for the poor-
er mass resolution of the (n,f) cases (because of increased neu-
tron emission) would slightly increase the observed differences
in TKE for {(n,f)} and (sf? cases in mass regions more symmetric
than the average masses and decrease the observed small differ-
ences for very asymmetric mass divisions.

1
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FIG.8. (a) rms of total kinetic energy distribution, (b) kinetic energy data and (c) primary fragment mass
distribution for 25°Cf(sf), shown as circles, and for *°Cf(n, f), shown as crosses, All distributions are
uncorrected for experimental dispersion.

Results for the total kinetic energy release as a function
of fragment mass are shown in Fig. 9 for the (n,f) cases studied.
As can be seen, the well known decrease in TKE near symmetric
fission (indicated by vertical Tines) becomes less pronounced
for heavier fissioning systems. While most of the distributions
are essentially structureless, the TKE distribution for 229Th(n,f)
contains a great deal o; Structure. Fig. 10b shows an expan-
ded version of TKE(A) for 228Th(n,f). For comparison the TKE(A)
distribution (normalized by an arbitrary gactor of 0.944) for
the nearest fissioning system measured, 233U(n,f), is shown by a
dashed line. This normalized TKE(A) distribution is shown here
as being representative of previously measured, structureless
distributions. The difference between the measured TKE(A) dis-
tribution for 229Th(n,f) and that representative of a typical
smooth distribution is shown in Fig. 10a. As can be seen, this
difference is of the order of a few MeV. Furthermore, the masses
corresponding to the maxima in Fig. 10a are identical to those
associated with the mass distribution fine structure shown in
Fig. 1. This correlation with masses associated with even-Z
fragments suggests that in 229Th(n,f) mass divisions containing
even-Z fragments have a greater TKE release than odd-Z fragments.



IAEA-SM-174/209 37

I T T | | T T T T T T I

220 —
s 2101 ~
L . =
=
-~ 200+ -
2 ]
[ 1s0]
~ 180 ~
D
2 L
h
S 180
L 7
g 1o 2Sag5(n )
x ’_
35 249¢f(n,f)
5 160 245 -
° Cm{n,f)

150 -

233y (n,f) i
B 229
140 A N NN NN NN RSN D L LA B S

15 120 125 130 135 140 145 150 155 160 165 |70
Heavy Fragment Mass A

FIG. 9. Average total kinetic energy as a function of primary heavy-fragment mass for cases of thermal-
neutron-induced fission., The vertical lines indicate the symmetric fission masses for each fissioning nuclide,

There are several possible explanations for this observation,
none of which are conclusive. However, the interpretation must be related

to the fact that the energy released in229Th(n, f) is low and smaller than

in all fissioning systems studied here, For example, if the energy required
to break a proton pair for formation of two odd-Z fragments came totally

at the expense of TKE, then one would expect the even-Z fragments to

have ~2.5 MeV more total kinetic energy than odd-Z fragments. It may
also be that in this case the energy available for internal excitations
during the transition from the saddle point to the scission con-
figuration is insufficient to break nucleon pairs. A larger
fraction of any existing pre-scission kinetic energy may then
survive dissipation into excitation energy for even-even paired
fragments as opposed to odd-A or odd-odd fragments. The effect
could also be caused simply by a smaller charge separation (of
the order of 2%)of the fragments at scission for even-Z totally
paired fragments as opposed to odd-Z fragments.

5. DETERMINATION OF NEUTRON EMISSION FUNCTIONS

No information is presently available on neutron emission
probabilities as a function of fragment mass, v(A), for the
heaviest fissioning systems (Ap > 252%. However, these func-
tions can be obtained indirectly for 25%Es(n,f) and 2%6Fm(sf)
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FIG. 10, Average total kinetic energy for 2Th(n, f) as a functmn of primary heavy-fragment mass, The
dashed curve in (b) shows the TKE(A) values obtained for® U(n f) multiplied by 0,944. The curve shown
in (a) represents the difference between the two curves shown in (b).

from the primary and secondary mass distributions which have been
determined in the present work and in earlier work [18], since
these distributions are interrelated by the V({(A) function. For
this purpose an iterative method was used to derive neutron
emission functions.

Initially the V(A} function was assumed to have the same
shape as the measured 222Cf(sf) neutron emission function [4].
This function was used to derive a provisional primary mass dis-
tribution as described in Sect. 2.1. The provisional mass dis-
tribution was corrected for experimental mass resolution and
then transformed into a secondary mass distribution using the
assumed neutron function and dispersing the transformed secondary
mass yields with a Gaussian distribution of average variance

<g2(V(A),A)>. The variances were obtained by interpolating or
extrapo]at1ng as a funct1on of vy the average ggsiances deduced
by Terrell [26] for 235U(n,f), 259Pu(n,f) and Cf(sf). The

transformed, secondary mass distribution was then compared with
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the secondary mass distribution obtained radiochemically to de-
termine the accuracy of the transformation. If the two distri-
butions did not agree, a new approximation to the neutron emis-
sion function was calculated. This was done following closely
the method of Terrell [26]. The provisional primary mass yields
were summed to give a cumulative primary mass-yield distribution
as a function of primary mass. The same was done for the radio-
chemical mass yields using a smooth curve drawn through the data
points. This gave a cumulative secondary mass-yield distribution
as a function of secondary mass. The lateral displacement be-
tween these two cumulative distributions when plotted as a func-
tion of mass was equated to the average number of neutrons emit-
ted from a given primary mass. The G%A) function so obtained was
used to calculate new provisional primary masses, and the entire
procedure was repeated until convergence was achieved.

The results of this iterative method are shown in Fig. 11.
The physical data, transformed with various V(A) functions, are
given as curves through the radiochemical data {open circles).
The V(A) functions used in the transformations are given as
corresponding solid or dashed curves._ In all cases, the initial
transformed curves obtained with a 252Cf(sf)-shaped w(A) function
are shown as dashed curves.
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The 252Cf(sf) system provides an excellent test for the
iterative method since the V(A) function has been determined
directly by experiment [4], and a large number of fission pro-
duct yields have been determined as well. As might be expected,
the transformed physical data using the experimental V(A) func-
tion fits the radiochemical data very well (see Fig. 11). There
is, however, an indication of some discrepancy in the fit on the
light side of the light peak (from M & 90 to 106) and in the
valley where the radiochemical yields are <0.5%. The latter
small discrepancy may be attributed,at Teast in part, to uncer-
tainties existing in corrections for the experimental mass re-
solution applied to the physical data and poorly known radio-
chemical yields in the valley. On the other hand, the directly
determined v(A) values [4] in regions of Tow yields also have a
relatively large uncertainty because of mass resolution cor-
rections, etc. The saw-toothed neutron emission function de-
rived by the iterative method for 252Cf(sf) and shown in Fig. 11
is similar to that measured directly [4], thus confirming the
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FIG, 12, (a) mms of total kinetic energy distribution, (b) kinetic energy data and (c) primary fragment
mass distribution for **Es(n, f), Data points indicated by open circles were calculated assuming that the
©(A) function had the same shape as that directly measured for ***Cf(sf) (Ref,[4]). Data points shown as
crosses were calculated using the 5(A) function derived indirectly in this work and shown in Fig, 11,
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validity of the method used here. Other than the region near

symmetry, the most obvious difference between the experimental
and derived v(A) functions is in the mass region of A % 95 to

105 where the derived function indicates greater neutron emis-
sion.

Since the radiochemical mass distributions for 254Es(n,f)

and 256Fm(sf) are considerably less complete than the one_for
2Cf(sf), the uncertainties associated with the derived V(A)

functions shown in Fig. 11 are correspondingly greater. The most
significant conclusions that can be drawn from these results is
that the derived v(A) functions are definitely saw-toothed in
character and the shapes of the functions are most likely dif-
ferent from the shape of the 252Cf(sf) function. Thus, for the
spontaneous and thermal-neutron-induced fission of nuclides
heavier than 252Cf, shell effects continue to play an
important role in determining the relative fragment deformation
energies.

The primary mass and kinetic energy distributions presented
for the fission of Cf, Es and Fm isotopes in Sects. 3.1 and 4
were calculated assuming that the T(A) functions for these sys-
tems have the same shape as the V(A) function measured [4] for
252Cf(sf)._ _However, the V(A) functions derived here for 254fs
(n,f% and 256Fm(sf) have slightly different shapes than that
for 252Cf(sf). It is therefore important to establish what
effect different V(A) functions have on the calculated primary
mass and kinetic energ{ distributions. Such a comparison is
shown in Fig. 12 for 254Es(n,f) which seems to have a J(A) func-
tion most different from that of 2520f(%f%. The open circles
indicate the results calculated with a £°2Cf(sf)-shaped V(A)
function, and the crosses indicate the results calculated with
the derived V(A) function. As can be seen in Fig. 12, the mass
distribution calculated with the Tatter y(A) function is shifted
slightly toward s¥mmetry compared with the distribution calcu-
Tated with the 292Cf(sf)-shaped V(A) function. However, the
results of the two calculations are in very good agreement.
Also_the results of total kinetic energy calculations using the
two v(A) functions agree well. Thus, for the purpose of cal-
culating Erimary mass and kinetic energy distributions, a nor-
malized 252Cf{sf)-shaped $(A) function is a sufficiently good
aEproximation for the heavier fissioning systems investigated in
this work.
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DISCUSSION

M.S. MOORE: What do the closed circles represent in the last figure?

J.P. UNIK: The closed circle data points in the last figure were
obtained using a neutron function which had the same shape as that measured
for 252Ct(sf) but assuming v(A) to be independent of TKE (A).

M.S. MOORE: Is it really fair to include %Th and Fm in the figure
showing average total kinetic energy vesus Z%/A},/3 (Fig. 6), when we know
that these distributions show anomalous behaviour?

J.P. UNIK: For the purpose of this figure, namely to be able to
interpolate and extrapolate unmeasured TKE values, I think it is perfectly
satisfactory to include these data points,

S. BJORNHOLM: I was struck by the amount of structure in the mass
and kinetic energy distributions of 22*Th(n, f) and #6Cm(sf) showing a
preference for even fragments. Extrapolating, you should expect even
more structure in 20, 22py(sf), Have you studied that?

J.P. UNIK: I would expect appreciable fine structure in the mass
distribution for spontaneous fission of #%Py and #2Pu, We are currently
studying #%Pu(sf) but have no data available at this timme. However, Deruytter
will show mass distributions obtained for ##%Pu(sf) in a paper to be presented
later in this session!

J.C.D. MILTON: In your work you have found that the fragment total
kinetic energy increases with the excitation energy of the fissioning system
(i.e. dE;/dE* is positive) yet previous direct reaction studies by many
workers? have shown the reverse effect, Moreover, Konecny has just
shown us (F'ig. 9 of paper IAEA-SM-174/20) that dE, /dE* is most negative
near mass 130, whereas it is most positive at the same point in your Fig. 8.
Do you have an explanation for this discrepancy?

J.P. UNIK: No, I do not have a conclusive explanation for this difference
However, the effect observed in this work is experimentally real and, I
believe, consistent with the observations of Deruytter for fission of #0Pu,
All the cases you cite are for systems above the fission barrier, with
angular momentum, whereas I am comparing systems well below the
barrier with those slightly above the barrier,

M. ASGHAR: It seems that your 23%Pu(n, f) data show less structure
than the neighbouring nuclei, 285y (n, f) and #°Cm(n, f). Could you enlarge
on this?

J.P. UNIK: I have no comment to make on this,

M. ASGHAR: The data show that the peak-to-valley ratio goes down
as the mass of the fissioning nucleus goes up, Have you tried to correlate
this ratio to something like ZZ/A¥®, as you did for the TRE?

J.P, UNIK: We are at present trying to correlate and compare
measured peak-to-valley ratios with various theoretical predictions.

P, FONG: I should like to report some recent calculations on asym-
metric mass distributions, which is still one of the major problems in
fission theory. The starting point of these calculations is the potential

! DERUYTTER, A.J., WEGENER-PENNING, G., Paper IAEA-SM-174/35, these Proceedings, Vol.2.

? KONECNY, E., SPECHT, H.J., WEBER, J., Paper IAEA-SM-174/20, these Proceedings, Vol.2;
MILTON, J.C.D., SPECHT, H.J,, FRASER, 1,S., Ewropean Conf, on Nucl, Phys., Aix-en-Provence,
June-July 1972, J, Phys, (Paris) Colloque 5, Supplement to Vol. 33, No, 8-9 (1972) 17; also earlier work
by Schmitt and others,
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FIG.A. Calculated energy release between saddle and scission for U as a function of fragment mass ratio,

energy surface of Mustafa, Mosel and Schmitt. As the 2%%U nucleus moves
from saddle to scission, the potential energy decreases. Figure A shows
the amount of energy released as a function of the mass ratio of division.
This energy may be transformed to heat excitation energy or kinetic energy
of the collective modes of motion. Two alternative calculations are
carried out. One assumes that all the energy becomes heat excitation
energy, this being the statistical theory which I originated a long time ago.
The other assumes that all the energy becomes kinetic energy and this
will be referred to as the dynamical theory., The results are shown in
Fig.B. The statistical-theory prediction of asymmetric mass distribution
is as good as can be expected, This agreement removes one serious
difficulty in the statistical theory.

If we examine the current status of the statistical theory, we see that
there is no single set of calculations that explains all distributions. On
the other hand, within one systematic consistent framework, there do
exist separate calculations on mass distribution, charge distribution,
kinetic energy distribution, prompt neutron distribution, energy dependence
of distributions, LRA fission rate, LRA energy and angular distributions,
spontaneous fission distributions and so on, These calculations are
reasonably successful and at the present time there are no serious problems.
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FIG. B, Fragment mass distribution for thermal neutron fission of U, calculated assuming energy release
all goes into excitation of the fragments (statistical theory) or energy release all goes into kinetic energy of
the fragments (dynamical theory).

The fact that the calculations are not combined into one single set is
a reflection of the enormous mathematical complexity rather than any
intrinsic fundamental difficulty., With the development of more power=-
ful theoretical tools, such as the Strutinsky prescription, BCS calculation,
viscosity studies and so on I am optimistic that a single set of calculations
for all distributions may eventually emerge.
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Abstract

MEASUREMENT OF THE KINETIC ENERGY DISTRIBUTIONS IN THE THERMAL-NEUTRON-INDUCED
FISSION OF 25Fm AND !Cf,

The kinetic energy distributions of coincident fission fragments from the thermal-neutron-{nduced
fission of “5Fm and 25/Cf have been measured with phosphorus~diffused silicon detectors, The most probable
value of the post-neutron total kinetic energy is 192, 5 + 2,9 MeV for *Fm and 182.1 & 2,7 MeV for
#ICf, Fragment mass distributions were calculated with no neutron emission corrections, The resultant
mass and kinetic energy distributions for *Fm show characteristics indicating predominantly asymmetric
fission with appreciable symmetric fission. Fragments near mass symmetry are unusually energetic, which
is a feature in common with symmetric fission in *’Fm and ®%m,

The thermal-neutron-induced fission cross-sections were measured as 3400 & 170 bams for **Fm and
4800 #+ 250 bams for **'Cf,

The complete text of this paper has been published as:
RAGAINI, R.C., HULET, E.K., LOUGHEED, R.W., Phys. Rev. C9
(1974) 399.

DISCUSSION

M. S. MOORE: Perhaps I misunderstood your comment that the changes
you observe do not seem to be very dependent on excitation energy. To my
mind, the changes between®Fm spontaneous fission and 55Fm + n) prompt
fission appear quite pronounced.

E.K. HULET: I believe you must be comparing the 256Fm(sf) mass
distribution determined by radiochemistry with our distribution measured
by counters. Because of the large difference in mass resolution between
the two experiments, a comparison of peak-to-valley ratios is not very
meaningful. Our conclusion concerning the effect of excitation energy is
based partially on the small changes in the mass distribution we observed
in 21Cf(n, f) compared with 252Cf(sf). The main point is that we do not find
any evidence that excitation energy can be blamed for the very large amount
of symmetric fission found in ¥"Fm(n, f).

M.S. MOORE: Can you extract ¥ for 26Fm prompt fission using these
data and the radiochemical results?

E.K. HULET: Yes, in principle ¥ can be derived from these experi-
ments, but it would be quite inaccurate.

47
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D.C. HOFFMAN: Firstly, I should like to confirm that the counter
experiments do not have as good a mass resolution. For example, the
peak-to-valley ratio for %20t is = 700 from radiochemical measurements,
while = 10 is a good value for counter experiments, In addition,if a &
correction is made for Fm, this can deepen the valley obtained from counter
measurements.

Secondly, as you have pointed out, the highest TKE is observed for
mass symmetric splits both for Z5Fm(n, ) and ®"Fm(sf) but, in addition,
the variance of the TKE is large and some symmetric fission has rather
low TKE. Would you comment on whether this may be another type of
symmetric fission or is it a tailing of asymmetric peaks, in other words,
why is there such a large distribution of TKE at symmetry?

E.K. HULET: Since we can distinguish symmetric fission by the
unusually high kinetic energies of the fragments, the mass-kinetic energy
distributions have the appearance of a symmetric fission mode super-
imposed upon a normal asymmetric one, It looks as if there are two
fission modes present in 25Fm(n, f), ®Fm(sf) and27Fm(n,f). The low
kinetic energies from fragments near mass symmetry would then arise
from the asymmetric mode of fission — that is a symmetric scission
of asymmetrically deformed nuclei,

B.D, WILKINS: We have calculated potential energy surfaces for the
fermium isotopes using a static model. For the ligher fermium isotopes
the calculations show a deepest minimum in the potential energy,
asymmetric in mass, occurring at quite large deformations, As one adds
neutrons, a second minimum, occurring at small deformations, rapidly
comes down in energy as one approaches 24Fm, This minimum is
symmetric in mass and because of its small deformations would be expected
to yield significantly higher TKE values than the asymmetric component.

When one looks at the experimental data for 255Fm(n, f), it is clear
that the asymmetric component is quite dominant even at symmetry, where
one expects it to have a TKE release of about 215 MeV. However, a small
yield from the symmetric minimum giving a TKE of ~240 MeV is readily
apparent,

At ?8Fm the situation has changed with the symmetric minimum
becoming dominant, Thus, in addition to the high TKE release, one
expects a much greater variance in TKE at symmetry owing to the
contributions from both minima,.

F. PLASIL: I would like to disagree with Mr. Hulet's comment that
his results seem to indicate the existence of two modes of fission in the
neutron-induced fission of %55Fm, First, I think that the term '‘fission
mode'" should be reserved for situations where it is clearly demonstrated
that two qualitatively different processes are involved, such as could be
the case if the barriers were to be different. What we should consider
is the question whether there is justification for decomposing the measured
distributions into symmetric and asymmetric components. The decision
to decompose and to talk about two different components is largely
arbitrary, but it does not seem to be suggested by the fragment total kinetic
energy versus fragment mass contour diagram just shown. There is no
hint of a separate peak in the distribution as is the case in the fission of
nuclei near radium, All that seems to be indicated is a preference for
higher kinetic energies when the mass divisions are close to symmetry.



TAEA-SM-174/72 49

This effect can be understood, as Mr, Hulet pointed out, in terms of the
expected near-spherical shape of the fragments in that mass region,

K. DIETRICH: I should like to mention that when Dickmann and I
recalculated the Vandenbosch model using the Strutinsky method some
years ago, we always obtained two minima for a given mass split. They
corresponded to different fragment deformations at scission and this would
therefore also imply different kinetic energy components. These calculations
were done for uranium and it is conceivable that similar results could be
obtained for fermium.,

U. MOSEL: In the case of the ligher actinides, one of the two minima
you obtained in your recalculation would be due to the liquid drop behaviour,
whereas the other one would be due to the shell effects. Since fission
becomes symmetric again in the fermium region and both the LDM and
the shell corrections tend to favour symmetric splits, there is little
reason to expect two fission modes based on this explanation for the most
dominant decay mode.
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Abstract

COMPARISON OF THE FISSION CHARACTERISTICS OF THERMAL-NEUTRON-INDUCED FISSION OF *’Pu AND
THE SPONTANEOUS FISSION OF *pu,

The thermal-neutron-induced fission of “"Pu and the spontaneous fission of 0y were compared to study
the influence of the excitation energy on the fission characteristics, A two-dimensional coincident fragment
pulse-height analysis was performed with a 47 Pu source viewed by a surface barrier detector on each side of the
foil, The Pu source was a mixture of about 90% **%u and 10% 2%Pu. The thermal neutron measurements were
performed with a well-thermalized beam of the BR1 graphitereactor, The 2py spontaneous fission experiments
were performed with the reactor shut down. 1n such a method the systematic errots cancel in the comparison.
Kinetic energy and mass distributions were obtained for both systems. The average pre-neutron total kinetic
energy is found to be higher for thermal-neutron-induced fission, i.e. 177.9 + 0.04 MeV, than the value
176.8 2 0.14MeV forspontaneous fission. The indicated errors are statistical. The mass distributions are similar,
However, the peak-to-valley ratio is larger, and the peaks are narrower and shifted towards the symmetric
point over 1 mass unit for spontaneous fission. Mass distributions for several groups of total kinetic energies of
the fragments indicate that with increasing toral kinetic energy the mass peaks become narrower, the average
heavy mass approaches 132 and apparent fine structure at lower kinetic energies disappears. The fine structure
effects in the mass distributions at low total kinetic energies are more pronounced in spontaneous fission. This
effect may be due to the fact that in thermal-neutron-induced fission of 3%y, 0% and 1* channels are open.

ZSSP

1. INTRODUCTION

The mass and kinetic energy distributions of the fission fragments show
many peculiarities such as asymmetry of the fragment mass division, fine
structure at well-defined masses and a maximum of the total kinetic energy
for a heavy fragment mass equal to 132.

Until now one could not predict the influence of the excitation energy on
all these peculiarities, because knowledge is lacking on the fission process
between the saddle point and the scission point.

Several fast neutron fission experiments have been carried out for nuclei
with mass number varying from#2Th to #!Pu, In those experiments the
probability for the reaction (n, n'f) is real and may cause trouble in the
correct interpretation of the results.

We carried out a double energy experiment with the compound nucleus
240py, We compared the thermal-neutron-induced fission of 23°Pu with the
spontaneous fission of 24°Pu. In the first case the excitation energy of the

* Research sponsored by I. W.O.N,L., Belgium
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compound nucleus was 6.4 MeV higher than in the second. The relatively
short half-life for spontaneous fission of 240py and its very low fission cross-
section at thermal neutron energies permitted the use of one source containing
240Py as well as 2Py, The thermal neutron fission of 2%Pu (large cross-
section) is measured with the reactor beam on; 20py spontaneous fission with
the reactor shut down. So the same experimental arrangement could be used
for both,

An analogous experiment was carried out a long time ago by Mostovaya [1]
with a double ionization chamber. Toraskar and Melkonian [2] also studied the
spontaneous fission of 2°Pu and the low-energy neutron induced fission of 2°Puy,
but this was done in two separate experiments with a different source and another
set of detectors, Recently, analogous experiments were done on the compound
nuclei #2Pu [3], 259Cf and 2%6Cm [4].

2. EXPERIMENTAL PROCEDURE

The fission source was prepared at CBNM-Geel and consisted of
60 ug/cm2 Pu acetate electrosprayed on a gold-coated VYNS film, It
contained about 8. 3% of 2°Pu and about 90% of ?4%Pu, The exact isotopic
composition is given in Table I.

Care was taken to keep the Cf- and Cm-~-impurities below the detection
limit. Two large gold-silicon surface barrier detectors were placed face-
to~face at opposite sides of the target. Detectors and fission source were
mounted parallel to the direction of the neutron beam in a vacuum fission
chamber constructed with thin Al windows for entrance and exit of the neutron

TABLE I, ISOTOPIC COMPOSITION OF
THE Pu-TARGET

Isotope Abundance (%)
238Pu 0.006
239Pu 8.261
240p, 90.820
24lpy 0.853
242p, 0.060
24l pm 1.07

Cm << 0,01

Cf < 0.0l
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beam. A well-thermalized and collimated neutron beam of the Belgian
reactor BR 1 was used. The electronic apparatus for this two-parameter
correlation experiment consisted of two charge-sensitive preamplifiers and
two double-delay-line clipped amplifiers with a clipping time of 2 ps to avoid
distortion of the pulse-height spectra by « pile-up. We further used a fast-
slow coincidence unit with a resolution time of 6 ns, and a double analogue-
to-digital converter of 128 x 128 channels. Coincident pulse heights were
registered event by event on paper tape. We registered alternatively the
thermal fission with the reactor on, and the spontaneous fission with the
reactor shut down, to avoid background. The data were collected during a
period of several weeks. About 10° thermal and about 104 spontaneous fission
events were registered,

With such an experimental procedure, systematic errors cancel in the
comparison of the results and we only have to take the statistical errors
into account for the comparison.

3. DATA ANALYSIS

From the coincident pulse heights of the two complementary fragments,
post-neutron kinetic energy values were calculated with the simple linear
equations

E; =A;x; +B; i=1,2 (detectors) (1)

where Ej and xj are the energy and the pulse height of the fragment, and A;
and Bj are the calibration constants.

The use of the mass-dependent calibration formula of Schmitt [ 5] is not
appropriate here because the detectors suffer from a large o-flux.

The constants Aj and B; from Egq, (1) are determined by identification of
the average light pulse height and the average heavy pulse height with the
corresponding post-neutron kinetic energies obtained by Schmitt [ 5].

For each thermal fission run, the calibration constants were determined,
They varied slowly with time and we fitted a linear function of the time
through the experimental values of Aj(t) and Bi{t). This method permitted
us to obtain accurately the values of the calibration constants for the
spontaneous fission runs by interpolation.

A first approximation of the fragment masses, u;, was obtained from
the relations

p1E1 = pg By (2)
Uy +ug = 240 (3)

Eiand Eg are the post-neutron energies from Eq. (1). Equation (2), the law

of conservation of impulse, is only rigorously valid for the fragments before
neutron evaporation. To correct these preliminary energy and mass values
for neutron emission we used the distribution of emitted neutrons as a function
of the fragment mass as obtained by Milton and Fraser [ 6]. For spontaneous
fission of 2Py, such a distribution is not available in the literature, but it

is well known that for all fissioning isotopes the general features of these
distributions are similar, So we multiplied the whole distribution of
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(®3%Pu + n) with the ratio between the average number of emitted neutrons
per fission [ 7] for spontaneous fission of ?9py and for thermal-neutron-
induced fission of #3%Pu,

In this wayneutron emission corrections were carried out for spontaneous
as well as for thermal fission, event by event, From these event-by-event
calculated values the mass and the total kinetic energy distributions were
obtained and the correlation between mass and energy was studied, We
obtained mass distributions for several discrete groups of total kinetic energy
values, as well as the variation of the total kinetic energy as a function of the
heavy fragment mass,

4, RESULTS AND DISCUSSION

4.1, Total kinetic energy and mass distributions

The total pre-neutron kinetic energy for the thermal-neutron-induced
fission of ?%%Pu is 177,95 + 0,04 MeV, This value is 1.1 + 0,2 MeV larger
than that for the spontaneous fission of %Py, In the latter case we obtained
176.84 = 0.14 MeV. This difference is caused mainly by the difference in
kinetic energy of the light fragment (cf, Table II),

A normal distribution was fitted to the experimental total kinetic energy
distributions. The areas of these distributions shown in Figs 1 and 2 are
normalized to make the comparison easier.

The distribution for spontaneous fission differs from that for thermal
fission in a few respects:

(2} The right side of the distribution in Fig. 1 shows a deviation from the
normal shape.

(b} The distribution is slightly broader,

(c) The whole distribution is shifted to the low-energy side (see Fig. 2).

TABLE II, PRE-NEUTRON ENERGY AND MASS VALUES

239 240
Pu + noy Pu sp.f.
< E* > 177.9 T 0.04 Mev | 176.8 T 0.14 Mev
tot, kin,
<Br > 103.4 T 0.04 Mev | 102.4 T 0.14 MeV
< B > 74.5 T 0.04 Mev 74.3 Y 0.14 Mev
<m* > 100.76 ¥ 0.04 amu | 101.55 ¥ 0.14 amu
<m*_ > 139.24 T 0.04 amu | 138.45 T 0.14 amu
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FIG.2. Comparison of the fitted energy distributions for #9pu 4+ ny, (dotted line) and for 4%Pu spontaneous

fission (full line).

The mass distributions are shown in Fig,3. Again the areas of the dis-
tributions are normalized, Only the heavy fragment side is shown on the
figure; the light fragment side is identical but reflected with respect to the
symmetric point M = 120,

There are again some differences between the spontaneous and induced
fission results: -

(a) There is a shift over about one mass unit of the peak to the point M = 120
for spontaneous fission (see also Table II),
(b) The peak is broader for induced fission,

There is in general good agreement between our results and those of
Mostovaya [1]. There are however considerable disagreements between our
results and those of Toraskar and Melkonian [2], They obtained a total
kinetic energy which is about 3.7 MeV higher for spontaneous fission, where
we found a difference in the opposite direction of 1.1 MeV., The shapes of
the mass and energy distributions show significant differences from all such
distributions known until now: they detected a pronounced shoulder in the mass
distribution near My = 142 and also one in the energy distribution near
Erotkin, = 186 MeV.
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FIG.3. Mass disuibutions for spontaneous and induced fission (only the heavy fragment mass is represented).

The results of Toraskar and Melkonian are obtained from two separate
experiments, so in the comparison of the results the systematic errors do
not cancel, An additional uncertainty is introduced by the different calibration
procedures usedin the two cases: for induced fission, the mass-dependent
Schmitt formula for 239Pu was used, but for spontaneous fission of 240Pu the
same formula was used utilizing 2°2Cf spontaneous fission data. The total
error (systematic and statistical) on the total energy difference is about
3 MeV, whereas the statistical accuracy of our result is 0,2 MeV,

Recently Dyatchenko and co-workers [3] carried out an analogous expe-
riment on the compound nucleus 242Pu, They also obtained a higher total
kinetic energy for the spontaneous fission compared with their value for
induced fission, but the general characteristics of the kinetic energy and
mass distributions obtained by this group are in agreement with our results.

Unik and co-workers [ 4] also performed analogous experiments. They
compared the thermal-neutron-induced fission of 4°Cm and #9Cf with the
spontaneous fission of 2%6Cm and 2%°Cy, respectively., There is good agree-
ment between our results and those of Unik. The total kinetic energy is
higher for induced fission then for spontaneous fission, Also the general
shape of the distributions shows the same trends. ’

4.2, Total energy balance

The compound nucleus 2*°Pu formed by capture of a thermal neutron in
the nucleus 23%Py has an excitation energy which is 6. 4 MeV — the binding
energy of the neutron — higher than the nucleus %Pu fissioning spontaneously
in its ground state,
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TABLE 1II, TOTAL ENERGY BALANCE

23C)Pu + n 240Pu sp. f.
th
< E* > 177.95 T 0.04 Mev 176.8 ¥ 0.14 Mev
tot. kin.
< g > 21.2 T 0.4 Mev 15.8 T 0.5 Mev
neutr,
<E, > 9] 8 Yt i5 Mev 8 T1.5 Mev
<q> 207.1 Y 1.9 Mev 200.6 T 2.1 Mev

There should be about the same 6. 4-MeV difference between the <Q >
values of both systems —<{Q >is the average total energy released per fission.
{Q> is composed of the total kinetic and the total excitation energy of the
fragments. We assume the average released gamma energy to be equal for
both cases, then only neutrons account for the difference in total excitation
energy. We calculated from our mass distributions, and using the neutron
distributions of Milton and Fraser [ 6] and the neutron binding energy tables
of Milton [8], that about 5.3 MeV of the initial supplementary excitation
energy goes into neutron emission in the case of induced fission (see Table III),
Together with the total kinetic energy difference of 1.1 MeV, we obtain a
A{Q > value of about 6.5 MeV, almost exactly the difference ininitial excitation
energy, We obtained the same conclusion as Unik [ 4] for the compound
nuclei 246 Cm and 250Cf, i.e. the additional excitation energy is distributed
between additional kinetic energy and additional neutron emission.

4.3. The mass distribution correlation with kinetic energy

The variation of the total kinetic energy as a function of the heavy
fragment mass is shown in Fig, 4., In general, the energy curve for
spontaneous fission lies below that for induced fission. But at the broad
maximum situated between My = 130 and My = 135 the energy for both
systems is about equal, within the statistical error limits,

There is also a slight deviation from a monotonic decrease in the region
136 < My < 150 near a heavy mass value My = 142,

Analogous features are found by Unik and co-workers [ 4] and
Dyatchenko and co-workers [ 3] for other isotopes. Toraskar and Melkonian
[2] found that the entire energy curve for spontaneous fission lies higher
than that for induced fission in the case of %%y, Owing to limited statistical
accuracy in the curve, no further conclusions may be drawn.

In Figs 5 and 6, mass distributions are shown for increasing total
kinetic energy, ranging from 152 MeV to 207 MeV in steps of 5 MeV, for
spontaneous and induced fission respectively, With increasing kinetic
energy the peaks of the distributions become narrower and shift to the
symmetric point, the symmetric yield decreases and the average heavy mass
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FIG.4. Comparison of the variation of the total kinetic energy with the heavy fragment mass fot both fissioning
systems.
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FIG.5. Mass distributions for the spontaneous fission of *°Pu for increasing total kinetic energy of the fragments,
ranging from 152 MeV to 207 MeV in steps of 5 MeV.
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FIG.6. Mass disributions for the thermal-neutron-induced fission of #%u for increasing total kinetic energy of
the fragments, ranging from 152 MeV to 207 MeV in steps of 5 MeV.

approaches My = 132. These trends are illustrated in the tables in Figs 5
and 6. Although the statistical errors in the spontaneous fission experiments
are large, especially for the spectra away from the maximum yield, and call
for some reserve, the mass distributions seem to show more structure than
in the case of induced fission. This may be because more fission channels
are open in the latter case, leading to slightly different mass and kinetic
energy divisions,

From the previous discussion it follows that the difference of 6.4 MeV
in excitation energy of the compound nucleus leads to a difference of 1,1 MeV
in kinetic energy of the fragments and 5.3 MeV in internal excitation energy
of the fragments. This result supports the relatively strong damping during
the first part of the descent from the saddle point to the scission point in the
picture proposed by Bjprnholm [10].
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DISCUSSION

H.J, SPECHT: With the aid of Fig. A I should like to present some
experimental information on the dependence of the average total kinetic
energy Ey> on excitation energy in 249%Pu, In addition to the two points
indicated by crosses for spontaneous and thermal neutron fission reported
by Mr. Deruytter, I have included the excitation energy dependence found in
the #9Py (4, pf) reaction by Milton and co-workers!, I have also added a point
for fission from the well-known 4-ns isomeric state in 2™ Pu which we have
measured in Munich, The error bars given include possible systematic
errors, which I do not think is the case with Mr. Deruytter's points. (These
are normalized to Schmitt's thermal neutron value, which in turn is indicated
by the solid point and large error bar.) Itis remarkable that this value still
seems to follow the trend observed for fission above the barrier, whereas
the point for spontaneous fission from the ground state is definitely lower.

J.P. UNIK: The excitation energy dependence of the total kinetic energy
for fission of #%Py is more complex than indicated in this figure. Several
years ago we reported the negative slope chserved for 289py (d, pf). However,
we also observed at that time that the negative slope (dTKE/dE*) was
approximately three times larger for the case of 240py (a,e'f), indicating a
strong angular momentum dependence,

A.J. DERUYTTER: It would certainly be very dangerous to extrapolate
the curve shown in this figure to zero excitation energy, because this would
lead to quite a high value for the kinetic energy, one that would be hard to
explain,

M. ASGHAR: According to the data presentedin Mr, Deruytter's paper,most
of the 1. 1-MeV difference in the total kinetic energy between 23°Pu (n, f) and
240py; (sf) appears to be taken up by the light fragment. [ wonder why this
should be so?

S. BJORNHOLM: I believe that the preferential increase in the kinetic
energy of the lighter fragment is related by conservation of momentum to
the shift towards higher mass asymmetry in the neutron-induced fission
experiment.

! MILTON,‘J.C.D., etal., inEuropean Conf, on Nuclear Physics ( Aix-en-Provence, June-July 1972), J.Phys.
(Paris) Colloque 5, Supplement to Vol. 33, No.8-9(1972) 17,
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FIG.A. Average toual fragment kinetic energy versus excitation energy for excitation below 10-MeV. See
discussion for a description of symbols in figure.

A,J. DERUYTTER: It is certainly clear from the experimental evidence
presented in the paper that the major part of the difference is taken up by the
light fragment and I agree with Mr. Bjprnholm's observation.

) S, BJORNHOLM: The advantage of your experiment is that you can in
principle compare fission from 0* states exclusively. How much does fission
from the 1* resonances in?%Pu (04, f) contribute in practice?

A,J. DERUYTTER: In the case of thermal-neutron-induced fission of
239py, about 51% of the fissions result from a bound level resonance {0%),

42% from the 0.297-eV resonance (1) and the remaining fraction from higher
energy resonances (mixture of 0* and 1*). However, as has been shown by
Melkonian and co-workers at Columbia University, the difference in kinetic
energy between these two channels is only 0.7 MeV and cannot explain the
observed difference. However this remark does not affect the experimental
1.1-MeV difference observed here between spontaneous fission of **°Pu and
the thermal-neutron-induced fission of 23%Pu,

E. MELKONIAN: In our measurements at Columbia University we
used Be and Sm filters to isolate the negative 0* energy level and the
0.3-eV 1* level, respectively. The Be-filtered data give a more direct
comparison with the SF case. The total kinetic energy difference between
the two levels is 0.7 MeV, a correction for which would reduce, but not
eliminate, your effect.

I should like to ask a question concerning the use of 128 channel ADCs,
Such a small number of channels leads to grid fluctuations, as pointed out
by J,C.D. Milton and others many years ago. How did you handle this
problem?

A.J, DERUYTTER: The grid fluctuations are indeed real if you want
to make a two-dimensional mass surface starting from two energy values,
but we simply plotted the mass distributions for groups of 5-MeV total
kinetic energies. Furthermore, as I stressed in the oral presentation,
we have a greater interest in the more gerieral characteristics of the
behaviour of these distributions as a function of total kinetic energy.
Statistical fluctuations are present, especially for 249Pu spontaneous fission.
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T. GOZANI: The ambiguity in the angular momentum states excited in
fissions that are induced in direct reactions with charged particles, mentioned
now and on several occasions before, emphasizes again the desirability of
performing more photofission studies in the threshold and subthreshold
regions., The experimental problems involved in the unfolding of the brems-
strahlung data should be more than compensated for by the factthat no more than
two states (Eland E2) are excited for even-even nuclides,
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Abstract

A SYSTEMATIC ODD-EVEN EFFECT IN THE INDEPENDENT YIELD DISTRIBUTIONS OF NUCLIDES FROM
THERMAL-NEUTRON-INDUCED FISSION OF #U.

A detailed analysis of experimental data was found to exhibit a systematically consistent odd-even effect
in the independent yield distributions of the nuclides in thermal-neutron-induced fission of 2°U.

The odd-even effect in the element yield distribution for elements at the fission peaks appears as a saw-
tooth structure, in which the amplitudes between the enhanced even-Z yields and the less favoured odd-Z yields
are x25% of the mean values. The elements examined constitute ~75% of the fission yield.

The diswibution of the isotopic yields in many cases was found to have a saw-tooth pattern superimposed
on a Gaussian-like shape, where the amplitudes between the high even-N and low odd-N values are on the
average = z 8% of the mean values. This effect at the light peak nuclides seemed to be unresolved while
pronounced at the heavy peak nuclides.

The isobaric dispersions were studied in 24 mass chains (14 at the heavy mass peak and 10 at the light
peak) and were found to follow the general pattern of a Gaussian with widths varying between 0.45 and 0.8
charge units. The detailed description of the isobaric dispersion is represented by a saw-tooth structure
fluctuating with amplitudes of = 30% around a constant-width Gaussian in which the even-Z nuclides are
consistently enhanced. The only appearance of a significant closed shell effect is observed in * Te.

The fact that the neutron pairing effect in the yields as compared with that of the protons is much smaller
is atwibuted to the evaporation of neuuons during the de-excitation of the fragments, a process which is
responsible for "washing out" part of the original neutron pairing effect in the primary fragment formation in
fission.

The present set of experimental data indicates the relative importance of the individual properties of the
fragments versus the collective behaviour of the fissioning nucleus, as described by the calculations of defor-
matijons of shell~corrected liquid drop potential energy surfaces. One is also led to conclude that nucleon
transfer, visualized by the different charge density of the fragments, takes place before scission and that at
scission there is a smaller probability, consistent with energy considerations, of breaking pair configurations.

INTRODUCTION

Much of the phenomenology of fission has recently been described satis-
factorily using Strutinsky's method of calculating deformed shell struc-
tured potential energy surfaces (1). Calculations based on this approach
rendered a qualitatively correct picture of most mass distributions in
fission of both symmetric and asymmetric modes (2-6). However, a more
detailed comparison between the theoretical and experimental results indi-
cates that the fine structures experimentally observed (e.g., ih the mass
yields and kinetic energy distributions) are not explained by the theory at
this stage. Such structure has been found experimentally in thermal
neutron fission of doubly even nuclides, indicating a pronounced preference
for the formation of doubly even fission fragments at low excitation
energies (7-~9). This may be explained by the greater stiffness of doubly
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even fragments, being less deformed and hence formed preferably when the
available energy is low (8). Another possible explanation is obtained by
referring to the proton and neutron pairs in the fissioning nucleus; since
low-enexrgy fission may be sufficiently adiabatic there is a reduced proba-
bility for breaking of pairs at scission and doubly even fragments should
thus be more freguent than those of odd mass, while doubly odd ones should
be further reduced (10).

Wahl has given a satisfactory approximation for the calculation of inde-
pendent yields in thermal neutron fission in 235U by using the experimental
mass yields, an empirical Zp function and assuming a Gaussian distribution
of constant width of ¢ = 0.56 + 0.06 charge units applicable to the whole
range of fission products (11l). The correlation of those yields, which he
referred to as the "normal" ones, with the experimental values, revealed
an enhancement in yields of even-Z elements (12) and depression of those
of odd-z.

Recent experimental data, based on isotopic separation of fission pro-
ducts, substantiated Wahl's suggestion and clearly showed an enhancement of
yields of some even-Z elements as compared with the depressed yields of
odd-Z elements (12-16). However, measurement of K X-rays in coincidence
with fission fragments from thermal neutron fission of 2350, 233y and
239py  revealed only a weak proton pairing effect (9).

The neutxon pairing effect has been found in the mass-separated cesium
and rubidium isotopes, the effect being greatest for the heavy isotopes and
diminishing towards the peak of the isotopic yield distributions (17).
Adopting the "pair breaking" argument one should expect a higher fission
yield of fragments with a paired number of the same nucleon. This seems to
be true for the proton pairing but does not seem as prominent for the
neutrons.

Some experiments based on mass and kinetic energy selection showed an
effect of closed shells on the yield distribution (15), but radiochemical
experiments did not substantiate it 1(31,33).

The purpose of this work is to elucidate the odd-even systematics by a
rigorous treatment of the available experimental data and to establish
quantitatively the magnitude of the pairing and shell effects in the overall
distribution of nuclides in low-energy neutron fission of 235y,

EVALUATION OF EXPERIMENTAL FISSION YIELDS

The experimental independent yields of thermal-neutron-induced fission
products of 235y are given in Tables I and II. The data were taken from the
literature (12, 18-40) and from recent experimental results from this labora-
tory obtained by on-line isotope separations (13,25). Fractional independent
and cumulative fission yields are given in the tables as they are quoted in
the various sources and the "normal" fractional independent yields (hence,
FIY) were those calculated by Wahl (12). The "corrected" fractional inde~
Pendent yields in the tables are based on the experimental data wherever
such were available. When several different values were published, the
"corrected” one was chosen considering the distribution of yields of the
neighboring isobars in the chain and of isotopes of the same elements in

t Denschlag reports that by selecting longer-range recoils followed by radiochemical separation he was able to
observe some enhancement of *8n,
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view of the generally prevailing odd-even proton number systematics, dis-
cussed below. In a few cases, "corrected" values derived by the above
considerations have been substituted for the published values. Where
fission yields have not yet been established experimentally, they were
calculated from other FIY's in the isobaric chain, satisfying the require-
ment that the sum of fractional independent yields should be unity.

Table IIl summarizes the isotopic yvields of some complementary light and
heavy elements, which constitute about 75% of the fission products. The
column, “experimental yield", was calculated by multiplying the "corrected"
FIY's from Tables I and II by the corresponding chain yields. Since compari-
son of the total element yield with the predicted "noxmal" value indicated
a systematic enhancement of the yields of even-2Z elements by approximately
25% and the same decrease for the odd-2 yields, we adopted a multiplication
factor of 1.25 x "normal”™ or 0.75 x "normal” according to proton pairing,
in oxder to. calculate a few missing "corrected"” FIY's in Tables I and II
which otherwise could not be calculated.

SYSTEMATICS OF ELEMENT YIELDS

Table lIIl demonstrates clearly the proton pairing effect of the isotopic
chain yields, which is about * 25% relative to the predicted Wahl's
"normal" values. The latter seem to serve as an excellent average value
for all the experimental yields. The effect is apparent in Fig. 1 where
the yields fit well the curves obtained by multiplying the “"normal" distri-
bution by a factor of 1.25 or 0.75 for even or odd proton number, respec-
tively. This finding is in good agreement with Wahl's previous observation
(12) and the experimental results (13-16); the only exception being the

20

HFY (%)

o

€0

FIG,1. Element yield diswibution in thermal-neutron-induced fission of U,
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work based on K X-ray measurements (9). 1In that case an "inverse" effect
due to the low K X-ray yields of even-2 fragmenté was observed, which after
correction for the K X-ray yields rendered an elemental yield curve almost
coinciding with the "normal” one. The applied correction was probably in-
sufficient, and in a later discussion dealing with those experimental re-
sults, the same authors allow for a proton pairing effect as high as

+ 20% (41).

SYSTEMATICS OF ISOTOPIC YIELDS

The isotopic yields seem to fluctuate around an average distribution
curve obtained by multiples of 1.25 (for even 2) or 0.75 (for odd Z) of
wWahl's "normal" curve (Figs. 2,3). The neutron pairing effect which is
expected to cause these fluctuations does not seem as prominent as the
proton pairing in the element yields, although it seems to be consistent
in many cases. Relating the neutron pairing effect to the multiplied
"normal"” distribution (hence, "corrected normal") the consistency is masked
in many cases by the relatively large experimental errors (&' values in
Table III}, with the exception of the closed shell of 82 neutrons where the
effect is clearly observed for all the isotones(Fig. 3).

Tracy et al. (17) reported a neutron pairing effect in the yields of
rubidium and cesium isotopes in thermal neutron fission of 235U and in
medium to high energy proton fission of 232Th, 238U, Ta, V and Ir. They
calculated the effect by a numerical differentiation of a hypothetical
Gaussian passing through any four consecutive points (third differences)
and found systematic odd-even fluctuations of 10%-15% for rubidium and
cesium, both at the neutron-richest part of the isotopic distribution. The
effect decreased gradually down to a few percent at the peak of the iso-
topic distribution. The neutron pairing effects at the peaks of the iso-
topic distribution of most elements given in Tablelll generally agree with
the above findings, i.e., indicating an average systematic effect of a few
percent.

Maximum energy release considerations favor both even proton and neutron
configurations to almost the same extent (8). Alternatively it can be
stated that the same argument holds for breaking either proton pairs or
neutron pairs (10) (both neutron and proton pairing energies are about
2.5 MeV at the region of mass 130 (42)). Thus the neutron pairing effect
should be as prominent as that of the protons (i.e., + 25%). The smallness
of the neutron pairing effect can be attributed to the evaporation of neu-
trons during the de-excitation of the fragments, a process which is respon-
sible for washing out part of the original effect in the primary fragment
formation in fission.

Tracy et al. (17) attributed the higher value of the neutron pairing
effect resulting from their calculations to the primary effect, using a
rough estimate based on a Poisson distribution of neutron emission
probabilities (which implies a relatively high probability for no neutron
emission). In that way the original structure is preserved at the heavy
end of the isotopic distribution, where the yields drop steeply as the mass
number increases. If this argument can be substantiated by more realistic
calculations of the de~excitation of fission fragments, one may conclude
that the neutron pairing in the primary (i.e., pre-neutrxon emission) frag-
ments is of a magnitude close to that of protons.
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SYSTEMATICS OF ISOBARIC DISTRIBUTIONS AND CHARGE DIVISION

The isobaric distributions (Tables I, Il; Figs. 4,5) display a distinct
procon pairing effect which appears as a sawtooth structure superimposed
on the "normal" distribution curve. The neutron pairing effect related to
the “corrected normal” values is preserved in some mass chains like 90,

91, 134, 135, 136 (Figs. 4,5), while not clearly detectable (within experi-
mental errors) in other mass chains. As mentioned above, the only consis-
tent neutron pairing effect appears in the closed shell of 82 neutrons
(Fig. 5). This can be related to the high neutron binding energy and the
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resulting smaller neutron evaporation. Measuring mass distribution of
energy-selected fragments, Thomas and vandenbosch (8), Reisdoxf et al. (9)
and Andritsopoulos (45) revealed an increasing enhancement of even-even
nuclei as excitation energy becomes lower. At lower energies the pairing
effect is expected to prefer the more stable species and diminish the
neutron evaporation effect.
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“he FIY of the doubly even nuclide lggSngz, with closed proton and
neutron shells, is not enhanced more than predicted by the proton and
neutron pairing systematics (Fig. 5), although the experimental value
(based on counting of beta-tracks of mass-and energy-separated fragments
collected on a photographic plate) reported by Konecny et al. {21) is
extremely high (v50% of the isobaric chain yield). They found a dip in
Wahl's Zp line at _mass 132, as well as a high yield of 1321n and a negli-
gible yield of 132pe. This is in disagreement with radiochemical findings
(Table II). The high enhancement of the formation of +32sn can be explained
by the experimental conditions where high kinetic energies (low excitation
energy) were selected; this is consistent with previous findings (7-9).
However, this is not substantiated for the average energy distribution in
fission. 1In the case of 132sn the lower range of the experimental results
was taken for the "corrected" value, since it is in good agreement with the
published radiochemical yields of antimony and tellurium. Thus the influ-
ence of the doubly magic configurations is well within the limits of the
proton and neutron pairing effect.

% Gaussian fit through the three highest points of the yield distribu-
tions of individual chains resulted in Zp values which were found to
fluctuate with a maximum amplitude of + 0.2 charge units around Wahl's Zp
values (of ¢ = 0.56 + 0.06) which were calculated assuming a constant devi-
ation of 0.45 charge units from the unchanged charge distribution (UCD) in
fission (12) (Fig. 6). The constant deviation of Zp from the UCD distribu-
tion was also measured by Armbruster et al. (43) and explained as a result
of a polarization effect causing protons to move before scission (44).

The widths, ¢, of the individual experimental Gaussians lie within the
range of 0.45 to 0.8 charge units. The distribution is narrow when Zp is
close to an even integer and increases for Zp passing close to an odd
integer (Fig. 6, Table IV). The narrowest isobaric dispersion is found at
A=134. The only disagreement is in the case of mass 140 where a large ¢
value was obtained for Zp values corresponding to an even-Z nuclide at the
peak of the isobaric dispersion. The neutron pairing does not influence
the ¢ values as could be expected, as a result of the neutron evaporation.
The general insensitivity of the Zp values to nuclear structure considera-~
tions is well approximated by various theoretical calculations (2,44).
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SYSTEMATICS OF ISOTONIC YIELDS

The average neutron pairing effect can be demonstrated clearly by summing
the independent yields of the isotones (Table V and Fig. 7). From Fig. 7
it is evident that the average effect relative to the "normal" yields in
the light mass peak can hardly be resolved while in the heavy mass peak a
sawtooth structure having an average amplitude of + 8% is observed.

The neutron pairing in the closed shell of 82 neutrons is about 60% more
than the average effect (+[12.7 + 4.8]%), but the normal value in this
particular case is strongly influenced by the high chain yield of mass 134,
which is mainly represented by 134Te of N=82. A "smoothened" normal curve
would reveal a v30% effect, viz. several times larger than the average
neutron pairing effect. This is due to a shell effect which is also better
preserved than in the higher isotones where neutron emission is more pro-
ninent. This latter argument is supported by the observation of a low
neutron emission from tin, antimony and tellurium as reported by Reisdorf
et al. (9).

CONCLUSIONS

The above observations of the systematics of yield distributions of
thermal neutron 235U fission products leads to the following conclusions.

a. The "normal" distribution as proposed by Wahl is a good average
of all the actual cases and is a very convenient reference for the experi-
mental results and for revealing the nuclear structure systematics of the

yields,

b. There is a consistent proton pairing effect with an average value
of +25% relative to “normal" for even-Z nuclides and -25% for odd-2
nuclides.

¢. The neutron pairing effect, expected to be as high as that of
protons, is mostly "washed out" by neutron evaporation and therefore the
average residual effect in the heavy mass peak is only " + 8% and in the
light mass peak it is not resolved beyond the experimental error. Without
an accurate account of the neutron evaporation from individual fragments it
is impossible to say what is the primary neutron pairing effect, especially
as compared with the constant + 25% proton pairing effect.

&, The shell effect is pronounced only in the case of l3gTe82 where
the Zp is 52.1. In other cases of N=82 where nuclides aré on the lower
parts of the isobaric dispersion slopes, this effect is not seen and the
only observation is the one accounted for by the systematic neutron and
proton pairing.

e. The widths of the individual Gaussians drawn through the experi-
mental FIY varies with respect to the value of Zp, being about 0.45 for
Zp close to an even integer and 0.8 for Zp values close to an odd integer,
which is another expression of the sawtooth structure of Vv30% superimposed
on the "normal" Gaussian curve. These fluctuations can be related to
scission when the nuclear structure effects take place.

f. The nearly constant average deviation of the charge division
between the fragments from that of the fissioning nucleus suggests that
this is a result of a process which is already over at scission, and can
be ascribed either as a polarization effect during deformation (44) or
preferably to a two-neutron transfer process (a nuclear Josephson effect)
thrrough the neck (10,46). This seems more reasonable than referring to
individual nuclear properties of the fragments.
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We believe that the'above systematics may offer fairly accurate pre-
dictions for yields which have not been established as yet experimentally,
with an average error within the uncertainty in the residual neutron
pairing effect, which is evaluated as + 10%.
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TABLE IV, THE MOST PROBABLE ISOBARIC CHARGE, Zp,
AND THE GAUSSIAN WIDTH, ¢, FOR EXPERIMENTAL
INDEPENDENT YIELDS OF THERMAL -NEUTRON-INDUCED
FISSION OF 235y

LIGHT MASS PEAK
2 o(Charge Units)

Mass Zp Central Nuclide*
[Even N, Even 2 T 0dd N, 0dd 2 ] Even N, 0dd 2 ]’odd N, Even zl

88 35.32 1.41
89 35.78 0.99
90 36.02 1.0
91 36.37 1.13
92 36.79 1.34
93 37.41 1.37
94 37.79 1.04
95 38.03 1.04
96 38.35 1.01
mean 20 1.02+0.02 1.3740.03 1.37 1.0540.07

HEAVY MASS PEAK

131 50.63 1.55
132 51.33 1.55
133 51.68 0.97
134 52.07 0.83
135 52.48 0.97
136 52.99 1.59
137 53.54 1.51
138 53.84 0.94
139 54.12 1.08
140 54.06 1.64
141 55.07 1.46
142 55.6 1.74**
143 55.85 1.19
144 56.17 0.97
mean 2¢ 0.91+0.07 1.57+0.02 1.51+0.04 1.05+0.10
(without A=140)
(see text)

* By central nuclide we mean the nuclide present at or near the peak of the
charge distribution.

*#In this case the peak of the charge distribution falls between an odd-odd and
an even-even nuclide.
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TABLE V. NEUTRON PAIRING EFFECT IN ISOTONIC CHAINS
FOR THERMAL-NEUTRON-INDUCED FISSION OF 23U

Isotonic Yield ® Relative Deviation from "Normal" &
Neutron
Number Experimental "Normal" 0dd N Even N
52 3.66+0.24 4.15 {11.745.8]
53 7.1840.35 6.71 +[7.0+5.2]
54 9.13+0.38 9.04 +[1.0+4.2]
55 10.2240.34 10.02 +[2.0+3.4]
56 10.77+0.48 10.68 +[0.8+4.5)
57 10.73+0.66 10.70 +[0.346.2]
80 4.14+0.28 4.30 -[3.7+6.5)
81 8.92+0.53 9.48 -[s.9+5.6)
82 14.06+0.60 12.48 +[12.7+4.8]
83 10.1740.52 11.27 -[9.8+4.6)
84 11.1640.74 10.92 +[2.2+6.8]
8s 9.87+0.95 10.69 -[7.748.9]
%6 11.3540.89 10.00 +[13.5+48.9]
87 8.7 +0.6 9.4 ~[7.4+6.4]
DISCUSSION

H,O., DENSCHLAG: You restricted your analysis to the high-yield
fission products. Could you comment on the AZ values that would be
obtained in the very asymmetric and the symmetric fission regions using
your formalism?

S. AMIEL: We account for ~75% of the fission products, So far, owing
to the scarcity and dispersion of experimental results in the valley and far
wings, I would not dare to commit myself to any statement. I hope we shall
know more about it shortly,

H.O. DENSCHLAG: I think, in principle, you should be able to obtain
a value of AZ for any chain for which at least one experimental yield value is
known. Am I right?

S. AMIEL: I believe so. We shall know more when we extend the
systematics to all cases left out so far.

M. ASGHAR: This odd-even effect of ~25% on the mass yields is
impressive. Mr. Fong showed a slide of the mass distribution during the
discussion on Unik's paper? and his calculated values tie up with the measured
values of P(M). I wonder if he could say how much this effect would affect
the yields in his theory?

P, FONG: The statistical theory previously developed considers the
even-odd effect to be an aberration peculiar to the ground state which is
washed out at excited states., Therefore it predicts no even-odd effect.
However, this treatment of the even-odd effect is now antiquated. When
replaced by an up-to-date treatment, the statistical theory will predict an
even-odd difference in mass yield, An effect of 25% is not beyond expectation,

! UNIK, I.P., et al., Paper IAEA-SM~174/209, these Proceedings, Vol.2.
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YIELDS OF SHORT-LIVED FISSION
PRODUCTS IN THE 50-NEUTRON-SHELL
REGION IN THERMAL-NEUTRON-INDUCED
FISSION OF 2%°y

J.~V. KRATZ%, G. HERRMANN,
Institut fiir Kernchemie der Universitdt Mainz,
Mainz, Federal Republic of Germany

Abstracr

YIELDS OF SHORT ~LIVED FISSION PRODUCTS IN THE 50-NEUTRON-SHELL REGION IN THERMAL-NEUTRON=
INDUCED FISSION OF 25U,

Radiochemical charge distribution measurements have shown a strong influence of the 50~-proton shell
on low-energy fission reactions. The possible influence of the 82-and 50-neutron shells on charge distribution
is still subject to experimental work. Especially little data on charge distributions have been published in the
50-neutron-shell region. This is mainly because the half-lives of fission products around N=50 are as short as
a few seconds or less, and suitable fast chemical separations have not been developed until recently. -The rapid
volatilization of arsenic and selenium as hydrides from aqueous solutions has been used to identify new short-
lived isotopes of germanium, arsenic and selenium with half-lives down to a few tenths of a second, e.g. 0.3-s
87 As and 0.9-s ¥ As, Half-lives were determined directly by following the decay of prominent y-ray peaks, by
delayed neutron counting, or indirectly by milking of known daughter or granddaughter activities, These
techniques were also applied to determine branching ratios (a) within a given B~ -decay chain (in the case of
isomerism) and (b) from one chain to another (via delayed neutron emission) by measuring delayed neutron
yields. Taking these data into account, fractional cumulative yields of arsenic and selenium isotopes were
determined via their bromine daughter activities in the chains 83, 84, 85, 87 and 88, The isobaric yield distri-
butions have the same width as the Gaussian distributions found far from closed shells. However, the distri-
butions around mass number 84 are shifted if compared to the position expected by interpolation of adjacent
distributions. This shift could indicate a preferential formation of closed-shell fragments in the fission process.
It can be shown, however, that this effect can also be explained by a shell-dependent evaporation of prompt
neutrons.

1, INTRODUCTION

Charge distribution in low-energy fission reactions has been investigated
with similar overall results by radiochemical and physical methods (1],
Purely instrumental methods are (a) the determination of the kinetic energies
of complementary fragments with solid state detectors and a simultaneous
detection of their K X-rays [2], (b) an on-line mass separation followed
by the determination of the f”-decay-chain length [3] and (c¢) the measurement
of the intensity of prompt y-ray transitions from the first 2*-level of the
0*-ground state in even-even nuclei{4], In principle, these methods are able
to give complete information on the charge distribution over the whole mass
range in one experiment. This is a very important advantage over the usually
very time-consuming radiochemical investigations. However, owing to their
limited resolution, the instrumental methods can only show an average trend
of the most probable charge versus fragment mass,

% Present address: Lawrence Berkeley Laboratory, Berkeley, Calif., United States of America.
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96 KRATZ and HERRMANN

Radiochemical methods separate single elements from the mixture of
fission products, and this separation determines the nuclear charge Z; after-
wards the mass number A of the fission product is determined, e, g. via
decay characteristics of a daughter nuclide, Theoretically, the resolution
of radiochemical yield determinations is unlimited, In practice, however,
the determination of the fractional yields of two or three isotopes in a given
mass chain requires specific chemical separations for just as many (i, e, two
or three) different elements and these separations should be extremely fast
as the nuclide under investigation should be eliminated out of its 8 -decay —
chain before B -decay alters the yields markedly, If these requirements
are fulfilled, radiochemical yield determinations are particularly reli-
able and they should especially be applied to those mass regions where
structures in the charge distribution function may occur which cannot be
detected by physical methods.

Among the mass regions where the formation of closed-shell nuclei
might cause structures in the trend of the charge distribution function, the
region of the closed 50-neutron shell is the one most poorly investigated.
Besides several determinations of the independent yield of the shielded iso-
tope ¥Br [5], the only yield measurements were performed on $3As and ®As
by del Marmol[6]. In this work an unusually low yield for $#As (51 neutrons)
was reported and interpreted as an effect of the closed 50-neutron shell on
local charge distribution,

We have found it worth while to re-investigate the charge distribution
in that region by measuring arsenic and selenium fractional yields with
mass numbers 83 = A s 88, Nuclides in these mass chains are character-
ized by half-lives as short as a few seconds or tenths of a second, It was
therefore to be expected that even in a very fast chemical separation the need
for decay- and growth-corrections could not be avoided, For such correc-
tions one requires rather accurate half-life values, Also it is necessary
to study branching ratios into and from isomeric states. Finally, delayed
neutron emission had to be investigated as this decay mode results in branch-
ingfrom one mass chainto another and thus affects yield measurements of very
neutron-rich isotopes, Therefore, in this paper we will mention some of
the aspects of the half-life determinations, branching ratio determinations
and mass assignments before proceeding to the yield measurements and the
conclusions that we would draw from it,

2, CHEMICAL SEPARATIONS

Our methods for rapid volatilization of selenium and arsenic hydrides
from fission product solutions have already been described in detail [7-9].
The hydrides are formed by action of finely divided zinc powder on conc,
HC1 and are selectively absorbed in liquid or solid absorbents. The separa-
tions are completed within 5, 0 and 2, 5 s after irradiation, respectively, The
absorption traps serve directly as samples for measuring y-ray spectra of
arsenic and selenium isotopes and their decay products and for delayed
neutron counting, The mid-time of the arsenic-selenium separation, which
is important for the evaluation of milking experiments and yield determina-
tions, is as early as 0.8%0, 3 s after irradiation [8,9]. For the yield
measurements, slight modifications of the published separation schemes were
applied,
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Charcoal traps

connected to

Pneumatic
tube § U in 0.1ml of hood
system 0.1M HNO;

Detector

AgKO; on
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KOH in C;HsOH
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=3

! 1Solenoid
1

1 t

]

Bromine separation

FIG.1. Apparatus for fast automatic separation of arsenic from fission products, Absorption of AsH, on

AgNO, /fire-brick (I) in the counting position is used for direct y-ray spectroscopy and delayed neutron counting.
Decomposition of AsH, in HNO, /KCI0; (11) followed by a standard bromine separation is used for yield measure -
ments,

Figure 1 shows the arsenic procedure, Short irradiations (typically 0.1 s
duration at about 10 neutrons/cm? - s maximum flux) of uranium solutions
sealed in small glass capsules take place in a fast pneumatic tube system
of the Mainz Triga reactor., After irradiation the capsule is transported
to the separation apparatus and smashed inside the reaction vessel contain-
ing 12M HCIl, A surplus of zinc powder is added by turning a spoon (Fig,1).
The hydrogen burst sweeps the hydrides through a tube containing quartz
wool impregnated with a saturated solution of KOH in ethanol, This trap
absorbs efficiently the hydrides of antimony, tellurium and selenium, whereas
arsenic hydride is absorbed in 8M HNQ,/KClO; solution, This solution is
allowed to stand until total decay of the arsenic and selenium isotopes under
investigation is ensured, Bromine is then separated from this fraction using
a standard procedure [10] after adding a known amount of bromide carrier
and holdback carrier for arsenic, selenium and iodine, Bromine is finally
precipitated and mounted as AgBr and counted on a 3x 3 in, NaI(Tl) scintilla-
tion spectrometer or in a proportional counter., The chemical yield of
bromine is later determined via neutron activation, The chemical yield of
arsenic and selenium is determined by comparing the activity of 17,7-d
"As or 120-d Se recovered in the water phase of the first CCl -extraction
with the activity added to the uranium solution prior to irradiation, Small
changes in the amount of 25 in the samples were determined by y-ray count-
ing before irradiation, The integrated neutron fluxes were recorded with a
fission chamber, The necessary corrections for changes in the neutron flux
were in no case larger thanz 3%,
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For yield measurements the bromine activities recovered in the arsenic
or selenium fraction were compared to the bromine activities obtained from
so-called "unseparated samples'. These samples were prepared and irra-
diated under the same conditions as the other samples, but no chemical
separation of arsenic or selenium was carried out, After decay of the iso-
topes under investigation into their bromine daughters, bromine was separated
from these samples using the above-mentioned procedure. For yield deter-
minations in the mass chains 87 and 88 [8,9] a chemical separation of
bromine from separated and unseparated samples was not necessary. The
bromine members of these chains are strong delayed neutron precursors [11]
which can be determined selectively without chemical separation by delayed
neutron counting,

To improve our knowledge of the half-lives of neutron-rich germanium
isotopes which had been detected indirectly via the growth of their arsenic
daughters (see Section 3), a few experiments with a fast separation of ger-
manium from fission product solutions were also performed, These separa-
tions are based on the volatility of GeCl, from 12M HCI when air is bubbled
through the solution, ¥Yields of 50% were achieved within 10 s, Volatilization
of arsenic as AsCl, under these conditions may be inhibited by adding a strong
oxidizing agent, e, g. K,S5,0;, to the solution,

(a) (b)

T T T T T T T T T T T
10* 233—] L —’

C Ulng, B 7]

N Germanium fraction ] : Arsenic fractions ]

.\\\\\ 3sec Mas i
- Tl 33 4678keV =
o \\ (1]
§ . 1 8
2 3
210’ — " - = 0° g
2 F 8.8sec  Ge JF =
> 336keV arC 2
s C 1F z
¥ 1r g
B ar 5
1L E

i —HE —?
L 1 ! | L L a0 o ] | ! I
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FI1G.2(a) Decay-curve of the 336-keV peak of the germanium fraction. (b) Initial activities of the 467, 8-keV
peak of #1As growing in arsenic fractions separated after increasing delay times between irradiation and
separation.
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FIG.3. Low-energy part of the y~ray spectrum of the arsenic fraction, 2.5 to 4. 0 s after irradiation, obtained
by summing the spectra of 117 single experiments.

3. HALF-LIVES AND MASS ASSIGNMENTS

At the beginning of this work, information on half-lives and the main
decay characteristics of neutron-rich germanium, arsenic and selenium
isotopes was rather limited, We have applied our fast separations to a total
of 19 nuclides in the mass region 79= As 88, Some of these isotopes were
previously unknown, many others had not been observed directly before,
Parallel studies in this field have been performed by del Marmol and co-
workers [6,12,13] and Tomlinson and Hurdus [14].

Wherever possible, we measured half-lives directly by following the
decay of prominent y-ray peaks or by delayed-neutron counting, In addition,
indirect half-life determinations were carried out in a series of separations
with increasing delay times between irradiation and separation, These
"milking experiments' served also to show the genetic relationship of the
observed activities with known daughter or granddaughter activities, A few
examples are given for illustration,
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Milking of daughter products of 8['As:
o Procedure 1: (4074 keV ¥Se)
o Procedure 2: (4074 keV 2Se)
o Procedure 3: (8816kev %Br)
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FIG.4. Activities of 3.10-min # Se and 31.8~min *Br in delayed separations of the arsenic fraction, ¥Se has
three parents: a previouslyunknown 0.65-s state of #4s, 5,5-s #¥As and 2-s %A,

Figure 2a shows the decay curve of the 336-keV y-ray peak of the ger-
manium fraction, In Fig,2b we have plotted the growth of the initial activi-
ties at 467.8 keV of 33-s 81As, observed in arsenic fractions separated
after increasing delay times between irradiation and hydride volatilization,
The growth of 5As from its parent results in a half-life of 9+ 2 s which
agrees with the directly observed half-life of 8,8 s, Thus the yv-ray transi-
tion at 336 keV and a half-life of 8,8%1,1 s are assigned to 81Ge, Similar
results have recently been reported by del Marmol and Fettweis [13],

Figure 3 shows the low-energy part of the y-ray spectrum of the arsenic
fraction obtained in 117 experiments shortly after the chemical separation,
The spectirum includes strong y-ray peaks of 8OAs, 81As, of the two states
of 8As, of 8As, %As and %As. In the decay of 2. 05-s %%As, v-ray transi-
tions could not yet be detected, Of special interest for the following dis-
cussion is the peak at 407,4 keV, It belongs to 3,10-min Se and is the
strongest peak in the late spectra of the arsenic fractions,

Figure 4 illustrates the result of milking experiments in the mass chain 84,
Arsenic was separated from the mixture of fission products after various
delay times. One set of data was obtained by determining the initial activities
of the above-mentioned 407, 4-keV line of the daughter product 84ge growing
in the arsenic fractions when the arsenic hydride was absorbed on AgNOs/ﬁre-
brick directly in the counting position, In a second series of delayed separa-
tions the arsenic fraction was further purified by an extraction chromato-
graphy step improving the decontamination from germanium and was again
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TABLE 1. HALF-LIVES AND PRINCIPAL DECAY CHARACTERISTICS OF ISOTOPES NEAR N=50

*
Isotope Ha1f—11'fe) Nuclide Techm‘que+) Production Half-life([literature]
counted mode
Mge 47 42 sec Yee y(230.5, 542.2, 8e(n,a) 50 45 sec /a/
) 2Byinf) 40 44 sec /b/

41,1 +4.3 sec /c¢/ '

80ge 28 +4 sec s 4(666.2) 233y(n,6)  24.5 +1.0 sec /c/
806e y(266)
8lge 8.8 +1.1 sec OMAs v(467.8) 233y(n,f)  10.1 +0.8 sec /c/
Blee y(336)
8260 5 41 sec Olps y(654.6) 233y(n,f)  4.6040.35sec /c/
8%  <1.6 sec  Bps y(734.5) 2383y(n,6) 1.9 +0.4 sec /c/
8ge 1.2 +0.3 sec /c/
80ps 15.2 +0.2 sec  CAs v(666.2, 782.4, 80se(n,p)  15.3 +0.2 sec /d/
1207.2, 1448.8, 233y(n,f)  16.5 +0.3 sec /e/
) '
Blpg W 42 sec lAs y(467.8) B¥yme sec /c/
823 19.140.5 sec  Pps (654.6, 1731.3, } 2By(n,f)  19.0 +1.5 sec /b/
) BT 825e(n,p)  22.6 +1.4 sec /c/
80 14.0 +0.5 sec  °%Phs y(343.5, 560.5, } 23%(n,f)  13.0 +0.6 sec /b/
654.6 ...) 825e(n,p)
83ps 13.3 0.6 sec  S%8r #” 2By(n,F)  18.1 £1.1 sec /f/

83m.9s,  1(356.5, 987.9,
1030.3 ...)
83 y(734.5, 1113.1,

1331.1,1917.3,
)
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TABLE I. continued

*
Isotope Half-Tife ) Nuclide Techm’que” Production Half-life[literature]
counted mode
8dayg 5.340.4 sec  S%Br  y(88L.6) 128y(n,6) 5.5 +0.6 sec /f/
8o  (407.4) 233)(n,f)
84a

As v(1455.1, 667.1,
577.5, 1244.6,..)

n J
:
84b s 0.65 +0.15sec  °'Br . (881.6) 235 (n, )
Bdse . (407.4) 12334006
+
Bpast) 2,05 20.055ec e 4(385.1) Z%y(n,f)  2.028+0.012 sec /g/
s 2.15 40.15 sec /h/
Bhsett) L (1455.1, ...)
865+) 0.9 +0.2 sec  OBr  y(1564.9) 235 (5. 1)
8ps  ,(704.1), 1
7, o3 sec  8r 8By in,f)
Bse 69 12 sec SIMe  y(356.5, 673.9, | %se(nyy) 70 +1 sec /i/
' 987.9, ...) 233y (n,6)
8395, 22.4 +0.2 min %  y(365.5, ...) J 22.6 +0.2 min /i/
Bhse 3.10¢0.10min  S%Br  (881.6, ...) 20y(n,f) 3.1 40.2 min 73/
Blse  1(407.4)
855e 33 42 sec O9se  y(345.1) Z%(n,F) 9 +4  sec /k/
865e 16.1 +0.6 sec  S%Br  y(1564.9, ...)  Zy(n,f)
8se  y(2441.5, ...)
87¢.%) 5.8540.15sec  O'Br  y(1419.9) 2Byn,F) 16 +3  sec /k/
n 5.9 +0.2 sec /1/
87

Se n 5.41+0.1 sec /m/
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*
Isotope Half-1ife ) Nuclide Technique+) Production Half-life[literature]
counted mode
88.. 1) 88 235
Se 1.4 +0.3 sec Br n U(n,f) 1.3 +0.3 sec /1/
8se n 1.53+0.06 sec /m/
e n 0.41+0.04 sec /m/

%) Some of these results were obtained in cooperation with H, Franz and N, Kaffrell

+) y: from y-ray spectra (y-ray transitions {kev] are given in parentheses);
the .,, symbol means that there are more vy lines than the ones indicated

B :from B -counting

n: from neutron decay curves

++) Excited levels in 84

Se are fed in the delayed-neutron decay branch of

85As

i) Data on these isotopes have previously been published by the authors in Refs. /8,9/

/a/ Blachot et al. /15/

/b/ Van Klinken et al. /16/

/c/ del Marmol and Fettweis /13/
/d/ Mathew et al. /17/

/e/ McMillan and Pate /18/
/f/ del Marmol /6/

/9/ Tomlinson and Hurdus /19/

/b/ del Marmol and Néve de Méveranies/20/
/1/ Marlow and Waggoner /21/

/3/ Rengan and Griffin /22/

/k/ Sattizahn et al. /23/

/1/ del Marmol and Perricos/12/

/w/ Tomlinson and Hurdus /14/
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counted for the 407, 4-keV peak of ®Se, In a third series the granddaughter
%Br was extracted from the arsenic fractions and counted for its 8§81, 6-keV
line, There is no systematic deviation to be seen between these three inde-
pendent series (Fig.4), The result is a complex decay-curve consisting of
three components:

(1) 5,5-s 8¥As, indicated by the solid line, Its decay has also been observed
directly via a number of y-ray transitions in 84Se, the strongest one being
the (2->0% transition at 1455.1 keV with a half-life of 5.3+ 0.4 s,

(2) A 2-s component, indicated by the lower dashed line, (For clarity, activi-
ties are not plotted here.) It is assigned to that part of the known 2-s
arsenic isotope of mass number 85 which decays into 845 by emission
of delayed neutrons after f7-decay. The initial activity of this 2-s compo-
nent corresponds exactly to what should be expected from the delayed
neutron yield of %As (9] and the fission yield of 5, 3-s 8ipg (see Section5),

(3) The sum of the 5.5-s and the 2-s components (top dashed line inFig, 4)
does not yet explain the very early activities, Further curve analysis
gives evidence for a third activity of about 0, 65-s half-life, We assign
this activity to a hitherto unknown ~-unstable second state in #As, It
should be emphasized that the extremely low fission yield of 84 5 reported
by del Marmol[6] did not include the yield of this state,

0.7}783"’5& 595
83, <16s T 83, 2.38h
Ge ———m| 13.3s Br ——=
\839 %ln
w Se
S 4

o\

84, 7O

As
S‘RA 310ming, B4g . 31.8min
0.65

I

8 As //

e
///":3
85, 72 in
As 0Ss Bﬁse 33s BSBI' 3.0mil
x4
o
//\.qg
86 +7 0.9s 86 1618 86 Sis
As > " 'Se = " Br -
o5
oY
.
B7AS 0.3s 87se’ 5.85s B7Br 55.45 .
()/‘Jﬂ:
I/IQ.\
8. -7 1. 16.
8 Se 4s BBBr 6.3s

FIG.5. Isobaric chains near N=50, Half-lives, branching ratios and delayed neutron emission probabilities
shown are the results of the present work.—+ = B7~decay; - =~ = delayed neutron emission. Magic nuclei are
encircled.
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A summary of our results on half-lives, mass assignments and principal
decay characteristics of germanium, arsenic and selenium isotopes is given
in Table I together with the results of other authors, As far as they are
relevant for the yield measurements, these data are collected again in Fig. 5,
demonstrating more clearly the genetic relationships in the mass chains,

4, DETERMINATION OF DECAY BRANCHES

It is evident from Fig, 5 that besides precise half-life determinations two
more features have an influence on the final evaluation of our yield data,
These are the branching of the §7-decay chains into two states in the mass
chains 83 and 84 and the branching from one mass chain to another by delayed
neutron emission,

The isomeric ratio of the two states in %As can directly be taken from
Fig.4: the yield of the 0,65-s 8As is 1,6+ 0. 3 times the yield of the
5,3-s s,

The decay branch of 13, 3-s 835 into 69-s %¥MSe was determined indirectly
using a value from the literature on the ratio of (n,vy) formation cross-
sections of the two states of 83Se [24]. We have measured the intensity of
the 22, 4-min and 69-s components in the decay of the 356, 5-keV peak of 83mSe
and %%8Se respectively, both in the 825e (n,v) reaction and in the f7-decay of
13.3-s %8As, We can normalize our activity ratio observed in the (n,v)
reaction to the reported ratio of (n,v) formation cross-sections, Then, the
activity ratio of the isomers observed after 3~-decay of 8As leads to a
branching ratio of 76, 6+ 8. 8% from 85 into #¥MSe, This value is not contra-
dictory to the value 64+ 8% reported earlier by del Marmol [6]. The higher
value, however, is more consistent with our observation [25] that about
half of the cumulative yield of 22, 4-min %8Se stems from B~-decay of 83As,

Delayed neutron emission from short-lived selenium and arsenic isotopes
(indicated by dashed arrows in Fig, 5) has also been investigated [8,9]. In
general, neutron emission probabilities in the interesting mass region turned
out to be low and their branching to the next lower mass chain may thus be
neglected, However, this does not hold for the 2-s 85As, where a delayed
neutron yield of 0. 078+ 0, 012 n/10? fissions of 23U was observed. Conse-
quently, corrections to the fractional cumulative yields of 845 and ®%Se had
to be applied.

5, FRACTIONAL CUMULATIVE YIELDS OF ARSENIC AND SELENIUM
ISOTOPES

By taking into consideration the decay and branching data that are shown
in Fig, 5, fractional cumulative yields were determined for %%As, 835e, 84ps,
85e, 8ag, #7Se, 88Se, Nuclides with the magic number of 50 neutrons are
83as, 84Se and #Br, As already mentioned, the bromine activities separated
from arsenic or selenium fractions were compared to the bromine activities
obtained directly from "unseparated samples'" after complete decay of the early
members ofthe chain, The bromine activities were corrected for the chemical
yield of arsenic or selenium, forthe chemicalyield of bromine, for self-adsorp-
tioninthef - counting (83Br ), and for small changes inthe neutron flux, and were
then extrapolated back to irradiation time, The relations betweenthese initial
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TABLE II. SUMMARY OF FRACTIONAL YIELD DATA

Isotope Fractional cumulative yield I[%]
This work Literature

83ps 76.0 + 6.3 80 + 8 /a/

83ms85e 293

8hass 15.3 + 1.2 17 + 2 /a/

Bhasbyg 39.8 + 5.5

84se 96.6 + 2.1

835e 81.8 + 6.6

87ps*) 1.8 + 0.9

875e%) 40.7 + 7.1 45.6+ 6.3 /b/
29 + 5 /el
25 + 5 /d/

885et) 22.2 + 5.6 13 +2  /d/

895e 3 + 0.5 /cf

+)

These values have previously been published by the authors
in Refs. /8,9/

/a/ del Marmol /6/

/b/. Grimm /26/

/c/ Tomlinson and Hurdus [14/

/d/ del Marmol and Perricos [f12/

activities and the fractional yields were derived from the standard equa-
tions of radioactive decay, In these calculations the fractional cumulative
yields of 83Br and #Br were first assumed to be equal to the chain yields,
Once the cumulative yields of 8356 and 84se had been calculated inthis way, the
independent yields of 8Br and ¥Br could be estimated and inserted into more
developed expressions, The final yield values were then obtained by itera-
tions, In the mass chains 87 and 88, estimatedfractional cumulative yields
of 95+ 4% and 80+ 5% for 8"Br and 88Br [26] were used for normalization of
our data, The reference value for *Br is slightly different from the one
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used in Ref, [8]; thus the yield for 88ge given in the present paper differs
somewhat from our previous publication, A summary of our results is given
in Table II, which contains results from other authors too. OQur values are
in good agreement with the published data on 8As and 5. 3-s %As[6], For
the yields of 815e and ¥Se some spread in the values occurs, The cumulative
yield of ¥3Se could not be distinguished from the total chain yield, Thus the
error in our determination sets a lower limit at 2 93%. The cumulative
yield of 855e was not determined experimentally, In 1960, when Sattizahn
and co-workers [ 23] identified 8*Se and ®*Se via their bromine daughters,
they obtained the ratio of their absolute cumulative fission yields from the

B~ -activities of 84Bp and #Br growing in the selenium samples, Since we
have measured the cumulative yield of 843e, a calculation of the %5Se yield

is now possible; chain yields of 1.31+ 0, 03% and 1,01+ 0, 02% [27] were used
in this calculation and a correction for the delayed neutron emission of the
precursor 8575 was applied,

TABLE III. DETERMINATION OF THE CHARGE DISTRIBUTION PARAMETERS o

AND 47
Mass chain Nuclide Fractional g Zp ZUCD AZ
cumulative -
yield
83 As  76.046.3 a)  33.1040.16 32.69 +0.41+0.16
Se 293
84 As 39.85.5 0.5070'%0 33.6310.075 33.10 +0.53:0.08
S 96.6+2.1
85 Se  81.8+6.6 a)  33.99+0.20 33.51 +0.48+0.20
87 As 1.8:0.9 0.53%010 34.62+0.10 34.3¢ +0.28:0.11
Se 40.7+7.1
Br 95 +47)
88 e 22.2:5.6 0.6170'15 30.98:0.11  34.76 +0.22:0.11

Br 80 +5%)

+)Reference values /26/

a)Average value o = 0.56+0.06 /5/ used for determination of Zp
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6. CHARGE DISTRIBUTION IN THE 50-NEUTRON-SHELL REGION

Nuclear charge distribution in a fission product chain can be described
by a Gaussian charge dispersion curve with a width parameter ¢ and by the
deviation AZ of the maximum (Zp) of this curve from a fragment charge (Zycp),
calculated assuming unchanged charge density (UCD) of compound nucleus
and fragments [ 5,28), Table III shows the results of the analysis of our
data with respect to these two parameters, The width parameters ¢ of the
Gaussian charge dispersion curves fitted to our fractional yield data agree
within the errors with the average value ¢ =0, 56+ 0, 06 given by Wahl [5] .
Hence we conclude that the closed 50-neutron shell does not significantly
influence this parameter, In Table III, Z, . is calculated according to

Zycp = (AH+D)Zg [ A

where Zp and Ap arethe nuclear charge and mass of the fissioning micleus 286y

v is the average number of neutrons emitted from the initial fragments. A
mean value for 7 was taken from Refs [5] and [29]. It should be empha-
sized that the actual number of neutrons emitted from a single fragment is
not known: All available neutron data are average numbers for groups of
fragments. The correction for prompt neutron evaporation must therefore
be considered as a rough approximation, It may even be definitely wrong
in the region of closed neutron shells, We shall come back to this point.
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The last column in Table Il gives the deviation AZ of the most probable
nuclear charge Z, from the prediction of the UCD-rule, These values indi-
cate a slight enrichment of protons in the light fragments which is in agree-
ment with the known trend of charge distribution in low-energy fission
reactions,

In Fig, 6 the deviation AZ is plotted versus fragment mass number for
heavy and light fragments, In this plot negative values of AZ refer to an
enrichment of neutrons in the heavy fragments and an enrichment of protons
in the complementary light ones, AZ values of the present work are plotted
as black triangles, The straight lines indicate what AZ values should be
expected if magic fragments were generally formed with the highest fractio-
nal yield possible within a Gaussian charge dispersion curve, We are fully
aware of the problems inherent in this kind of plot (Fig,6), However, the
fact that the data do show a correlation rather than a wild scatter gives us
confidence that one can learn something from it, e, g, that the 50-proton
shell has a strong influence on charge distribution, A combination of mass
and charge distribution data makes the influence of closed shells in thermal-
neutron-induced fission of ?*U even clearer: the 50-proton and 82-neutron
shells are conserved in more than 99% of all fission channels, All three
shells are conserved in more than 90% of the fission events. This led to
the assumption of a dumb-bell configuration of the fissioning nucleus [31]
where closed-shell fragments are pre-formed before scission, From the
rather well-established trend of the radiochemical AZ values between mass
numbers 132 and 82 (Fig. 6) Denschlag and Qaim [31] concluded that the
dumb-bell configuration includes the magic clusters 13231 and 82Ge, connected
by a neck of high charge density, The prediction of this picture for the iso-
bars of mass chain 82 would be no deviation from the UCD rule, as %Ge has
the same charge density as 236y, The experimental AZ value for mass 82
gives support to such considerations, Also our data for mass chains 87 and
88 fit well into the ascending band of radiochemical data.

As Fig. 6 shows, the experimental AZ values for the iscbaric chains 83,
84 and 85 deviate from the general trend, Considering this structure as
significant, one could interpret it as a local tendency of the fissioning nucleus
to form its light fragments around A = 84 with the magic number of 50 neutrons,
However, the dashed line in Fig, 6, representing the closed 50-neutron shell
after neutron evaporation, is in a better agreement with the experimental
data than the pre-neutron emission line,

This observation suggested that one could ask whether the observed
structure in the AZ values around mass number 84 could be the result of a
disturbance in the dispersion of prompt neutron evaporation caused by the
jump in neutron binding energies at the shell, rather than the result of a
primary local shell-effect in fission, .

Our considerations are outlined in Fig, 7, We have assumed that charge
distribution of the fragments (before prompt neutron emission) follows the
irend which is drawn on the left-hand side and have calculated the respective
fragment yields Y, The width parameter of the fragment Gaussian charge
dispersion curves was assumed to be ¢ =0, 41, as measured in 252¢:¢ figsion
by Glendenin and co-workers [2]. For simplification, the average number
of neutrons in assumed to be 1, 0 for all mass chains investigated. This is
correct only for mass number 87, but the error is less than 20% in the other
isobaric chains, The equation in Fig, 7 shows how the different fission frag-

ments contribute by neutron evaporation to the independent yield of *As, P
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Assumption Result
¥(%s) =Py V(%) + B, Y () +R, Y (BAs)....
Neutron emission 50n
probabilities P,
N b P B {ERW
25043 1.2 0.6 0.2 1.0 1.0
5002 03 %! 0 11
5061 0 05 05 15 P ®
50 0§ 0.4 ] 0% ®
50-1 0.2 0.6 0.2 10
v=10 { =051

FIG.7. Considerations on prompt neutron evaporation from fragments near the closed §0-peutron shell. Experi-
mental data (right-hand side) are given as triangles: L this work, ADenschlag [30]. The crossed circles @ are
assumed (pre-neutron emission) and calculated {post-neutron emission).

is the pro'ba'bilitgsthat the fragment 84p g evaporates no neutrons, li is the
probability that “As emits one neutron, and E, is the probability that the frag-
ment %As emits two neutrons, etc, WNeutron emission probabilities for three
and more neutrons are neglected,

The neutron emission probabilities listed below the equation are chosen
to obtain a preference of % at 52 neutrons, li at 51 neutrons and B at 50
neutrons, Despite this preference, the average number of neutrons has been
kept at 1, 0 in each chain,

Simulating the prompt neutron evaporation this way leads to isobaric yield
distributions whose width parameters and AZ values overlap in all cases with
the error bars of the experimental points, as is shown on the right-hand side
of Fig. 7.

The assumptions on the neutron emission probabilities are certainly
rather extreme, and they should, of course, be checked by more serious
theoretical work, Nevertheless, they show clearly what qualitative conse-
quences a shell-dependent disturbance of prompt neutron evaporation would
have,

Whether there is a primary shell effect or a secondary effect caused by
neutron evaporation can only be detected by measuring fission yields of com-
plementary products in the region of heavy cerium, praseodymium and
neodymium isotopes, However, this would require the development of a rapid
separation technique for lanthanide elements,

It is interesting to note in this context that Géggeler and von Gunten[32]
have very recently performed a measurement of the fractional yield of the
shielded isotope 'Pm (5.4+0,3x 10™%). Although this yield is rather low —
which results in a large uncertainty in the Z_ value - the deviation AZ
(about -0. 53) agrees closely with the value of the complementary light frag-
ment, Certainly, more experimental data are needed to clarify the situation,
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DISCUSSION

H. O. DENSCHLAG: We did some experiments in order to find out
whether prompt neutron emission can have an influence on charge distribu-
tion, as has just been discussed by Mr. Kratz,

We chose chain 132, which is especially interesting because it contains
the doubly magic nucleus tin-132, and because in this chain we have a large
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FIG.A. Dependence of the charge distribution, as measured by the observed ratio of 1328n to 1328b yields, as
a function of absorber thickness (in the form of the recoil yield of 1325n),

discrepancy between radiochemical measurements! and a physical measure-
ment performed by Konecny and co-workers? We wanted to check whether
this discrepancy was related to a prompt neutron effect,

In order to check whether the charge distribution is different before and
after prompt neutron emission, we measuredthe ratio of 13238nto **2Sb in
fission fragments that had penetrated increasing amounts of absorber foil.

Thick absorber foils are penetrated only by fragments of high recoil
energy which are known to emit practically no prompt neutrons,

The results are shown in Fig, A, in which absorber thickness (in the
form of the recoil yield of '32Sn) is plotted against the Sn/Sb yield ratio,

As can be seen from the experimental points (dots — with typical error
bars in two cases), there is indeed an increase in the ratio of Sn/Sb, from
1 at about 40% recoil yield, to 3 to 4 at around 0, 1%,

We have compared the experimental results with a calculated curve,
This curve, marked AE, = 0, assumes no effect of prompt neutron emission
on charge distribution and, therefore, no difference in the recoil energy
between Sn and Sb,

| NAEUMANN, R., FOGLER, H., DENSCHLAG, H.O., J. Inorg. Nucl. Chem. 34 (1972) 1785.
2 KONECNY, E., etal. Z, Phys. 271 (1970) 59,
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This curve deviates from a ratio of the recoil yields Sn/Sb = 1 only
because the interaction of Sb (Z =51) with the absorbers is stronger than
that® of Sn (Z = 50).

We find that the experimental points, even though statistically inaccurate,
lie on the right-hand side of this curve, signifying that the charge distribution
is altered by prompt neutron emission,

To make quantitative conclusions, we require more accurate data and
these are being prepared, However, it would already appear that the effect
is too small to fully explain the discrepancy between the radiochemical and
Konecny' s measurements,

M. ASGHAR: We have heard that neutron emission tends to demolish
the structure due to pairing and shell effects, I feel that this could be avoided
if one chooses those events where the fragment kinetic energy is so high that
no neutrons could have been emitted. One would then have fragments with
primary nuclear charge (Z) and neutron number (N),

S. AMIEL: When carrying out experiments involving fragment kinetic
energy selection, one should be careful about drawing conclusions concern-
ing nucleon pairing effects, As we go to lower excitation energies (i, e, higher
kinetic energies), two simultaneous changes take place — without our know-
ing the rate of change and function of each: one being the drop in neutron
evaporation, the other the enhancement of the primary even-odd effect
associated with the decrease in the formation of odd-configurations, Unless
we know more about the function of one of these with respect to the excitation
energy, we should refrain from making any conclusive statements about the
other, Of course this is a general statement; isolated cases may exist where
it would not matter,

H. O. DENSCHLAG: The measurements of pre-neutron-emission charge
distribution carried out by Glendenin and co-workers* show that the second
effect you mention is pretty small, Therefore, what we see here is due
mainly to prompt neutron evaporation, This is naturally only true within
the limited accuracy of our and Glendenin' s values.

3 NORTHCLIFFE, L.L., SCHILLING, R.F., Nucl. Data Tables 17 (1970) 233,
4 REISDORF, W., UNIK, J.P., GRIFFIN, H.C., GLENDENIN, L.E., Nucl. Phys. A 177 (1971) 337.
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Abstract

NEUTRON AND GAMMA EMISSION IN FISSION.

Some of the characteristics of neutron and gamma emission in fission are reviewed. Recent measurements
of the average number of neutrons as a function of fragment masses m and total kinetic energy E show distinctive
differences from previous measurements. The reasons for these discrepancies are analysed and it is shown that, at
present, the use of large neutron detectors gives more reliable results than those of small neutron detectors. The energy
necessary for the emission of one additional neutron is discussed and shown to be of the order of 8 MeV, in the
case of the ®2Cf spontaneous fission. This includes the effect of the observed correlation between neutron
multiplicity and total y-ray energy. This correlation cannot be explained on the basis of neutron binding
energy variations alone and is interpreted as an effect of the spins of the fragments.

The gross features of y-ray emission by fission fragments (time, energy, angular distributions) are
summarized. These features appear to be in agreement with a statistical de-excitation of the frapments
provided angular momentum effects are suitably taken into account.

The variances of the excitation energies of the fission fragments as a function of m and Ey are obtained
from the observation of neutron number distributions. Here again it is shown that, at present, the use of large
neutron detectors is the safertechnique. Knowledge of these variances allows an improved estimation of the
difference between the total energy release in fission and the minimum potential energy of the scission
configuration. This difference is found to be at most of the order of 7 MeV in the 252¢f of spontaneous fission.

One of the basic assumptions of the "fission band" model of Norenberg is strongly supported by the
observation of a 1.6~MeV difference in the total kinetic energy of fission which gives rise to odd Z-odd Z
compared with fission which yields even Z-even Z pairs of fragments. This model also accounts for many of
the aspects of the neutron and gamma emission in fission.

INTRODUCTION

Rather than being a general survey of all experimental evidence on
neutron and gamma emission in the fission process, this paper will focus on
some of the recent detailed measurements relative to this subject. In the
first section we shall examine the average neutron number measured as
a function of both mass and kinetic energy of the fission fragments, Although
recent measurements do not show new qualitative features, they quantitatively
differ from previous ones, especially with respect to the value of the energy
carried away per neutron. The disagreement may be traced to different
experimental approaches; one set of experiments makes use of low-efficiency
plastic scintillators and the other uses high- efficiency loaded liquid scintillators.

* Work performed under the auspices of the US Atomic Energy Commission.
*% On leave from CEN Saclay.
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We shall discuss the relative advantages and drawbacks of these two tech-
niques. In the second section we shall examine some of the detailed measure-
ments of y-ray energy, vy-ray multiplicity and y-ray angular anisotropy
which have been carried out as a function of the energy, mass or charges of
the fragments. Combining the neutron, gamma and fragments kinetic energy
measurements, the measured energy release in fission can be compared with
predictions of mass tables, We shall present evidence for even-odd effects
in the dependence of neutron and gamma emission and fragment kinetic
energies on the charges of the fragments. We conclude this section with a
discussion of the angular momenta of the fragments. In the third section

we shall discuss the detailed measurements of the variances of the neutron
number distribution in view of the large discrepancies observed between the
results obtained in experiments using low-efficiency and high-efficiency
neutron detectors, respectively., We show how the variances of the neutron
number can be transformed into variances of the excitation energies of the
fragments. In the last section we shall discuss the significance of the even-
odd effects and the possible use of the variance measurements for testing
different theories of fission.

1, VARIATIONS OF THE AVERAGE NEUTRON NUMBER AS A FUNCTION
OF MASS AND KINETIC ENERGY OF THE FISSION FRAGMENTS

At the time of the Salzburg Symposium most of our knowledge of the
average neutron number variations as a function of mass and kinetic energy
of the fragments was obtained using low-efficiency neutron detectors [1-3],
with the noticeable exception of the measurement made by Whetstone [4] on
the spontaneous fission of californium. In an effort to resolve the existing
discrepancies between some of those experiments in the case of the neutron
induced fission of236U, Maslin and co-workers [5] and Boldeman and co-
workers [6] used a large gadolinium loaded scintillator as a high-efficiency
neutron detector. On the other hand, we have obtained [7] the neutron
number distributions in the spontaneous fission of 252Cf and, thereby, their
first moments; our results are to be compared to those of Whetstone [4]
and Bowman and co-workers [1]. Figure 1 shows the variations of the
average neutron number ¥V (m) as a function of the mass of the fragments as
obtained in these experiments. Although the general trends of the represen-
tative curves 7 (m) are similar in all measurements, quantitative discre-
pancies as high as 30% can be noticed on the figure. The situation is hardly
better when one considers the variations of the average total neutron number
VT(ER) as a function of total kinetic energies of the fragments, as can be seen
on Fig. 2 where the results obtained by Bowman and co-workers [1],
Whetstone {4], and ourselves are compared. This situation gives rise to a
wide range of values of the energy carried away per neutron from the
6.6 MeV/n advocated by Bowman and co-workers [1] to the 18.5 MeV/n
claimed by Maslin [5]. The origin of these discrepancies seems to be
mostly in the different methods used to take into account the following
factors:

(a) The assumed geometrical efficiency of the detector which depends,
sometimes critically, on the assumptions made regarding the neutron
energies and angular distributions.
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FIG.1. Variations of the average neutron number 7(m) with the fragment mass as obtained in different
experiments. (a) For the slow neutron induced fission of #*U [6]. A: Maslin, etal.[5], ®:Boldeman, et al.[6],
O : Milton and Fraser [2). (b) For the spontaneous fission of %2Cf, A : Bowman, et al.[1],

@ : Signarbieux, et al, {7].

(b) The efficiency of detection of neutrons penetrating the detector.

(¢) The energy and mass resolution and possible asymmetry of the fission
fragments detection system.

(d) For the large liquid scintillator, the dead-time corrections and the
possible multiple firing of the phototubes.

(e) The recoil correction which has to be used for the determination of the
masses and kinetic energy of the fragments. This correction has
recently been studied in detail by Gavron [8] and found to be most
sensitive for small-efficiency detectors.
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As shown by Terrell [9] the low-efficiency neutron detector experiments
are much more sensitive to the first two factors. When a large liquid
scintillator is used in a 47 geometry to measure total number of neutrons,
the efficiency problem is obviously minimized, being reduced to the question
of neutron detection efficiency. Monte-Carlo simulations have shown that,
as expected, the neutron detection efficiency is itself almost insensitive to
centre-of-mass energy spectra provided the radius of the detector is greater
than approximately.30 cmm. It therefore appears that, provided the last two
factors of possible systematic errors could be satisfactorily dealt with,the
total number of neutron measurements carried out with large 47 detectors
should be used to check the more error-prone determinations of average
number of neutrons emitted per fragment.

Gavron has recently (8] shown that the very fact that a neutron is
detected in a preferential direction requires that the masses and kinetic
energies of the fragments be corrected for recoil effects. This recoil
correction appears to be especially important when the kinetic energy
dependence of neutron numbers is studied. The magnitude of this correction
is shown in Fig. 3 and appears to be able to account for most of thé differences
observed between the high- and low-efficiency measurements. In 47 neutron
counting this correction does not exist and in the high-efficiency 27 measure-
ments it is drastically reduced.

It is outside the scope of this paper to go into details about dead-time
corrections and optimization of the large liquid scintillator operation. As
pointed out by several authors [10, 11] it is possible to confirm that the
dead-time and background corrections have been made properly and that the
detector worked correctly. Let v and 02(1/) be the mean value and the
variance of the neutron number distribution of the source. IL.etq and ¢2{q)
be the same guantities relative to the distribution obtained after correction
of the experimental one for background and dead-time but before the effi-
ciency correction. Let € be the efficiency of the detector. Then

q = ev
and
?(q) = €2 P(v) +e(l-g) v (r.1)
Substituting for €
2 2
gfq) L_o%v) 1 (1.2)
= "= "=
q q v v

From the form of Eq. (I. 2) one sees that the left-hand side must then be
independent of the efficiency of the neutron detector. Figure 4 shows to
what extent this condition can be realized in an actual system. It is fulfilled
for efficiencies lower than 80%. For higher efficiencies the influence of
afterpulses in the phototubes and of multiple-firing of the discriminators
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starts tobe felt. Itis noteworthy thatthe observed invariance of expression (1.2)
is an indication that delayed y-rays from the fission fragments do not impair
the measurements. In a more detailed check of the operational and correc-
tion procedures in the total number of neutrons measurements we found that
the results obtained for the values of both the means ;T(m,Ek) and the
variances 02(sz m Ek) of the neutron number distribution measured as a
function of the mass and total kinetic energy of the fragments agreed within
statistical accuracy for two experiments where the detector efficiency was
80% and 55%, respectively. Finally, an independent check of the validity of
the measurements of total number of neutrons with 47 high-efficiency liquid
scintillators is provided by the agreement between those measurements and
those recently [12] carried out with 3He counters placed in a paraffin modera-
tor. This rather lengthy justification of the use of large neutron detectors

for measurements of total number of neutrons was felt useful in view of
recent doubts [13] which have been raised in their behalf. In particular, it
has been argued that these experiments gave unreasonably high values of the
energy necessary to emit one additional neutron. The variation of the average
total number of neutrons emitted by both fragments as a function of their total
kinetic energy is very nearly linear. The inverse of the slope of this variation
<dvT/dEk>'1 has been found to be 16,7 MeV/n by Boldeman and co-workers [6]
in the thermal neutron induced fission of 26U and, by us, to be 13.0 MeV/n

in the case of the spontaneous fission of 25%20f, However, these quantities
should not be interpreted as the energy necessary for a given pair of frag-
ments to emit one more neutron, This is mostly because different mass
distributions are obtained for different total kinetic energies. The argument
can be put on 2 more quantitative basis with the help of relations similar to
those already used by Terrell [9]. First, the slope {dv;/dE\> can be
expressed as a function of the variance Gz(Ek) of the total kinetic energy and

of the co-variance of vy and Ey

g - ClVgHEy ) (1. 3)

EE; 02(Ek)

<
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Then, up to first order in the variations of Ey and vy as a function of
fragments masses, the overall co-variance C(vr, E,) can be expressed as a
function of the mass-averaged value of the conditional co-variances
C(vy,Ey: m) of vy and By for a fixed mass by

av, i
B p > e EYS e (1. 4)
C(\)T,Ek) =< =< =2> 0 (m) + c(vT,Ek. m)

Owing to the small variation of v; as a function of m,the first term of
the right-hand side of equation (I.4) can be neglected so that

— - (I. 5)
c(\)T,Ek) = Ci\)T,Ek; m)

A relation similar to Eq. (I.3) holds between quantities measured at a
fixed mass ratio of the two fragments, so that

&

T (1. 8)

OB m) = (= ) 02(Ek: m)

o

Assuming a negligible correlation between the values of {dvr/dEy >,
and GZ(Ek: m) for different mass values, one can then write that

2,5 .
it Bl BN i (7 =) (L.7)
g, m B Gz(Ek>

In the case of 252Cf using resolution-corrected values of o (Ey: m)=9.2 MeV
and o(E;)=11.33 MeV one obtains an approximate value of

<Y} -1
(=L Y = 8.6 MeV/neutron
dEk m

This figure can be considered to be a determination of the energy neces-
sary to emit one additional neutron and can be compared with estimates
based on neutron binding energies, kinetic energies and, as will be seen
later, on gamma-neutron competition. We shall make this comparison in
the next section using the more detailed values of {dvy/dE; >l computed for
each mass of the heavy fragment. Figure5 shows the result of this comparison.

Compared with measurements of the total number of neutrons, the study
of neutron emission by each individual fragment presents the added difficulty
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; .

energy of the nentron, 7 = centre-of-mass neutron kinetic energy. ® : calculated values for each fragment
mass, 4 : calculated values for a fragment pair, A: experimental values for a fragment pair.

of detector efficiency variations with the angular and energy distributions

of the neutrons. We shall assume that the fission events are sorted out
according to the mass m of the fragment flying towards the neutron detector
and the total kinetic energy E, of the two complementary fragments. The
average number of detected neutrons for a given fission configuration is then
equal to

E(m,Ek) = E(,_m,Ek) \T(m,Ek) + r(M - n,E, ) oM - m’Ek) (1. 8)

where v(m, Ek) and v(M - m, E;) are the average number of neutrons emitted
by the fragments moving towards and away from the neutron detector,
respectively. €(m,E) and r(M-m, E,) are the probabilities of detection of
these neutrons. A similar relation holds when the fragment of mass M-m
moves towards the detector, namely

M- mE) = M- m,E) V(M - m,E ) + r(m,E) v (m,E,) 1.9)

Provided the set of forward and backward efficiencies €(m, Ey) and
r(m, E,) are known, the average number of neutrons emitted per individual
fragment F'(m,Ek) can be obtained, The sets of efficiencies can be computed
by means of a Monte-Carlo simulation [14]. They depend on the fragment
velocity and the centre-of-mass neutron energy spectrum. We have already
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noticed that, in the case of large'neutron detectors, the forward efficiencies
were not sensitive to the assumption made for the centre-of-mass neutron
energy distribution. However, in this case, the ratio of the backward to the
forward efficiencies can be as high as 20% and the quantities r(m, E;) cannot,
by any means, be neglected.

The values of the average neutron number per fragment, ;(m,Ek), were
found to vary by less than 2% over their entire range when two different
assumptions were made on the neutron spectra: in one case we assumed a
constant-temperature Maxwellian spectrum, and in the other we used the
actual spectra as determined by Bowman and co-workers {1]. The sum
v (m, Ek)+17(M- m, E,) of the average neutron number emitted by two comple-
mentary fragments should be equal to the average total neutron number
;T(m,Ek) as determined in the 47 geometry experiments. This agreement
was obtained by Whetstone [4], and by Maslinand co-workers [5]. Inour experi-
ment the agreement is better than 2% for the entire range of masses and kinetic
energies. This seems to be a good check of the efficiency correction
procedure.

Up to now we have not considered the possible existence of an isotropic
component in the neutron angular distribution. This component was
first suggested by Skarsvig and co-workers [15], Fraser and co-workers [2],
and Kapoor and co-workers [16]. It is shown in Appendix I that,in the case
of a large detector subtending a 30° angle from the neutron source and
assuming a constant detection efficiency for all neutrons entering the detector,
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FIG.6. Variations of the average number of neutrons emitted per fragment as a function of the total kinetic
energy of the fragments for a range of fragments masses. @ : light fragment, O: heavy fragment.



126 NIFENECKER et al.

the neglect of the isotropic component is equivalent to the sharing of it
equally between the two fragments., However, with a small neutron detector,
the sharing will depend on the fragment and neutron velocities. This could
give rise to differences of up to 5% between the results of the large and
small detectors.

The variations of the average number of neutrons emitted by
complementary fragments of selected masses as a function of their total
kinetic energy Ey are shown in Fig. 6. It can be seen that, while the varia-
tions of the total number of neutrons with Ey are very nearly linear, this
is not so for the number of neutrons emitted by one of the fragments.
Therefore, for a given mass split, the fraction of excitation energy taken up
by one of the fragments cannot be assumed constant.

2.  y-RAY EMISSION AND ENERGY BALANCE IN FISSION

The emission of y-rays by fission fragments is not as well known as
their neutron emission. This is the consequence of several experimental
difficulties: .

(a) The need to discriminate between fission y-rays and y-rays produced
following neutron capture or inelastic scattering.

(b) The time distribution of fission y-rays, which covers a wide range,
from less than 10-1! g to several microseconds. This circumstance
makes the comparison between experiments using different arrangements
difficult.

(¢) The moderate amount of anisotropy in the angular distribution of the
fission v-rays, which makes it much more difficult to measure the
relative contribution of each fragment to the y-emission than to the
neutron emission. The first difficulty is usually overcome by the
conjunction of a time discrimination between the y-rays originating from
the fission fragments and those produced in neutron capture or inelastic
reactions, and by a careful collimation of the y-ray beam. For total
vy-ray energy measurements, large liquid scintillators of the type
described in Section 1 can also be used with the advantage of a very high
efficiency; in this case a satisfactory correction for neutron parasitic
effects can be made, provided a simultaneous measurement of neutron
multiplicity is made [17]. '

To deal with the two last difficulties a knowledge of both distribution
in time and angular distribution of the fission y-rays is needed. In the

following we first summarize this knowledge.

2. 1. Angular distribution of fission v-rays

There are two causes of anisotropy in the fission y-ray angular distribu-
tion. The first one is a Doppler effect similar to what is observed in the
neutron case. This Doppler anisotropy obviously disappears when the two
fragments are not distinguished by the experimental setup or when they are
stopped before the v-emission takes place, On the other hand, it can be used
to determine the share taken by eachof the two complementary fragments [18, 15]
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in the total y-ray emission and to obtain information on the time dependence
of that emission [20].

The other cause of anisotropy of the fission y-rays is a consequence of
a preferential orientation of the fragments' spins with respect to their
direction of flight. Wilhelmy and co-workers [21] have measured the angular
distribution of several 2*~ 0" transitions in the ground state bands of several
even-even fission isotopes. They found a preferential emission of the
E2 radiations along the direction of the fragment with anisotropies ranging
between 8. 3% and 33.4%. Because of possible attenuation effects in the
platinum catcher they used, these values are to be considered as lower
limits for the actual anisotropies. These anisotropies can only be explained
if the initial spins of the fragments are preferentially oriented perpendicular
to the fragments' paths, in agreement with the results of the early analysis
of the gross angular distribution of fission y-rays by Hoffman [22]. In more
recent experiments the anisotropy of the whole fission y-ray spectrum has
been studied as a function of fragment kinetic energies, mass ratios, masses
and as a function of y-ray energy. These experiments all dealt with the
slow neutron induced fission of “3U. Figure 7 shows the results obtained by
Ivanov and co-workers [23] in their study of fission v-anisotropy as a
function of total kinetic energy and mass ratio of the fragments. The figure
shows a definite increase of anisotropy with the total kinetic energy of the
fragments for all mass ratios studied. On the other hand, the anisotropy
seems insensitive to the mass ratio of the two fragments. This last result
has been confirmed by Armbruster and co-workers [20]. Using the colli-
mator technique pioneered by Johansson [24] these authors have been able
to study the anisotropy of the y-rays emitted between 10 and 100 ps after
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FIG.7. Anisotropy of the y-ray yield versus fragment kinetic energy in the fission of 35U (a) for different
fragment mass ratios. O: (m;/m,)=1.1-1.25, &: (m;/m,)=1.25 - 1.35, ®:(m,/m,) = 1.35 - 1.45,

¥ (my/m,) = 1.45 - 1.65, ¢ : (my/m,) = 1.65 - 1.9, (b} for all realized mass ratios; the solid curve shows
the fragment kinetic energy distribution. Figure taken from Ref.[23].
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FIG.8. Anisotropy of the prompt gammas as a function of fragment mass. (a) anisotropy without collimator:
the contributions of the two fragments are not separated; (b} anisotropy with collimator selecting gammas in
the time region 10-100 ps after fission. Figure taken from Ref.[20].

fission as a function of the fragment's mass. Their results are shown in
Fig. 8; they show some structure but no definite trend except for a tendency
to higher anisotropies in the heavy fragment mass range, which averages
around 20% as compared to 14% for the light fragment. When measured as
a function of y-ray energy between 0.1 and 1.2 MeV, the anisotropies [20]
do not show strong departure from an average value of 13%. This is only
slightly less than the values obtained by Wilhelmy and co-workers [21]

for pure E2 transitions. It therefore appears that measured anisotropies of
fission y~rays indicate that those y-rays are mostly of the E2 type with a
possible admixture of between 10% and 20% of dipole radiation. This con-
clusion holds for y-energies between 0.1 and 1.2 MeV as quoted above.

As a concluding remark concerning the question of anisotropy of y~ray
emission by the fission fragments it is worthwhile noting that neglecting
this effect in some of the measurements of y-ray energy emitted in fission
could lead to errors of about 5%; this holds not only for absolute values but
also for relative ones, especially when the fragment's kinetic energy is
retained as a parameter in the measurement.

2.2. Time dependence of y-ray emission by the fission fragments

The gross time dependence of y-emission by the fission fragments of
235U has been most thoroughly investigated by Albinsson [25]. Using the
collimator technique that author studied the rate of production of fission
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v-rays between 10 and 200 ps. He found that the corresponding decay curve
could be well represented by the sum of three exponentials corresponding to
half-lives of 7.5 ps, 18 ps, and 60 ps with intensities, relative to the total
gamma radiation emitted within 1 ns after fission, of 35%, 25%, and 10%,
respectively. Armbruster and co-workers [20], by a comparison of observed -
Y-ray anisotropy when both fragments were allowed to fly and when one of
them was stopped in the fission source backing, concluded that in the latter
case the average velocity of the stopped fragment had to be reduced to 27%
of its original value to account for the observed residual Doppler anisotropy.
They show that, assuming a single time constant T for the decay curve of the
v-emission, the reduction factor f is equal to

t
c

f=r¥rt

¢
where t_ is the characteristic slowing-down time in the source backing.
In their experiment Armbruster and co-workers [20] estimated this
slowing-down time tobe approximately 1.7 ps. One then finds that if the
fastest time components were those reported by Albinsson the reduction
factor would amount to approximately 4%. To explain the observed reduction
factor one is then led to assume the existence of a fast component with
minimal relative intensity of 23% corresponding to an infinitely short half-
life. This component is most probably responsible for the attenuation of
the y-ray anisotropy for measurements carried out between 0 to 1 ns after
figsion with respect to those relative to the 10 ps-100 ps range. It is thus
probably of the dipole type. Albinsson [26] has measured the gross features
of the y-ray energy spectra corresponding to the three decay constants
reported earlier. The bulk of the y~-rays corresponding to the 7. 5-ps half-
life has an energy centered around 1 MeV, At this energy both the single
particle lifetime estimates for E1 and M1 transitions and the collective
estimates for E2 transitions are much shorter than 7.5 ps. On the other
hand, this value lies very close to the single particle estimate for E2 transi-
tions. The same can be said about the energy spectra associated with the
18-ps time component. The 60-ps component displays a strong peak around
200 keV which very probably corresponds to E2 rotational transitions similar
to those reported in the work of Cheifetz and co-workers [27] in the
californium fission case.

From the preceding and the average multiplicity of about four vy-rays
per fragment, a qualitative picture can be drawn of the average cascade of
v-rays emitted by the fragments. A first transition, mostly of the electric
dipole type with an average energy greater than 1 MeV, is followed by two
E2 transitions of a non-collective types; the cascade then terminates with
an average of about one transition in the ground state rotational band, when
this band exists.

In some cases, after what can be considered as the prompt y-emission,
delayed y-rays can be emitted. John and co-workers [28] estimated that
approximately 20% of the total y-ray number or 7% of the total y-ray energy
was emitted between approximately 100 ns and 2000 ns after fission of 252Cf.

The picture for y-ray emission by fission fragments presented above is
certainly oversimplified; it should be modified, in particular, according to
the measured photon-multiplicities and total y-ray energies, which are now
reviewed.
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TABLE 1. TOTAL AND AVERAGE v-ENERGY
Average energy
- E, (total) 7- _
Type of fission per photon o Y,
zMeV) (MeV) multiplicity T
5y +n 6.51 0.97 6.69 2.42
pu +n 6.82 0.94 7.25 2.83
#2Cf Spontaneous L.R. A, 5.99 0.88 6.7 3.052
%2Cf Binary spontaneous 6.84 0.88 7.75 3.156

TABLE II.

AS A FUNCTION OF TIME AFTER THE SLOW NEUTRON
INDUCED FISSION OF 2%y

AVERAGE y-MULTIPLICITIES AND TOTAL v-ENERGIES

¥ -energy Time interval Nyt EyT
(MeV) (ns) (y/fission) (MeV/fission)
0.09-10 ~ 8 6.51 6.431 0.3
0,03-10.4 ~ 70 8.1 7.0 +0.7
0.03-10.4 275 8.6 T4 + 0.7

2.3. Multiplicities and energies of the fission y-rays

A very careful measurement of total y-energy and average photon energy
in the fission of %52Cf, 2%Pu, and 2°°U was reported at the Vienna Symposium
by Verbinsky and co-workers [29]. Their results are shown in Table I,
together with the average neutron numbers. The values relative to the long-
range particle accompanied (L. R. A.) fission in Table I are taken from the
work of Mehta and co-workers [30] except for the average energy per
fission which has beenassumed equal inbinaryand ternary fission. The measure-
ments of Verbinsky and co-workers [29] refer to a period extending up to
approximately 10 ns after fission and a y-energy range from 0.14 to 10 MeV,
Pleasonton and co-workers [19] report measurements of total y-ray energies
and multiplicities in time ranges of 5 ns, 70 ns, and 275 ns after the slow
induced fission of 235U, Their values are shown in Table II and are in very
good agreement with the 85y figures of Verbinsky. From Table II it can be
seen that the delayed-vy contribution in the case of the induced fission of
2357 would account for approximately 24% of the total number of v-rays and
14% of the total y-ray energy. The last figure is more than twice the
corresponding one reported by John and co-workers [28] for the spontaneous ;
fission of californium 252. In summary, we find that the total y-ray energy emitted
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FIG.10. y-r1ay yield per fragment versus fragment mass in the slow neutron induced fission of #U. ® : data
taken from Ref.[19], A : data taken from Ref.[32].

in fission lies around 7.5 MeV with an absolute uncertainty of about 0.5 MeV
for most of the known cases. This value of 7.5 MeV can be compared with
that obtained in statistical computations such as the recent one by Nardi and
co~workers [31] of approximately 6 MeV in the 252Cf spontaneous fission
case. Although the difference between the expected value and the observed
one is much less than some years ago it is still significant. Table I shows
that positive correlation exists between the y-ray multiplicities and the total
number of neutrons per fission.

Such a correlation had been observed by Johansson [24] when he first
determined the y-multiplicity as a function of the mass of the emitting fission
fragments of 252Cf. Johnand co-workers [28] added a delayed component to
Johansson's results and obtained the curve shown in Fig, 9. Similar data have been
obtained in the slow neutron induced fission case by Albinsson and co-
workers [32] using the same collimator technique as Johansson and by
Pleasonton and co-workers [19] using the Doppler anisotropy technique, The
results obtained by both groups are shown on Fig. 10. Although the two
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FIG.11. Observed correlation between the values of gamma (E_(m)) and neutron (#(m)) multiplicities (a) for
induced fission of #6U, (b) for spontaneous fission of Z52Cf,

experiments agree qualitatively and both show a pronounced sawtooth struc-
ture, the rates of variation of the y~-multiplicities as a function of fragment
mass are different. This difference cannot be attributed in its entirety to
the different time range after fission studied in the two experiments, since,
if it were so, the values obtained by Pleasonton should always be greater
than those obtained by Albinsson. The correlation between y-ray and neutron
emission is best visualized by plotting the points corresponding to the various
pairs of values of (E_(m),7(m)) on the (Ey,‘ﬁ) plane, This is donein Fig, 11 for
both the californium and 23U cases. In preparing Fig.11l we have trans-
formed the y-multiplicities reported by Albinsson for 2%U and by John for
252Cf into total y-ray energies.
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FIG.12. Variations of total y-energy E;, (Eg) as a function of total fragment kinetic energy (a) in the induced
fission of 236y, (b) in the spontaneous fission of %2Cf.

The variations of total y-energy or yields as a function of the total
kinetic energy of the fragments have been measured by Albinsson [331],
Pleasonton and co-workers [19], and Val'skii and co-workers [34]
in the slow neutron induced fission of 235U, Good agreement is observed
between the results obtained by the three groups, We show in Fig. 12 the
results obtained by Albinsson. Using a large liquid scintillator as a
47 y-ray detector [35] we obtained the variations of total y-ray energy as
a function of total fragment kinetic energy for the spontaneous fission of
252Cf, These variations are also shown on Fig.12. The correlation between
the total y-ray energy and the average total number of neutrons measured as
a function of total fragment kinetic energy can be examined as done before
for the fragment's mass. This is done in Fig. 13, This figure and Fig. 12
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FIG.13. Correlation between the total y-ray energy Ey(Ek) and the neutron multiplicity F(Ek) (a) in the
induced fission of 26U, (b) in the spontaneous fission of 2Cf. It should be noted that the constant term in the
relation Ey= ai+b, obtained when the comelation with average total number of neutrons is considered, has
twice the value of that obtained with average number of neuwons per fragment.

strongly suggest that a linear relation exists between the total y-ray energy
and the number of neutrons emitted in fission. The straight lines appearing
in Figs 11 and 13 correspond in the 252Cf case to the assumption that

EY(m,Ek) = [0.75 S(m,Ek) + 2] (MeV) (IL. 1)

and

E—Y(m,Ek) = [l.l U(m,Ek) + 1-75](MeV) (II. 2)

in the 238U case. The extent to which such relations are accurate can be
estimated from more detailed measurements where the y-ray energies or
multiplicities are studied as a function of both the masses and the kinetic
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FIG.14. Variations of the total y-ray energy as a function of the total kinetic energy of the fragments for
different light fragment masses of *Cf fission. ® : direct measurement, O : results obtained from energy
balance considerations.

energies of the fragments. Using the large liquid scintillator we have
measured [35] the total y-energy emitted in fission as a function of total
kinetic energy and mass ratio of the fragments. The results are shown in
Fig. 14 where the variations of total y-energy as a function of the fragment's
total kinetic energy are displayed for a choice of mass ratios (M= mass of
the light fragment). It can be seen from the figure that the variations are
very nearly linear., In Fig. 15 we show the variations of the average total
y~energy and of the slopes <dEr/dEk> of the above-mentioned linear vari-
ations as a function of mass ratio {(or mass of the light fragment). It can be
seen that the variations of those quantities are less than 10% except at
symmetry. Since the variations in the slopes <dVT/dEk> as a function of
fragment mass as shown in Fig. 5 are themselves less than 10%, it follows
that Eq. (II. 1) could be accurate within 20% for the whole mass and kinetic
energy range. However, this conclusion might be an oversimplification
and the results obtained by Pleasonton and co-workers [19] seem to indicate
that this is the case. Figure 16 taken from the work of these authors shows
the variations of the y-energy emitted by one fragment as a function of the
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total kinetic energy for various masses of the fragment. It can be seen on
the figure that for some heavy fragments the emitted y-energy tends to
increase with kinetic energy and is, thereby, anticorrelated with the number
of neutrons emitted by this fragment, This tendency sometimes leads to
values of y-ray energy emitted by one fragment well under half the neutron
binding energy for fission events where the fragment emits about two
neutrons. Such behaviour is very difficult to understand.
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2.4. Energy balance in fission

The observed variations of total y-ray energy as a function of the total
kinetic energy of the fragment have a bearing on the computation of energy
balance in fission. For example, from Eq. (II. 1) one sees that the energy
necessary to emit one supplementary neutron will be approximately 0.75 MeV
higher than the sum of the neutron binding and centre-of-mass kinetic
energies. A comparison between the computed and observed energies
carried away per neutron is made on Fig.5. The agreement is fair and the
energy carried away per neutron ranges around 8.5 MeV. It is seen, how-
ever, that the experimental value lies consistently higher than the computed
one especially for light fragment masses higher than 105. This will be
explained in the following section in terms of a tailing of the kinetic energy
resolution function which has not been accounted for. The detailed measure-
ments of average neutron numbers ¥{m,E,), of total y-ray energies Ey(m,Ek)
and of the centre-of-mass neutron kinetic energies #j(m, Ek) as a function of
mass and kinetic energies of the fragments allow equally detailed computa-
tions of the total energy Q(m, E,) released in fission:

Qm,E) = B + V) (8 ) [Blm,E,) + f(n,E, )]
+ V(M - m,E)[B(M - m,E ) + nM - w,E )]+ E (m,E)

where ¥,(m, E;) is the average number of neutrons emitted by a fragment of
mass m, f(m,E,) is the average centre-of-mass kinetic energy of these
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neutrons, B(m, E;) is the mean binding energy of these neutrons as obtained
from a suitable averaging of tabulated values, Ey(m, E,) is the total y-ray
energy emitted by the two complementary fragments, m is the mass of one
of the fragments, M-m the mass of the complementary one.

The values of Q(m, E;) should be independent of the totalkinetic energy E .
The extent to which this condition is fulfilled provides a very useful check
of the coherency of the experimental data. This check can be made in the
case of the spontaneous fission of 252Cf with the help of Fig. 14. On this
figure both the y-ray energies obtained from direct measurement and those
obtained with the assumption of energy balance are displayed for several
masses. The condition that total energy release be independent of Ey is
equivalent to the requirement that the variations of the above quantities be
parallel. This appears to be the case, for most masses, within statistical
accuracy. However, although the two quantities plotted on Fig. 14 display
parallel variations, their absolute values differ. The experimentalvalues [35]
are 1 to 2 MeV higher than the ones computed from the mass tables of
Garvey and co-workers [36]. Recent evidence [37] seems to indicate that
fragment total kinetic energies could indeed be overestimated by such an
amount,

2.5. Even-odd effects on fission energetics

The energy release in fission can be expressed from the masses of the
fissile species and of the fragments. For example, in the case of the spon-
taneous fission of 22Cf

Q(¥,2) = M(15k,98) - M(N,%Z) - M(154-N,98-2)

expresses the total energy release for a fission giving rise to a fragment
with Z protons and N neutrons. When the fissile nucleus has an even charge’
the fragments have both either an odd or an even charge. Because of the
pairing energy of the protons it then follows that a fission giving rise to

two even-charge fragments will be, on the average, 2.5 MeV more energetic
than a fission giving rise to two odd-charge fragments. Studies of the
variations of average total kinetic energies as well as neutron and gamma
emission as a function of the fragment charges can therefore provide
information on the partition of this even-odd energy difference; such
information cannot be obtained from mass measurements. We havemeasured
the average total y-ray energy, total neutron number emitted in the fission
of 25%Cf as well as the fragment total kinetic energy as a function of the
charges of the fragments. Since no detailed report of this work has been
made earlier, we now briefly describe the experimental technique involved
as well as some aspects of the data analysis.

In the neutron multiplicity and total y-ray energy measurements, a
californium fission source was placed near a silicon/lithium drifted X-ray
detector at the centre of a cylindrical hole through the centre of a large
spherical gadolinium-loaded liquid scintillator. For each detected fission
event the pulse height of the coincident pulse produced in the scintillator
was analysed as well as the pulse height delivered by the X-ray detector;
the number of neutrons detected by the scintillator was counted between
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1 us and 36 us after fission. The three quantities were then stored on an
event-by-event basis on a magnetic tape.. The fission events were detected
either by the requirement of a coincidence between an auxiliary fragment
detector and the X-ray detector or by the requirement of a coincidence
between the X-ray detector and the liquid scintillator. In the latter case it
was also required that at least one neutron be counted in the 35-us gate.
We have been able to show that the two techniques for detecting fission
events were equivalent. In the latter case, both fragments could be stopped
in the source and the Doppler broadening of the X-rays emitted by the frag-
ments was thereby minimized. In that case the resolution of the X-ray
detector was 350 eV at 35 keV.

The fission fragment X-ray spectrur obtained in this experiment is
shown in Fig. 17,

The kinetic energy determination made use of data obtained by Cheifetz
and co-workers [27] in the course of their study of y-rays emitted by
fission fragments. In one of their experimental setups the 252Cf source
was deposited on a solid state detector, which detected one of the fragments.
The other fragment was detected in another solid state counter. Both
fragment detectors were operated in coincidence with an X-ray detector
positioned behind the source. The pulse heights delivered simultaneously
by the three detectors were stored on eveni-by-event basis on a magnetic
tape. When the data were processed, only events where the X=ray had been
emitted by the stopped fragments.were considered. From the two pulse

er b
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fission event was obtained using the calibration scheme first proposed by
Schmitt [38]. In this experiment the resolution of the X-ray detector was
approximately equal to 1 keV.

The data from the two experiments were processed in a similar way.
The number of counts corresponding to each X-ray amplitude bin was
determined, as well as the corresponding average values of the interesting
quantities (y-ray energy, neutron multiplicity and total kinetic energy).
Thus, if X, is a particular X-ray bin, we obtained

N(%,), EY(xi), S(x,), E(x;)

In the following we shall denote by A(Xi) the measured average value
of the quantity A corresponding to the X-ray amplitude X;. Let y(Z,A) be
the number of fissions producing a fragment of charge Z and a value A of the
quantity under study. Let Y(X;,A) be the number of fissions producing an
X-ray pulse in channel X; and the same value A of the quantity under study.
For each fission producing a fragment of charge Z we assume that we count
a pulse in the X-ray channel X; with the probability R(Z, X;) which corres-
ponds to the elemental response of the detector. Then the charge yields
y(Z,A) can be obtained from the observed channel yields Y(X;, A) by
minimizing the sum of squares

2= 3 2
= EL W, (Y(Xi,A) - ZZ: R(Z’Xi) v(Z,4))

The solution of the least-squarés equation then expresses the charge
yields as linear functions of the channel yields

¥(2,4) = Zl; B(2,X,) Y(X,,A) (1. 3)

The matrix elements B(Z,X;) depend exclusively on the weights W; and
the response matrix elements R(Z, X;); they do not depend on A,

A relation similar to Eq. (I1. 3) obviously holds for any linear function
of the yields

L(y(Z,a)) = ¥ B(2,X;) L{Y(X ,4))
i .

In particular if

N(x,) = 2 T(X,,A) Y(z) = 3, y(z,4)
A

A

N(X.) A(X,) = 3 A Y(X,,A) Y(2)A(z) = Y A y(Z,A)
: : A * A
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we can write that

¥(z) = L B(2,X,) N(X;) (IL. 4)
i
Y(2) A(2Z) = Zl: B(Z,X,) N(X;) K(xi) (L. 5)

Equations (IL. 4) and (II, 5) are identical to those which would result from a
least-squares analysis of the quantities N(X;) and N(X;) A(X;), respectively.
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FIG.18. Average total y-ray energy emitted as a function of the light fragment's charge (@) and of the heavy
fragment’s charge (A) (%2Cf fission).
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Thus, the charge yields y(Z) and average values A(Z) can be obtained from
only two least-squares treatments operating on the channel yields N(X;) and
on the products N(X;)A(X;) of the channel yields by the channel average
values. This analysis was applied to the experimental data in order to
obtain the charge dependent yields Y(Z), average total y-ray energies EY(Z)’
neutron multiplicities ¥(Z) and average total kinetic energies E,(Z).

Since the K X-rays emitted by fission fragments are mostly produced by
electron conversion processes, their yields are expected to depend strongly
upon the nuclear characteristics of the fragments, and this has been con-
firmed in numerous experiments. The questionthenarises as tothe extentto
which the values of average y~energies, neutron multiplicities and total
kinetic energies obtained in experiments such as those described above are
not seriously biased. If such a bias exists, it is not probable that it acts
identically on different fragments; therefore it is possible to check its
existence by comparing the values of EY(Z), 7{Z), and E(Z) obtained for a
pair of complementary charges Z and 98~Z. This comparison can be made
on Figs 18- 20. Figure 18 shows the variation of the measured total
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FIG.22. Best average total kinetic energy as a function of charge of the fission fragments. The continuous
line shows the value of average total kinetic energy as a function of mass of the fragments. The mass and
charge scales reflect the charge-to-mass ratios of the fragments.

y-energy as a function of the charges of the fragments. It can be seen that
the complementarity condition (non-existence of bias) is fulfilled within
statistical accuracy for almost all charges. Also apparent on the figure is
a clear even-odd effect on E (Z). As can be seen on Fig. 19, the complemen-
tarity conditionis not always %ulfilled for the variations of total number of

neutrons.v;(Z). We have superimposed on Fig. 19 the variations of the total
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number of neutrons as a function of mass vp(m) as obtained in experiments
such as those referred to in Section 1. The mass and charge scales of the
figure reflect the charge-to-mass ratios of the fission fragments. It can be
seen that, whenever the complementarity condition is fulfilled, the values of
vr(2) lie close to the corresponding values of 7 (m). The complementarity
condition is not fulfilled for the charge pairs 45-53, 44-54, 46-52 and several
pairs with the light fragment's charge smaller than 39, It appears that in
those pairs one of the values of VU (Z) lies close to the corresponding value
of 7y (m) while the other is smaller. We have assumed that the value closer
to ¥p(m) was not biased by the X-ray emission process. Figure 21 shows
the values of vp(Z) obtained when keeping the highest of the two observed
values of 7p(Z) and U (98-2Z), No even-odd effect is apparent on the figure,

The values of ER(Z) show an even-odd effect for both heavy and light
fragments. Values for complementary charges differ by 0.5 to 1 MeV. This
is mostly a consequence of the existence of a high background under the
X-ray peaks, due to interactions of high-energy y-rays with the detector.
Figure 22 shows the values of E,(2) obtained when keeping the highest of the
two observed values of Ek(Z) and Ek(QB-Z). Also shown for comparison are
the values of Ek(m) obtained in a double fragment kinetic energy measurement.
It is clear that the even-odd effect observed on the values of Ek(Z) reflects
itself in the modulations appearing on the E (m) curve.

In summary, while the calculated difference in energy release between
fission events with two even-charge fragments and those with two odd-
charge fragments is

AQ= Qe(z) - QO(Z) = 2.7 MeV

it is found experimentally that: (1) the difference Av; in the total number of
neutrons is less than 0. 04, corresponding to a difference in excitation
energy smaller than 0.3 MeV, (2) the difference in total y-ray energy
amounts to AEY= 0.66 £ 0. 05 MeV and (3) the difference in fragment total
kinetic energy amounts to AE,=1.58 MeV + 0.1 MeV. The sum AR, +AEy

is then equal to 2,24 + 0.45 MeV. Within statistical accuracy it is in agree-
ment with the computed value of 2.7 MeV.

2. 6. De-excitation mechanism of the fission fragments

We should like, in the following, to summarize the experimental results
on fragment de-excitation which have been presented above and discuss
whether these results can be explained within a coherent theoretical frame-
work, We shall mostly concentrate on the features of y-ray emission by
the fission fragments. However, we must bear in mind that the neutron
energy spectra appear to be satisfactorily accounted for by a standard eva-
poration theory, provided the level densities used in the calculation properly
include shell effects. Such calculations have been performed, among others,
by Nardi and co-workers [31] and Fig. 23 shows a comparison between the
experimental and computed values of the average centre-of-mass kinetic
energies of the neutrons. Those computations made use of the technique
developed by Moretto [39], where both shell effects and pairing are taken
into account for the determination of level densities.
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FIG.23. Experimental and calculated values of the average centre-of-mass kinetic energy of the neutrons, 7.
Typical experimental errors are shown by full dots with error bars, The theoretical values were obtained
including pairing in the level densities. Figure taken from Ref.[31].

In an attempt to explain the striking correlation between v and neutron.
emissions by the fission fragments, Johansson [24] made the hypothesis that
the y-rays corresponded mainly to vibrational transitions through which the
fragments could lose the deformation they had at scission. The high pro-
portion of E2 radiation in the fission v spectrum seemed to confirm this
point of view. However, there are very strong objections to this hypothesis.
It seems to be well-established experimentally that at least 70% of the total
v-ray energy is emitted more than one picosecond after fission while the
neutrons are emitted in a time shorter than 10-#s. We have shown earlier
that the fastest y~ray transitions were probably El in character since they
tend to decrease the angular anisotropy. It thus appears that the collective
y-ray transitions, if they exist, occur after neutron emission. The vy-ray
emission should reflect the state of the system at this time and not at the
time of scission. The hypothesis assumes that most of the initial excitation
energy of the fragments is tied into deformation. After neutron emission
most of this deformation energy has been dissipated and the remaining
fraction, if it exists,has no reason to be proportional to the initial value.
Furthermore, the success of the evaporation theory of neutron spectra
points to an effective damping of the deformation energy of the fragments in
times less than 10°%s, The last objection to Johansson's hypothesis is that
the lifetimes of the possible vibrational transitions should be at least an
order of magnitude shorter than the observed ones, which, as stated earlier,
are close to E2 single particle estimates.

The alternative to Johansson's hypothesis is to assume that the de-
excitation of fission fragments is governed by the statistical theory. Using
the shell plus pairing model, Nardi and co-workers [31] were not able to
reproduce the variations of the y-ray energy as a function of fragment mass.
Their model did not fully include the influence of the spin on the level density.
Such models predict some correlation between the neutron and the y-ray
emissions by the fragments. This correlation reflects mostly the increase
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in the binding energy of the last emitted neutron when the number of neutrons
emitted by the fragment increases. From the mass tables it is seen that, in
the fission fragments region, an increase of one unit in the number of
emitted neutrons produces an increase of approximately 0.3 MeV in the
binding energy of the last neutron, which should be reflected by an increase
of 0. 15 MeV of the y~-ray energy. This effect is certainly present in the
experimental data, but it leaves unexplained, in the case of #5%Cf, an increase
of y-ray energy of approximately 0.6 MeV for each additional emitted neutron.

Statistical computations which treat the influence of pairing in a
phenomenological way by introducing the effective excitation energy have
had some success in reproducing the trend of the variation of the y-ray
energy emitted as a function of the fragment's mass. Such a calculation has
also been performed by Nardi and co-workers [31]. However, the physical
justification of such phenomenological models is not clear and it is possible
that the introduction of an effective excitation energy simulates the effect
of the spins of the fission fragments, which will be discussed later. Further-
more, these models cannot account for the observed increase in y-ray
energy with excitation energy for fragments of given masses.

That spin considerations should enter into statistical computation of
v-ray emission by the fission fragments stems from the following
considerations:

(1) Most evaluations of the spins of the fragments before neutron
emission indicate that these spins are approximately 6h to 8h higher than the
ground state spins. Neutron emission is not expected to decrease that spin
by more than one unit of angular momentum. When the fragments are left
with an energy only slightly higher than a neutron binding energy, they still
have from 5 to 7h units of angular momentum to dissipate. Further neutron
emission which would leave the residual nucleus in the vicinity of its ground
state is thus expected to be strongly inhibited except for odd-odd nuclei.

To obtain a level with spin differing from that of the ground state by more
than five units of angular momentum requires the coupling of at least two
unpaired nucleons, and thus the breaking of a pair in both even-even and
odd-A nuclei. The observed even-odd difference in total v-ray energy
emitted in fission is easily explained in that context. From the experimental
value of 0. 66 MeV for this difference, we can derive the increase of y-ray
energy emitted in fission induced by angular momentum effects. If we
assume that there is no increase for odd-odd fragments and that the increases
are equal in the other cases, we find that angular momentum effects should
add 1 MeV to the v-ray energy release in fission. The total y-ray energy
emitted in fission would then lie between 7.0 and 7.5 MeV, in reasonable
agreement with experiment.

(2) The dominant E2 character of the fission y-rays as well as their
relatively high multiplicity cannot be understood when compared with the
features of neutron capture y-ray spectra without the assumption that
v-emission by the fission fragment is strongly influenced by the absence of
available states for El transitions.

After neutron emission has taken place the residual fragment is left
with an average energy of approximately 4 MeV, and an average spin of
approximately 6h. Under these conditions electric dipole emission should notbe
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inhibited and we can assume it takes place with an average energy of approxi-
mately 1.5 to 2 MeV. This emission should not reduce the spin of the frag-
ment significantly and thereby leaves it with an excitation energy of approxi-
mately 2 to 2.5 MeV and an average spin exceeding 5h, that is, in the region
of the "yrast" line. However, the "yrast' line should not be considered as
the ground state rotational band but rather as the "yrast'’ region of the
intrinsic levels at which energy it becomes possible to treat the density of
levels of given spin and parity statistically. In this "yrast' region E2
transitions dominate, because of spin and parity limitations, until the ground
state band is reached. In this picture the E2 transitions reduce the spin of
the fragment by the maximum possible amount, that is, by two units of
angular momentum. The average energy of the E2 transitions of approxi-
mately 1 MeV thus represents the average energy which is necessary to
reduce the spin of the fragment by 2 units along the path followed by the
system in the (E,I) representation.

This deexcitation should be similar for fission frogments and for the
products of (charged particle, xn) reactions with comparable initial spins.
That this is the case has been shown by Wilhelmy and co-workers [21].

The consequence of this oversimplified model of the y- deexcitation of
fission fragments is that the increase of y-ray energy with excitation energy
which has been reported would be the consequence of an increase of the
average spin of the fragments with their excitation energy. Using the
experimentally determined increase of 0,6 MeV in y-energy for each addi-
tional neutron, a value of 8 MeV for the energy necessary to emit one more
neutron and a difference of 2 spin units for 1 MeV additional y-energy, one
finds that the average spin of the fission fragments should increase by one
unit for an increase of excitation energy of approximately 7 MeV. Sucha
result does not contradict that of Wilhelmy and co-workers [21] who found
that the increase in spin of the fragments was less than 2 for a decrease of
the total kinetic energy of approximately 15 MeV.

Armbruster and co-workers [20] have pointed out that such a behaviour
of the spins of the fragments could be explained in the framework of the collective
model of fission suggested by Norenberg [40, 41]. This model also predicts
the observed preferential orientation of the fragments' spins in the plane
perpendicular to the fission direction.

3. VARIANCES OF THE EXCITATION ENERGIES OF THE
FISSION FRAGMENTS

With the exception of the pioneering work of Whetstone [4] it is only
recently that detailed measurements of the variances of the number of
neutrons emitted in fission have been carried out. In the following we shall
assume that the neutrons are all emitted by the fragments, after fission has
taken place. One should, however, bear in mind the possible existence of an
isotropic component in the fission neutrons which could seriously impair the
results and interpretation of variances measurements. With that assumption
we write the probability that v, neutrons are emitted by one of the fragments
and v, by the other as a bi-variate distribution P(y;,vp). We have shown
elsewhere [42] how it is possible, in principle, to derive this distribution
from the probability Q(gy, 2o} that g, and g, neutrons are detected simulta-
neously by two suitably arranged detectors. Such a program is not feasible,
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however, because of the statistical errors in the definition of the observed
distribution Q(g,, g,) and because of our uncertain knowledge of the efficiencies
of the neutron detectors. We must therefore content ourselves with the
extraction of some significant features of the distribution P(v,, vs) from the
experimental data. Such features are, for example, the five lowest moments
of this distribution defined as follows:

v, =”\)1 P(vl,vz) v, av,
v, =/] v, P(vl,vz) v, av,

2(v.) = (v =902 P(v,, v,) dv, Qv
o vy} = 1 1 1°> "2 172
20v.) = ( 3,02 P(v,s v,) av, Qv
o (v,) = Vo = Vo 1’ Y2 172

C(\)l, \)2) =ff (\)l - 31)(\J2 - '\72) P(\)l, \)2) av, v,

We have dealt with the determination of the two first moments in
Section 1. We have seen that, as soon as the masses of the fragments are
measured, a single measurement with one neutron detector provided the
values of the two average numbers of neutrons. Similarly only two independent
measurements are necessary to determine the three second-moments, As
in Section lL.two different techniques have been used for that purpose. The
low-efficiency technique makes use of two small neutron detectors in con-
junction with two fragment detectors [43]. When the two neutron detectors
are on the same side of the fission source, the ratio of the rate of quadruple
coincidences to the square of the rate of triple coincidences is equal to:

< -
€ vy z-:(\)l 1) >

< (g \)1) >

where it is assumed that both neutron detectors have the same efficiency €.
It is further assumed that this efficiency does not depend on the neutron
multiplicity, at least when the fragment mass and kinetic energies are
specified, One then obtains:

- > < >
< vl(vl 1) Y o (v,)

2 =2 S FT=2
>
< vy vy v,V vy
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A similar relation holds when the complementary fragment flies in the
direction of the neutron detector, allowing one to obtain 62(v,).

When the two neutrons are situated on opposite sides of the source, one
then obtains, in the same manner as above

This technique assumes a complete separation of the neutrons emitted by the
two fragments, owing to the fragments velocity. It is subject to the same
causes of uncertainty that have been mentioned for the measurements of the
average number of neutrons. The consequences of these uncertainties are,
however, amplified here. We show that this is so for the co-variance
measurement. Let M be the measured ratio of coincidence rates. Then

C(vl, \)2) =V, Vv, (M~ 1)

The relative error is thus approximately given by

A zévl, vQ; e W e (I1I. 1)
Vos V 5 v, -
2! 5,

The first two terms of the right-hand side of Eq. (IIl. 1) do not lead to
unacceptable errors on the co-variance; they include effects such as errors
in the efficiency determination or in the mass and kinetic energy resolution
corrections. The last term includes principally two effects: the first effect
is related to the fragment recoil correction, which was found by Gavron [8]
to be very important in average neutron number measurements. Starting
from Gavron's considerations we show in Appendix II that the dominant term
in the error on the co-variance is

8 ¢lvys v) ~ ~ 0.56 + 0.1k (B - i:'k)

where E is the total kinetic energy. This correction is of the same order of
magnitude as the co-variances themselves.

The second important cause of error in the co-variance measurements
stems from the dependence of the efficiencies on the neutron multiplicities.
It is also shown in the appendices that if one assumes a linear dependence
of the efficiency on v,
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the co-variance is given by the modified equation

(v, v,)
——__—1—___2 1+ kM \)T =M~ 1
Vi Vo
where we have assumed
k=k =k,
Since
M~ 1

we obtain

A C(vl, v2) ~ k Vg c(vl, v2)

For higher multiplicities the average neutron energy decreases so that
the efficiency decreases and k is negative. The magnitude of k depends on
the experimental setup and is difficult to evaluate; however, a value of k of
around 0.1 could be found and would lead to a 40% error on the co-variance.
Since published results [43] on the variances of the neutron multiplicity
distributions which made use of low-efficiency detectors do not account for
the above two causes of error they appear strongly in doubt. However, if an
accurate treatment of the experimental data became available, the small
neutron detector technique would be the easiest and most elegant way of
measuring the moments of the neutron number distributions.

The measurements making use of large neutron detectors, although
rather cumbersome, are essentially free from the errors mentioned in the
case of small neutron detectors. They require a knowledge of both back-
ward and forward neutron detection efficiencies. Two independent measure-
ments are necessary to obtain the three second-moments of the neutron
number distributions, but, in contrast with the low-efficiency case, the two
measurements must be considered together; this is a consequence of the
finite values of the backward efficiencies.

The first measurement uses a 47 geometry and provides the variance of
the total number of neutrons for the different kinetic energy and mass ratios
of the fragments.

The second measurement uses a geometry such that the neutron detector
subtends less than a 27 solid angle as viewed from the fission source,

As a more detailed account of both the experimental technique involved
and the results is given in another contribution to this Symposium [44], we
shall now deal only with two specific questions, namely the comparison
between total kinetic energy variances and total number of neutrons variances
and the extraction of excitation energy variances from the neutron multipli-
city measurements.
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3.1, Variances of the distributions of the total number of neutrons

The variances of the total number of neutrons have been measured as a
function of both the mass of one of the fragments and the total kinetic
energy. The values obtained are written o (vp: m Eg). For a given mass
split we define the average value of these quantities as

cz(vT: m Ek) Eg 02(\)T: m Ek) =f 02(\),1,: m Ek) P(Ek) a4 B
E.

k

The variance of the total number of neutrons measured for a given mass
split and for all possible kinetic energies is given by {45]

(I1I. 2)

the quantities O'Z(UT: m) and 02()/,1. : m E,) as obtained from the experiment
are plotted on Fig. 24 for the case of the spontaneous fission of 282Cf, It is
possible to use Eq. (IIl. 2} to compute the values of the kinetic energy
variance 02(Ey: m). If the values of {dvy/dEy Jy, obtained in the experiment
and shown on Fig. 5 were used, one would then obviously obtain values of
02(Ek: m) equal to those that can be determined from the fission yield curves
alone. This is because Eq. (IIl. 2) stands as an identity in such a case,
provided only that the regression of vy on Ey is linear. If, on the other hand,
one uses the values of {dvy /dEy ... which have been calculated from the
neutron binding and kinetic energies and from the rate of change in y-ray
energy as a function of Ey one obtains another set of values for cz(Ek: m).
Both sets are shown on Fig.25. It can be seen that the two sets diverge,
especially for masses which range between the most probable mass and
symmetry, This divergence reflects the one observed on Fig. 5 for the two
corresponding sets of values of <dVT /dEk>m . Figure 25 suggests that
kinetic energy resolution effects were not completely accounted for; inspection
of the fragment yields shows thata low-energy tailing appears for the masses
where the experimental and calculated values of <dVT /dEk>m diverge. It is
probable that such a tailing has an experimental origin. If this is true, the
values of 02(Ek: m) computed from the values of 0'2(VT: m) as indicated
above would be better estimates of the true total kinetic energy variances
than the values obtained directly from the fragment yields curves. It is
interesting to see that the rise of 02(Ek: m) near symmetry does not occur
for the calculated values, which stay remarkably constant. On the other
hand, it is well known that tailing of the fragment energy resolution functions
will result in a shift of the experimental masses towards symmetry and in an
increase of the variance of the total kinetic energy for the more symmetrical
fragments pairs. Since the neutron and y-ray results should not be very
sensitive to this tailing, it is possible that, in the future, they will be used
to correct the kinetic energy data.
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FIG.25. Variances of the total kinetic energy as obtained directly from the kinetic energies (®) and as
obtained from the neutron variances (O). The full lines give an idea of the errors on the experimental values.
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3.2. Variances of the excitation energies of the fission fragments

Experiment provides the values of the variances 02(1/1: m E), 02(v2: m E,)
and the co-variances C(yy1y: m E)) of the neutron distributions for selected
values of one fragment mass and of the total kinetic energy. These quantities
cannot be immediately transformed into fragment excitation energyvariances
because of the neutron evaporation process. Even if a fragment is produced
with a given mass, charge and excitation energy, a finite variance of the
number of neutrons will be observed owing to the statistical nature of this
evaporation process.

Since, as will be shown below, we are chiefly interested in the excitation
energy variances for fixed masses and charges of the fragments and since
the experimental quantities are measured as a function of masses or charges
alone, it is also necessary to determine in what respect the experimental
data are representative.

We first examine this question. Assuming linear regressions [45] we
can write that

02(\)1: m Ek) =< %L- >:1’Ek 02(Z: m Ek) + ‘Zl 02(\)1: m 2z Ek)
o™ (vy: mE) =< g—;g >51,Ek o%(z: m E )+ 7;2 02(\)2: m Z E)
C(\)l Vi om Ek) =< g‘\zl >m,Ek < Z—\Z)g' >m’Ek 02(Z: m Ek)
* 7Z?2 (v, vy: mZE) (I11. 3)

We shall assume that the isotopic widths c?(Z: m E,) and the slopes
{dv,/dZ}, g, and {8vy/8Z), 5, do not depend sensitively on the total kinetic
energies so that Egs (IIl. 3) would also hold when the total kinetic energy
variable is disregarded.

Neutron emission is very sensitive to shell effects so that it has more
physical basis to express the rates of variation of the average number of
neutrons as a function of the charge and neutron number of a nucleus than as
a function of its mass number. Let us then consider the slopes <d1/1/dZ>N
and {dv;/dN)>; which express the rate of variation as a function of charge
(or neutron number) of the average number of neutrons emitted by a fragment
having a fixed number of neutrons (or of protons). Then, since m=N+2Z

dv av dv (I11. 4)
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and, for example

%L

2
av av
2 1
otlvy: m) = << @ n-< >) o(z: m) + 7}ZL 02(\)1: wz) (S

On the other hand, the slope of the representative curves 171(m) which have
been presented in Section 1 can be written as

d\)l d\)l dz d\)l dN
C it > K == > o K > T

assuming that the charge density is the same in the fragments as in the
fissile nucleus, we obtain for 252Cf fission

av dv dav

1 1
< —=>=0,39<¢ 1 Bl < —= >

am 9 &= >N+06 a7

Typical values of <dv1/dm> range around 0.1, It appears reasonable to
assume that for most of the cases {dv;/dZ>y and <{dv;/dND>, have the same
sign since the closed shells at 50 protons and 82 neutrons occur in the same
mass region. Then the first term of the right-hand side of Eq. (IIL. 5) is
maximum for

av
1 =
< e >Z =0
and
dvl
—_— ~ .2
< 3z >N 0 5

Taking a value of 0%(Z: m)~ 0.25 [46] we obtain for

a maximum value of 0.015. This value is approximately 1% of the observed

values of 02(1/1: m) and less than 10% of the values of 62 (v m E,). We

conclude that for most masses the existence of a charge distribution for the

fragments should not impair the conclusions which could be drawn from the

study of the variances of neutron number measured only as a function of total

kinetic energy and masses.

We now turn to the extraction of the excitation energy variances.

Assuming, again, that linear regression analysis applies, we can write

av 2 o
(

1
v.: mE)=< => o
1h ™ B aE, m,E

2 . 20y, s
a“( E: m E) +'{Ell o(vyt m B E,)
1
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> v, ¢ ) | 2
0" (v, mEk)=< -d—E-2->m, 0" (E,: mEk)+7E720(v2: m E_ E,)
2
( av, av,
C{v, v;: mE ) =< —> < —_> C(E, B.: E
1 V2 k &, “m,E, dE, ‘m,E, (E} By m,E)

. (111. 6)
+ M (v, Vi mE Ey E,)
B,

The second terms of the right-hand side of Eqs (IIl. 6) represent the
contribution of the evaporation process to the neutron number variances and
co-variances. In particular, the term C(ryvy,: m EE.E,) measures the
correlation between the numbers of neutrons emitted by two complementary
fragments of fixed masses and excitation energies. Except for possible weak
spin effects, the two evaporation processes should not be correlated and

therefore
C(vl Vpi mE E E) ~ 0

The inverses of the slopes <{dvi/dE > g, and <dvy/dEgp g, are the
energies necessary for the fragment to emit one additional neutron. These
can be computed, as indicated previously, from the mass tables, average
neutron numbers and kinetic energies, and from the variations of the y-ray

energy with neutron number.
The two excitation energies E,, Ey and the total kinetic energy E; are
obviously related by the energy conservation requirement:

Q(m) - B =E, +E, (1L, 7)

The value of Q is not strictly defined by knowledge of the masses of
the fragments because of their charge distribution. Using again linear
regression analysis [45], one can write

02(E . — dEl § 2 2
K m,Ek) =< o >m,Ek 0°(Q: m) +?Q),2 o (El; m B Q)
2
dE .
2 _. _2 20, 25 .
0 (Ey mE) =<3 >m’Ek o°(Q: m) +'gl o“(E,: mE Q)
aE aE
. =< L 2 2(0:
c(El Ey: m Ek) <% >m’Ek <% >m’Ek o(Q: m)

+‘zz c(El E,: mE Q) (I11. 8)
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Because of Eq. (III. 7) we have

dE dE
1 2
— < e—— > =
< dQ, + dQ, 1
We assume that
< —-—-—dEl > =< ————dE2 > = i
aQ aq 2

in order to estimate the first terms of the right-hand sides of Eqgs (III. 8).
This choice maximizes this correction term for the third equation, Using
the mass tables and the data relative to the charge distribution of the fission
fragments one can see that 62(Q: m) fluctuates between 1 MeV? and

12 MeV?2[45]. Retaining this last number one sees that the correctionterms
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FIG 27. ®: Variations of the excitation energy variances o (E, : m Ey) averaged over Ey as a function of
light fragment mass. O : Variations of the maximum observed energy variance as a function of fragment mass.
The full lines give an idea of the errors.
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FIG.28. ®: Variations of the variances of the total number of neutrons oz(vT: m) as a function of the light
fragment mass. A : Variations of the sum of the two neutron variances for complementary fragments
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neutron distribution as a function of the light fragment mass.

CWyv,: m)=£[cz(vT: m) -c¥y;: m) -y m

The quantity shown on the figure is — C(y; v,: m) for the sake of convenience.
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in the co-variance areatmostequalto3 MeV2 Expressed interms of the neutron
number these quantities are approximately equal to 0.05 n? which is of the
order of 10% of the observed values. In the following we have neglected this
effect, and have therefore assumed that for a given value of m and E, the
total excitation energy E; +E, was determined. In that case one has evidently

02(E1: m Ek) = 02(E2: n Ek) = - C(El E;: m Ek)

and the system IIl. 8 can be solved. Figure 26 shows the variations of the
variances 02(E1: m E}) obtained as explained above with the total kinetic
energy E) for a choice of masses of the light fragment. The experimental
data had been smoothed before the background and efficiency corrections
were made. The estimated errors on the curves presented in Fig. 26 are

of the order of 20%. The parabolic behaviour of the variances appear to be
well established. TFigure 27 shows the variations of the variances averaged
over E, as a function of m as well as the value of the maximum variance

for each mass. Lastly, Fig, 28 which is taken from Ref.[47] shows the
values of the variances and co-variances of the neutron number as a function
of mass alone. These quantities are related to the previous ones by relations
such as

d\)l
C(\) V.2 m)=<—-> <

1 Vot > 02<Ek) +Z:n C(\J:L Vyiom Ek)

-
dE
k K
From Fig. 28 it can be seen that the co-variances C{y;v,: m) almost
vanish except for masses between 95 and 105,

4. SOME THEORETICAL CONSEQUENCES OF THE
EXPERIMENTAL RESULTS

We should like to con¢lude this review of neutron and gamma emission in
fission by an evaluation of the information which the experimental results
provide for a theory of nuclear fission. We shall first deal with the knowledge
of the potential energy surface of the system undergoing fission, which can be
obtained from the study of the de-excitation of the fragments.

4,1, Potential energy surface

Studies of the properties of the fission fragments can only provide
information on the potential energy near the scission stage of the fission
process. It is convenient, at that stage, to split the potential energy of the
system into three parts:

Mutual Coulomb interaction energy C
Deformation energies of the two nascent fragments D, and D,
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Since the potential energy surface can be considered as the adiabatic
ground state of the system for fixed values of a set of shape parameters, the
potential energy does not absorb the whole available energy. The remaining
energy can also be split into three parts

Pre-scission kinetic energy €
Intrinsic excitation energies of the fragments X, and X,

If one neglects the post-scission Coulomb effect,the experimentally
measured quantities can be expressed as a function of the "scission' ones:
the total fragment kinetic energy as

E =C+e (1v.1)
and the fragment excitation energies as
Bp=D +X%
(Iv.2)
B=D+ X

The comparisons [48-51] between potential energy computations and
experiment have been based on the average values of kinetic and excitation
energies of the fragment., Thus it was necessary to make assumptions on
the magnitude of the pre-scission kinetic energy and intrinsic excitations of
the fragments., Those assumptions were, in fact, related to a picture of the
dynamics of the fission process. Knowledge of the variances of the fragment
excitation energies avoids the necessity of such ambiguous assumptions. We
can see from Fig,26 that the representative curves of these variances can be
extrapolated to zero. For each mass ratio there are two resulting points
characterized by two values of the kinetic energies Ei{l)(m) and E®)(m). For
those points the variance 02(E1: m E,) vanishes. From Eq.(IV. 2) we can
write

2 2 2
G (El) = (Dl) + 2C(D1,Xl) + 0 (xl)

Since

le(p),x,)] <olp)) o(x))

the variance 02(E1) can only vanish if both cz(Dl) and oz(Xl) vanish, or if the
deformation and intrinsic energies D; and X; were totally anticorrelated.
The last possibility is obviously unphysical.

When the total intrinsic excitation energy of the system is non-vanishing,
one expects that it will be shared in a random manner between the two frag-
ments; this random sharing will produce a non-vanishing value of the
variance 02(X1). Thereby the vanishing value of O'Z(Xl) implies that both
intrinsic excitation energies X; and X, vanish.
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Assuming that linear regression analysis applies, one can write that

2(Dl: E, m) =< &i>ngk (e E_m) + ?Zz Oe(Dl: B ) (IV. 3)

Since we have shown that,for the kinetic energies Eﬁl)(m) and E}((Q)(m),
02(D1: Eyx m) = 0, the two terms of the right-hand side of Eq. (IV. 3) should
cancel. The slope

1 o 1.
de m,Ek ac m,Ek

has no reason to vanish, so that we obtain the result that

02( E(l’z)m) =0

£ 1

An argument similar to that used for the intrinsic excitation energies
shows that this condition can only be fulfilled if € = 0.

An intuitive understanding of the preceding arguments can be obtained
from consideration of Fig. 29. ’

On the figure we have schematically drawn the minimum potential energy
of the system along the scission line {(curve A). This curve has been
labelled according to the potential Coulomb interaction at each point, We
also show the horizontal line corresponding to the total energy available to
the system. The shaded area corresponds to the excess energy in the
system which can be split more or less at random into pre-scission kinetic

A

Minimum potential energy

>
o
- Total avoilable
o eje exgly| gr energy (Q)
wl

cl CO C2

Coulomb energy C

FIG.23. Schematic representation of the minimum potential energy and “free energy" along the scission line.
Abscissa: Coulomb interaction energy C. Curve A: minimum potential energy. Curve B: total energy of the
fissioning system. Points 1 and 2: points where the minimum potential energy is equal to the total available
energy, The shaded area shows the amount of free energy.
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energy configuration. The full lines give an idea of the errors.
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energy, additional potential energy or intrinsic excitation energy. For all
points between 1 and 2 the system can occupy a whole range of states and
thereby the variances of the excitation energies of the fragments should not
vanish. At points (1) and (2) all the available energy is necessary to provide
the necessary potential energy, and the system has no additional freedom.
At these points we can therefore write that

[o]
1

= EI({l)(m) Dil) = Eil)(m) Dél) = Eél)(m)

(]
\

The above treatment therefore provides, for eachmass ratio of the fragments,
two points along the minimum potential energy scission line where the
Coulomb interaction energy and the fragment's deformation energies are
known. Figure 30 displays the values for these quantities as obtained from
the experiment on the spontaneous fission of 252Cf. It would be interesting to
study the behaviour of the variances of the excitation energy as a function of
the excitation of the nucleus undergoing fission. Such studies could perhaps
provide additional points on the potential energy surface. Some additional
information can also be obtained using a slightly modified two-spheroid model.
We assume that the potential energy P along the scission line has a minimum
for a value Cy of the Coulomb potential, We further assume that the potential
energy can be satisfactorily approximated by a parabola so that

+
c = Cl c2
[s] 2

The potential energy can therefore be written as
2
P=C+D=P +a(C-2¢C)
o o
which gives for the deformation energy
2
D= - -
P+ alC c,) c

If Q is the energy released in fission, we can also write

- 2 2 P
=P + - = - =
Q o a(Cl Co) Po + a,(C2 Co) P0 + alC

since the points (1) and (2) are such that the potential energy is equal to the
energy release, as shown earlier.
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FIG.81. Maximum "“free energy" available at scission as a function of light fragment mass.

We make the further assumption, as in the two-spheroid model, that
there exists a value C where.both

D(C*) =0 and (_@121) =0
C=C

dac

These conditions are written:

n
(=)

haa AC® - halqQ - co) +1

We make the further assumption that c*>Q (this is equivalent to the assump-~
tion that the fragments are always elongated at scission) and obtain

2 2
[{c - Cc ) - AC) T o
P=Q+ 02 x[Q_co_ (Q-CO)Z-AC2]

2 AC

The maximum energy of the system which is not tied up in potential
energy is obtained for C=Cy and amounts to

Q - P(CO) = %((Q - co) ~v/(q - co)2 - AC%)
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The variations of this quantity as a function of the mass of the light
fragment are shown in Fig. 31. It is an upper limit for both the pre-scission
kinetic energy and total intrinsic excitation energy.

It can be seen on Fig, 30, that the values of the maximum energy which
is not tied up in potential energy are surprisingly small. They rise slightly
from the most asymmetric splits to the most probable ones where it reaches
a value of approximately 7 MeV. Although the error on that number is
difficult to estimate, it should not exceed 50%. It appears doubtful that the
statistical approach of Fong[52] could be justified with excitation energies
of the fragments as low as 4 MeV. On the other hand, pre-scission kinetic
energies of 40 MeV which have been obtained in some computations [53, 54]
seem to be ruled out. In that respect it is worth recalling that the early
@ -accompanied fission experiments [55] which seemed to confirm this high
figure have been improved and yield much smaller values [56,57]. The
study of the even-odd effect reported in Section 2 provides an additional
experimental approach to fission dynamics. '

4,2, KEven-odd effects and quasiparticle excitations in the fission process

The production of two odd-charge fragments in the fission of an even-
charge nucleus requires the breaking of at least one proton-pair bond. For
low excitation fission where the nucleus can be considered as cold at the
saddle point as well as for spontaneous fission the corresponding two quasi-
particle excitation must occur somewhere between saddle and scission. If
the time difference between the instant when this excitation takes place and
the instant of scission is longer than the characteristic time of a nucleon in
the nucleus (approximately 2 X 10-2%) the two unpaired protons can be freely
exchanged between the two nascent fragments before scission takes place.

At scission the positions of the two protons can be considered to be uncorre-
lated. The probabilities to observe two odd-charge or two even-charge
fragments will therefore be equal. Iftwoeven-chargefragments are observed
one of them would have at least one two-quasiparticle excitation. While the
excitation energies of the even-Z fragments will be higher by approximately
2.5 MeV than those of the odd-Z ones, the observed total kinetic energies
should not differ for the two cases. The experimental results show that
approximately two-thirds of the pairing energy appears as fragment's kinetic
energy, in contradiction with the above prediction. We conclude that most
of the even-Z fragments are produced in the absence of quasiparticle
excitation.

It is known that the yields of odd-Z fragments do not differ markedly
from those of even-Z ones. The radiochemical measurements [58] appear
to show a slight enhancement by approximately 30% of the even~charge
elements. In the following we shall assume that this enhancement is 50%.

If we again make the hypothesis that the two-quasiparticle excitation required
to produce odd-Z fragments occurs at a relatively long time before scission,
and that the energy of approximately 2.5 MeV necessary to break the proton-
proton bond comes entirely from the kinetic energy of the fragments, an
average difference of 1.25 MeV in kinetic energy should be observed between
odd-~Z and even-Z fragments. This is because half of the even-Z fragments
should be formed with at least one two-quasiparticle excitation as explained
above. Since the experimental figure is again higher than the predicted one,
itself an upper limit, the hypothesis that the quasiparticle excitations occur a
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long time before scission must be abandoned. It, therefore, appears that
quasiparticle excitations occur only at the very late stage of the fission
process with a probability close to 0, 5.

These findings are contradictory to the basic assumptions of the statisti-
cal model of Fong [52]. They agree well with the calculations of Nérenberg [41]
who found that the probability of level-slippage at the crossing of two levels
differing by their number of particle-hole excitations was close to unity.
This means that the structure of the level is conserved and therefore that the
probability for quasiparticle excitations from saddle to scission is small.

An interesting check on the ideas just outlined would be to study the
even-odd effect on fragment kinetic energies as a function of the excitation
energy of the fissile nucleus. As soon as quasiparticle excitations would be
possible at the saddle point, this even-odd effect should decrease markedly
and eventually vanish,

4.3. Variances of the excitation energies

We have noticed the remarkable experimental result that the co-variance
of the excitation energies for a fixed mass ratio C(E4 Ey: m) was very close
to zero. We now show that this can be expected on the basis of a very
schematic two-spheroid model with the assumption of equipartition of the

energy.
Leta and 8 be the deformation parameters of the two fragments. The

deformation energies of these fragments are assumed to be

°
Dy =g o

We further assume that around the minimum potential energy of the
system the Coulomb energy is a linear function of @ and §

C=V~K(o+8)

The potential energy is then equal to

2
P=V—K(0L+B)+dla +d26
and can be written around the minimum

P-P, =2dl(0L—0LM)2+2d2(B—BM)2

min



166 NIFENECKER et al,

If we assume thermal equilibrium, the probability to observe a deform-
ation couple «,3 is

P(0,8) - Pla,,8,)

= = p(a) p(B)

p(c,B) = exp

It follows that the two deformations behave independently and that
c(a,B) =0

and also that C(Dy,Dy) = 0.
We had previously assumed [59] that the variances of the deformation
energies for a fixed value of the total kinetic energy
20D, :
o (Dl' m Ek)
could be neglected. The above result shows that this cannot be the case
since we have

le dD2 2
0= C(Dl’DQ: m) =< EE-; >< =20 (Ek) +M C(Dl,D2: n Ek)
k E

and

an an,
. - 1 2 2
Wﬁl:k C(Dl’Dz' mE)=-< —-dEk >< —dEk >0 (Ek)

Therefore, contrary to our original assumption [59], we find that the
variances of the deformation energies are more important than those of the
intrinsic excitation energies. Assuming that

C(El,E2: m) = C(Dl,D2: m) =0

we obtain an average value of C(E;,Ey: m E;) of approximately

o°(E,) » -
= T = -20 MeV© = C(El,Ez: m Ek) = - 02(El: m,Ek)

in good agreement with the experimental values shown on Fig. 26.

The above treatment implied that the fluctuations of the intrinsic excita-
tion energies were small. This is to be expected if the system behaves
statistically except when the fluctuations become critical,
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While in the previous sub-section we have shown that almost no quasi-
particle excitations occurred in the descent from saddle to scission, we
had not ruled out the possibility of a strong coupling of collective states
within what Nérenberg [41] defines as a fission band. Norenberg predicts
that such a strong coupling should exist and that a statistical treatment of the
system near scission should be adequate. We have shown above that such a
treatment predicts, at least qualitatively, the values of the variances of the
excitation energy. We have not shown, however, that other models would
fail to predict these values. It appears, at this time, that the strongest
argument in favour of the ''fission band" model comes from another kind of
experiment where the total kinetic energies obtained in induced and spon-
taneous fission of the same nucleus are compared [60]. It appears that only
a small fraction of the increase in excitation energy of the fissioning system
appears as additional kinetic energy. This suggests a strong damping of the
fission mode on the first part of the way from saddle to scission.

CONCLUSION

In conclusion, we should like to summarize the information which
appears to us relevant to fission theory and which has been explained in
detail previously. We also wish to suggest some possible future develop-
ments as regards experiments.

The y-ray emission by fission fragments can be explained within the
framework of the theory of statistical decay of excited nuclei provided
angular momentum effects are included. The anisotropy of the fission y-rays,
as well as the correlation between total y-ray energies and excitation
energies, can be explained in the framework of the 'fission band" model of
Ndérenberg [41].

The experimentally determined variances of the excitation energies of
the fragments yield values of the minimum potential energy of the system
near scission which are surprisingly high, allowing for less than 10 MeV
in pre-scission kinetic energy or internal excitation.

The study of the even-odd fluctuations of the total kinetic energy of the
fragments points to a very small probability for two-quasiparticle excitations
in the descent from saddle to scission. On the other hand, the comparison
between total kinetic energy in induced and spontaneous fission is easily
explained in terms of a strong damping of the fission mode into other excita-
tion modes. Those two features are reconciled in the "fission band" model
which predicts the right order of magnitude for the variances of the excitation
energies.

As far as the experimental situation is concerned, we have seen that some
some discrepancies remain with respect toa satisfactoryaccount of the energy
balance in fission. The main cause of uncertainty lies in the kinetic energy
measurements; our knowledge of the energy resolution and tailing obtained
with fragment detectors needs to be improved.” The availability of heavy-
ion beams or of separated beams of fission fragments should help to obtain
this information.

The better accuracy obtained in measurements of average neuiron
numbers has not been accompanied by similar progress in obtaining the
average neutron kinetic energies; the time has perhaps come to improve on
the measurements of Bowman and co-workers [1}. In particular, the
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question of the isotropic component in neutron emission remains mostly

open not only with respect to its behaviour as a function of the masses and
kinetic energies of the fragments but also regarding its very existence.

A better knowledge of the neutron kinetic energy and angular distributions
could in turn allow an improvement of the neutron variance measurements;

it could also help resolve the present discrepancies between variance
measurements using large and small detectors, respectively. It is important
that this discrepancy be resolved so that the less cumbersome small

detector method could be used safely.

The neutron variance measurements, if carried out at varying excitation
energies of the fissile nucleus, could provide more points on the potential
energy surface and perhaps more sensitive tests of models for fission
dynamics.

Regarding the y-ray measurements, it has usually been assumed that
their angular distribution was not significantly perturbed by the hyperfine
interaction. It appears [61] that such an assumption might not be justified
since deorientation effects are very important for highly ionized rare-earth
nuclei.

Finally, the study of even-odd effects on kinetic energy as a function of
excitation energy of the compound nucleus should be a useful test of the
conclusions we have reached here and eventually provide information on the
number of two-quasiparticle excitations at the saddle point.

APPENDIX 1

EFFECT OF AN ISOTROPIC COMPONENT ON THE
DETERMINATION OF THE AVERAGE NUMBER OF NEUTRONS
EMITTED BY FISSION FRAGMENTS

We consider a fission event in which v; neutrons are emitted by fragment
1, v, by fragment 2 and assume ¥, scission neutrons. When fragment 1 flies
towards the neutron detector the average number of detected neutrons will
be

= + +
gl £ \)l r \)2 a \)a

where € is the efficiency for neutrons emitted by fragments flying towards
the detector, r the efficiency for neutrons emitted by the complementary
fragment and a the efficiency for detecting scission neutrons. We assume
that € and r are independent of the fragment's characteristics. Then, when
fragment 2 flies towards the neutron detector we have

g2=€\)2+r\)l+a\)a

and

= + + Y
g * & (e + r)(vl v,) + 2a v,
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When we neglect the pre-scission component we assume that n, and n,
neutrons are emitted by the two fragments so that

i

1 1
+
gl € nl r n2

'\)Uq
{
m—
g
+
W,
5

As explained in the text the proportionality constant is determined by writing

g * 8 = (€' + ') (n) +ny) = ale + x)(n) +n,)

with

n, +n, =v, +vy_+v =y
a

1 2 1 2 T

so that

ale + r)(\)l +v, t v&) = (e + r)(vl + v2) + 2g v,

from which we obtain

va 28
0t=1+'\")-|]-3' €+r_l

and

B B
n i
1t LI}
N~ =
— —
< <
n [ d
P Pesamn
= =
+ +
Q- Q-
N N
+ +
< <
- n
A A
- =
1 §
Qi+ QI+
N— N
+ +
< <
o ®
[ m— | DS }

We now consider two limiting cases. In the first one a large neutron
detector is seen from the source through an angle of 90°, Then, if one
assumes that all efficiencies are proportional to the related solid angles,
one can see that
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2a
€+

=1 and o =1

so that

Vv
- _a
ney oy T V(1,2) T3

We see that in this case, the assumption that all neutrons are emitted
by the fragments is equivalent to an equal sharing of the pre-scission
component between the two fragments. Furthermore, the condition n;+ng,=1p
is always fulfilled. In the second case we consider a low-efficiency detector.
We therefore can neglect r and

(A.1.1)

Q
|
-
+
C!C
1
e
(U [\b]
@
]
SN

Assuming a Maxwellian shape for the centre-of-mass fragment neutron
spectrum we have

o jm
e
I|.O':,.:1

P °E
A V—TQ 1+—TQ (A.1.2)

where E, is the energy per nucleon of the fission fragment, T is the neutron

spectrum temperature and
’QE
1:2
e

)y

Typical values of E;/T are around 0.5. Then

-

3

at

~ I

® ™

and

\)a
OL~1-'\')—X 0.5

From Eq. (A.1. 1) it can be seen that the value of @ which ensures that the
condition ny +ny = vy is fulfilled will depend on the fission event's charac-
teristics with respect to both the value of v, /vy andthatofafe. Alternatively,

|
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if one uses the value of @ obtained for the average characteristics of the
fission fragments, one obtains

b4 ont = i_1
nl+n2—\)T+2\)aa(€—€,)

where nj+n; represents the average total number of neutrons as obtained
with the assumption that there are no pre-scission neutrons, € and €' are
the efficiencies computed for the average and the specific fission events,

respectively. In particular, one obtains for the slopes with respect to E;

d(nl + n}) av v & de(E )/a
< 2 s o Ly, 8 < e >

T
=, ® TR T,

With typical values of the variations of EP/T in Eq. (A.1.2),one obtains a
relative increase of a few per cent in the slopes of the variation of the
average total number of neutrons as a function of E,. The error on v itself
is of the order of 0.1 neutron,

APPENDIX 11

A STUDY OF TWO CAUSES OF SYSTEMATIC ERRORS IN THE
MEASUREMENT OF NEUTRON NUMBER VARIANCES

1. Recoil effect

Gavron [8] has pointed out that the hypothesis of isotropic emission of
the neutrons, usually made to obtain pre-neutron masses and kinetic energies
from the post-neutron energies of the fission fragments, was no longer
valid when the neutrons were detected with small detectors. We first present
the treatment given by Gavron for the case of average neutron number
measurements. We then extend his treatment to the measurement of co-
variances of the neutron distributions,

Using Gavron's notation, Vg is the velocity of the fragment before
the detected neutron is emitted, VF' its velocity after emission of the neutron,
V' and 6' are the velocities and angle of emission of the neutron in the frag-
ment frame, V and é the corresponding quantities in the laboratory system.

The final energy of the fragment when a neutron is detected at the
angle 6 will differ from that of the isotropic case, when no neutron is
detected, by

2e
. _ 1 [V cosb
p(0) - eyglis) = - m ( v, l)
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where e (8) is the final energy of the fragment when a neutron is detected
at angle 6, er (is) the same energy in the isotropic case, e, and m, the pre-
neutron emission kinetic energy and mass of fragment 1,

The pre-neutron energy of the fragment is then equal to

el = e <1+7:[(m1,e)>_291|=(v‘c0s9 _ 1>
1 1F m, m, '\i;

When the recoil effect is not taken into account the pre-neutron energy is

written
v (m ,e)
. 11
e1 = elF (1 + —-———-—m )

1

73(my, e) is the average number of neutrons emitted by the fragment of mass
mj and for a total kinetic energy e=e;+e,,

The average neutron number is given by the ratio of two counting rates.
The numerator Ne(e, m,) is proportional to the number of triple coincidences
between the fragment and neutron detectors, the denominator NT(e,ml) to the
number of double coincidences between the fragment detectors, When the
recoil correction is not included one obtains

_ N (e,m )
v. (e) = ¢ 1
1 NT( e,ml)
when it is included one should write
- N (e, my)

Vll(e) B NT(e,ml)

Gavron has shown that the error made in assuming that m =m' was not great;
therefore, in the following we will not consider the m dependence. If we
make a first-order expansion in e we obtain

- - _ 1 , dNq(e) 1 . A7 Nqle)
Ao TN ) Tde T N Y e
’ di; 1 -, dNy(e)

=(e-e)¥+mvl(e-e)T

We now assume that Ny (e) is a Gaussian function of the total kinetic
energy so that
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d'NT/de - _ (e - &)

NT 02

where e is the most probable value of e, and o? is the variance of N (e).
The difference e!- e arises only from the difference between e; and e/,
We then obtain

o -2m. e dv, vi{e-@&
AV, =play = 2 <Vcos6_ ><——i —L(—-—l> (A I1.1)
1717 my(my +m,) Ve de o2

This expressionalso allows the study of the difference in slope between the
corrected and uncorrected data. We neglect the second derivative d2171/de2,
so that:

-1 — -— - — — —
av av. - - —
DB om,, (dvl vile-28) Ve .3 d\)l)(V cosd 1)
3 —_— - - e) 1
e de ml ml + m, de 02 02 02 de VF
(A.II. 2)

the dominant term in the parenthesis is - ¥, e/0% In Eq.A.IL 2, setting
cosf=1, V/Vg = 2 and writing the same equation for the complementary
fragment, one obtains an estimate of the difference in the slopes of the
variations of the total number of neutrons

e
aor, av
T _ X __o0.07
de de

For example, if the true value (ch7,1'./de)'1 is ~8,3 MeV, the uncorrected
value would yield -5.26 MeV.

In the small neutron detector measurements of the co-variances the
quantity

N (e)
M(e) = N N
Nl(e) Ne(e)

is provided by the experiment, the co-variance being given by

clv, v,)
—:—l':'g—=M—l
Vi Vo

Here the quantity Ny(e) is proportional to the number of quadruple
coincidences between two neutron detectors and two fragment detectors while
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Nlc(e) and N§ (e) are proportional to the number of triple coincidences
between one of the rieutron detectors and the two fragment detectors,
the definitions of ¥} and i we also can write that

Using

c(v, v,) fyle) 55 .55 - o
e V. V. = V. V. = -v. v
1 2 Ni(e) Ng(e) 1 2 1 2 Ng(e_) 1 "2
We define
N, (e)
Ple) = —
N.(e)

The errors made in neglecting the recoil effect will then be

N, (e') - N, (e)
AP=_£.2_hi_
NT(e)

and
AC=AP—\>1A\)2— 2A N

where Al; and AV, have been computed above,

We express AP as

am, (e) aPle) N2(e)
preis T oy SHOHO
NT(e) NT €

The quantity P(e) is very nearly equal to iy 3, since C(y,v,) is a small
quantity so that:

- vy v T ' '
= —_— —_— + - -
AP Vize tVoT@ T T 2 &t e - -8
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From Eq.A.II.1 we also have

[ av (e - &)V
_ 1 1 !
A vy i - 2 :I (e = &)
B o
and
av - e,
Ay = 2_(e ev, o)
2 de 2 2 2
B c
We then obtain:
-4 %"
AC = ) v AV2 + - 1/2Av1
e,-e, e -e

and inserting typical values of V, V and o2 we obtain
AC~-0.56+ (e-€) 0.14

The correction is of the same order of magnitude as the co-variances
themselves. It usually has a tendency to yield positive correlations.

2. Variations of the efficiencies with neutron multiplicity

We shall consider, as an example, the obtaining of co-variances with
small neutron detectors. The measured quantity M (=M(e)) is equal to

€.V, €,V
yo L1272

ElVl €2V2

and it is assumed that €; and € do not depend on v; and v,. In that case

However, even for fixed masses and total kinetic energies of the frag-
ments it must be expected that the centre-of-mass velocities of the neutrons
will depend on their multiplicity. Therefore, the efficiencies should them-
selves depend on the neutron multiplicity. To first order we write

t-:l(\)l) =g * klt-:l(\)l - \)l)
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and similarly

52(\)2) =g, k2€2(\)2 - \J2)

It is expected that the values of the efficiencies should decrease with neutron
numbers so that k; and ky should be negative. For the sake of simplicity we
assume that k;=ko. Then, to first order

sl(l + k(v - Ul))vl \)2(1 + k(v

-v. e
M = 2~ 2’0"

e (1 + k(v —Ul))v e (l+ke (v, -v.))v

172 22 2°°°2

Vv, - v.)]

V.V +k[vv(v—v1)+v122 o

12 121

V)V, k[vl(vl - v v, + \)2(\)2 - .\)2)]\)1

We assume that, since the total kinetic energy and masses of the frag-
ments are fixed, v; +v,= v =y, +i, and one has

_ V1Yo
M= 2 2
- a“(v;)  o%(v,)
v, vV 1+ k +
L . S
1 2
and since y +1u, = v
2 _ 2 _
0%(v;) = 0%(v,) = -C'(vysV,)
so that
RS
M = 12

- C'(v;,V, )V
v (1 - —=FF
Y1 V2

which leads to
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If the variations of the efficiency had not been taken into account we
would have

The quantity M is close to 1 and vy to 4. Values of k of the order of
-0. 2 appear possible and in that case C'=5C,
This is again of the same order of magnitude as the observed quantities.
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ETUDE EXPERIMENTALE DE LA
CORRELATION ENTRE LES NOMBRES
DE NEUTRONS PROMPTS EMIS PAR LES
DEUX FRAGMENTS COMPLEMENTAIRES
DANS LA FISSION SPONTANEE DE 2°Ct

C. SIGNARBIEUX, R, BABINET, H, NIFENECKER, J. POITOU
CEA, Centre d'études nucléaires de Saclay,
Gif-sur-Yvette, France

Abstract—Résumé

EXPERIMENTAL STUDY OF THE CORRELATION BETWEEN THE NUMBERS OF PROMPT NEU TRONS
EMITTED BY THE TWO COMPLEMENTARY FRAGMENTS IN SPONTANEOUS FISSION OF %%Cf.

The large liquid scintillator method was used to measure the mean values v, and by and the variances
o%(vy) and c’-(vT) of the distributions of the number of neutrons emitted per fragment and per fission as 2 function of the
mass A of one of the fragments and the total kinetic energy Ex of both, The data on the mean values by(A, Ey)
agree well qualitatively with earlier measurements of Bowman and co-workers except for the mass region
above A =150, On the reasonable assumption that the de-excitation modes of the two complementary
fragments are independant, the correlation between the excitation energies of these fragments can be deter-
mined very simply from the variance data, For each mass ratio an anticorrelation is observed when the
Eg value is fixed; the magnitude of this anticormrelation is maximum around the most probable Ey value
and tends towards zero at the limits of the distribution p(Ei). Moreover, the overall correlation of the
excitation energy distribution (integrated over all the Ey values) is practically zero for all mass ratios. These
results show clearly that the degree of freedom associated with the elongation of the nucleus towards fission
is strongly coupled with other degrees of freedom of the system, which means that the rate of evolution of
the system could be slow enough to justify the hypothesis of a state of quasi-equilibrium at the scission point.

ETUDE EXPERIMENTALE DE LA CORRELATION ENTRE LES NOMBRES DE NEU TRONS PROMPTS EMIS PAR
LES DEUX FRAGMENTS COMPLEMENTAIRES DANS LA FISSION SPONTANEE DE 292Cf,

La méthode du gros scintillateur liquide a été utilisée pour mesurer les valeuts moyennes o et by et les
variances o¥( vy} et o v) des distributions du nombre de neutrons émis par fragment et par fission en fonction
de la masse A de 1'un des fragments et de 1'énergie cinétique totale Ey des deux. Les données sur les
valeurs moyennes y(4,, EK) sont en bon accord qualitatif avec les anciennes mesures de Bowman et al. ,

4 1'exception toutefois de la région des masses supérieures & A = 150. Si 1’on fait 1'hypothése raisonnable
que les modes de désexcitation des deux fragments complémentaires sont indépendants, les données sur

les variances permettent de déterminer trés simplement la corrélation des énergies d'excitation de ces deux
fragments. Pour chaque rapport des masses, on observe une anticorrélation qui est maximale au voisinage
de 1a valeur la plus probable de E et qui tend vers z&ro aux botnes de la distribution p(Ey). Par ailleurs la
corrélation globale de 1a distribution des énergies d'excitation (intégrée sur toutes les valeurs de E,) est
pratiquement nulle pour tous les rapports des masses. Ces résultats montrent clairement que le degré de
liberté associé au mouvement d*élongation du noyau vers la fission est fortement couplé & d'autres degrés
de liberté du systéme, de telle sorte que 1a vitesse d’évolution du systéme pourrait &ure assez basse pour
justifier 1'hypothése d'un état de quasi-équilibre au point de scission,

INTRODUCTION
Dans la fission des noyaux lourds pour lesquels les configurations de

scission sont plus allongées que les configurations de point-selle, 1'évolu-
tion du systéme entre le point-selle et la scission procéde d'un mouvement
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continu d'élongation du noyau. L'étude de cette «descente» vers la scission
pose le probléme du couplage entre le degré de liberté associé a ce mouve-
ment d'élongation et les autres degrés de liberté du systéme, Dans le

cas d'un couplage faible, la différence d'énergie potentielle entre le point-
selle et la scission se retrouvera principalement sous forme d'énergie
cinétique de translation des fragments et les énergies d'excitation de ces
fragments proviendront de la déformation acquise dans ce mouvement
d'élongation; il est alors raisonnable de penser que les énergies d'excitation
de deux fragments de masses complémentaires sont fortement corrélées.
Au contraire, un couplage fort entrainera un amortissement du mouvement
d'élongation; l'énergie dissipée dans les autres degrés de liberté se
retrouvera alors sous forme d'énergie d'excitation des fragments et tendra
a diminuer la corrélation attendue dans le cas du couplage faible,

Nous ne possédons jusqu'd présent que quelques données fragmentaires
et plutdt contradictoires [1-3] sur la valeur de la corrélation des énergies
d'excitation de deux fragments complémentaires. Le but de la présente
expérience était d'obtenir dans le cas de la fission spontanée de 2%2Cf un
ensemble complet de données sur les distributions d'énergies d'excitation
et la corrélation de ces énergies en fonction des masses des fragments,
Des résultats préliminaires ont déja fait 1'objet d'une courte publication [4].

1. METHODE EXPERIMENTALE

Nous allons montrer que si l'on fait des hypotheéses raisonnables sur le
mécanisme de désexcitation des fragments, la corrélation entre les énergies
d'excitation B, et E; de deux fragments de masses complémentaires peut
&étre déduite assez directement de la mesure de la corrélation entre les
nombres de neutrons prompts vy et v, émis respectivement par chacun des
deux fragments.

Pour une distribution de probabilité P(Exl, Ey,» V1, vs), on peut écrire
en toute généralité une relation entre les covariances de la forme

COV(vy, vp) = COV((Ey , Ey,), 5 (Ey,, Ex,))

+f COV(vy, vy : E, , EXZ) P(Exy EXZ) dEx, dExz (1)

1

Si l'on fait 1'hypothése que le mécanisme d'émission des neutrons
prompts par un fragment est indépendant de 1'état quantique du fragment
complémentaire, la relation (1) s'écrit alors

COV(vy, vg) = COV(Ty(Ey ), To(E,,)) (2)

Si l'on fait 1'hypotheése supplémentaire que, pour tous les fragments
de mé&me masse, il existe une régression linéaire de v sur E, de la forme

v=AE, +u (3)
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la relation (2) appliquée a un couple de fragments de masses complémentaires
A, et Ay devient

A Xy COV(E, Ey Ay, Ay = COV(vy, 514y, Ay (4)

Pour chaque couple de masses, la valeur de COV(vy, vp) peut étre
obtenue A partir de la mesure des variances des distributions p(v;), p(vy)
et p(v; + v,) en utilisant la relation d’addition des variances:

2 COV(vy, vp) = 0% (vy+ 1) = 0% (vy) - 0%(1) (5)

Nous avons mesuré ces distributions a 1'aide d'un scintillateur liquide
de grand volume chargé au gadolinium et constitué de deux enceintes
hémisphériques de 250 litres chacune qui étaient utilisées, soit juxtaposées
pour constituer un détecteur 4w, soit séparément comme détecteur 27.

En géométrie 47 (fig. 1) un tel détecteur de neutrons apparsit comme
idéal pour mesurer la multiplicité des neutrons émis par fission, puisque
son efficacité ¢, est a la fois trés élevée et pratiquement indépendante
de 1'énergie des neutrons.

Pour mesurer la multiplicité des neutrons émis par fragment, nous
avons utilisé le fait que les neutrons prompts sont évaporés isotropiquement
par les fragments totalement accélérés (l'existence d'une petite contribution
de neutrons de scission — environ 10% — reste toujours controversée [5]
et nous n'en avons pas tenu compte dans 1'analyse de nos données).
L'arrangement expérimental le plus satisfaisant consiste & placer un scin-
tillateur hémisphérique en géométrie 27 par rapport a la direction de vol
des fragments (fig. 1). Pour calculer les termes d'efficacité relatifs aux
neutrons émis par chaque fragment, nous avons simulé par la méthode de
Monte-Carlo le processus complet de détection des neutrons par le scin-
tillateur en tenant compte des conditions géométriques exactes de 1'exp_§':rience.
Nous avons d'abord calculé les efficacités moyennes de détection €(e,, V) et
€(ey, V) pour un neutron évaporé isotropiquement avec 1'énergie e, par un
fragment animé d'une vitesse V (notée V ou V selon que le fragment se dirige
dans la direction du détecteur ou dans la direction opposée). Etant donné

[

d] | (b Sl e

AN

GEOMETRIE 4 T GEOMETRIE 2 [T

FIG. 1. Schéma de 1'arrangement expérimental,
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que le spectre d'émission d'un fragment dépend essentiellement du mode de
scission (caractérisé parlesvitesses V; et Vo des deux fragments), nous
avons c_al_g:ulé en fonction du couple (V; V) les termes d'efficacité €(Vy),
é(V7), €(Vy) et €(Vp) en pondérant les fonctions €(e,, V) par les spectres
d'énergie des neutrons prompts mesurés par Bowman et al, [6] pour la
fission spontanée de 2y, Typiquement, les valeurs de E(V) et €(V) ainsi
calculées sont de 1l'ordre de 60% et 15% respectivement.

Si nous faisons la supposition que les termes d'efficacité sont indé-
pendants de la multiplicité des neutrons émis (cette supposition, excellente
dans la géométrie 47, n'est qu'une approximation au premier ordre dans
la géométrie 27), les relations de corrections d'efficacité (démontrées
dans la réf,[7]) s'écrivent comme suit:

Ar = &g VUr
- = - o -
q = €(V1)7/1 + €(V2)7/2
g, = e(V)o, + &(V,)p,
o*lag) = §p = €2 (%) ~ o) (6)

o%(ay) - &, = &2(Vy) [02(vy) - 7 1 + EXV,)[0%(wy) - B,] + 2&(Vy) E(V,) COVI(v, )

0%qy) - dg = V[0 vy) - 1] + EAVR)0%(wy) - Tl + 26(Vy) E(V3) COV (1, 1)

Les quantités notées q et v se référent respectivement aux distributions
du nombre de neutrons détectés et émis.

Il est & noter que 1'accord dans toutle domaine de variation de (Vi Vg)
entre les valeurs de U, obtenues indépendamment dans les expériences
27 et 47, constitue une excellente vérification de la validité des corrections
d'efficacité. .

L'installation expérimentale était la suivante: une source de 252Cf
de 10* fissions/minute, déposée sur un support de VYNS de 50 ug/cm?,
est placée au centre géométrique du détecteur de neutrons. Les deux
fragments de fission sont détectés en coincidence par deux détecteurs a
barriére de surface de 3 cm?, placés de part et d'autre de la source. Dans
l'expérience 27, lg distance de ces détecteurs a la source était 1 cm et
4 cm respectivement de fagon 4 orienter la direction de vol des fragments
(3 l'intérieur de +20°) dans 1'axe de révolution du scintillateur.

Les détails de notre détecteur et de 1'électronique associée ont été
publiés antérieurement [8]: pour caractériser la qualité de notre installation
nous ne citerons que la valeur remarquablement faible du bruit de fond,
qui était de 0, 03 coup par porte de comptage de 35 us pour une efficacité
intrinséque de détection des neutrons de 82%, ainsi qu'une excellente stabilité
dans le temps de tous les paramétres mesurés,

2, ANALYSE DES DONNEES

Pour les deux expériences 27 et 47, nous avons enregistré environ
10% événements tridimensionnels, a savoir les amplitudes des réponses
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des deux détecteurs & semi-conducteur et le nombre de neutrons détectés
dans le scintillateur,

L'analyse des données a été conduite selon les étapes suivantes:

— Calcul du nombre moyen de neutrons émis par fragment en fonction
des paramétres u et ey(valeurs provisoires des masses et de 1'énergie
cinétique totale des fragments). Ces parametres étaient calculés A partir
des relations de calibration de Schmitt et al.[9].

— Calcul des valeurs moyennes et des variances des distributions de
neutrons émis par fragment et par fission en fonction de A et By (masses
et énergie cinétique totale des fragments primaires); les données neutroniques
déterminées dans 1'étape précédente permettent de calculer, pour chaque
événement, les paramétres primaires a partir des paramétres provisoires
selon les relations

My - 171 (!Jl, ek)

A, = —
171 =00 (uy, eg) /A,
(7
_ K1 | Do(u1, ex)
EK = e <A1+ A,

A étant la masse de 2°%Ct.
—. Calcul de la fonction de dispersion des parameétres A et Eg selon
les relations

4vr _ALA 1 A} + A2
a2 (Ay) :EEK— n Alo Z 4 ZC’.z(VT)""'—lEgiA?— 02(eF)
(8)
2 A N2 2
o? (By) =202(eF)+(i—‘;> [cz(vl) (;;) +02‘”2)<%> J

ol 7 est l'énergie des neutrons dans le centre de masse du fragment et
o%(ep) est la variance de la fonction de résolution des détecteurs & semi-
conducteur [9], qui a été prise égale 4 0,41 MeVZ

— Correction des données neutroniques (obtenues dans la seconde
étape) de la dispersion expérimentale sur A et E;. Les données neutroniques
étaient au préalable lissées par la méthode des moindres carrés.

Dans chacune des deux premiéres étapes, les données neutroniques
expérimentales étaient successivement corrigées du temps mort de
I'appareillage, du bruit de fond et de 1'efficacité du scintillateur et
normalisées sur une valeur de vy de 252Cf égale a 3, 756.

3. RESULTATS ET DISCUSSION

L'ensemble des résultats sur les valeurs moyennes et les variances
des distributions du nombre de neutrons prompts émis par fragment en
fonction de leurs masses A et de leur énergie cinétique totale Ey est montré
dans les figures 2a et 2b sous la forme de courbes de niveau. Nous avons
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FIG.2, Valeurs moyennes et variances des distributions du nombre de neutrons émis par fragment {données
corrigées de 1a dispersion expérimentale sur les masses et les énergies cinétiques des fragments).  Dans la
figure 2c les triangles comespondent aux valeurs de Bowman et al.[6]; dans la figure 2d les croix
correspondent aux valeurs de Gavron et Fraenkel [3],

comparé, dans les figures 2c et 2d, ces valeurs moyennes et variances

en fonction de la masse — par intégration sur les distributions p(E.:A) -~
aux valeurs obtenues respectivement par Bowman et al, [6] et par Gavron
et Fraenkel [3] qui utilisaient la méthode du petit scintillateur plastique
pour mesurer la corrélation, dans le laboratoire, entre 1'énergie et l'angle
d'émission des neutrons par rapport a la direction des fragments.

En ce qui concerne les valeurs moyennes v,, le comportement en
«dent de scie>» est tout 4 fait similaire pour les deux expériences; néanmoins,
les résultats difféerent légérement dans les régions de masses de faible
probabilité et les différences sont beaucoup plus grandes en fonction de
Eg. Gavron [10] a étudié en détail les causes d'erreur systématique dans
la méthode du petit scintillateur; il a montré que les résultats de Bowman
souffraient d'un manque de corrections nécessitées par ltaspect sélectif
de la corrélation neutron-fragment; il a calculé que de telles corrections
pouvaient rendre compte des différences observées entre les deux types
d'expérience.

En ce qui concerne les variances GZ(UA), la figure 2d montre que nos
mesures sont en grand désaccord avec celles de Gavron et Fraenkel, On
peut penser que les données obtenues par la méthode du petit scintillateur
pourraient comporter des erreurs systématiques non contrdlées dans la



1AEA -SM~-174/41 185

mesure ol Gavron [10] a calculé, sur la base de ses résultats, que la
variance o2(vr) de la distribution du nombre total de neutrons prompts

émis dans la fission de °2Cf était égale 4 5,337, valeur considérablement
plus élevée que la valeur de 1, 56 déterminée & 3% prés par de nombreux
auteurs (voir réf.(8]). La variation de o%(v,) en fonction de A trouvée dans la
présente expérience montre un comportement en dent de scie assez

similaire 4 la variation de 74 : ce résultat n'est pas surprenant, puisque

la distribution p(va) est le produit de la convolution de la distribution

p(E,, ) par une fonction de dispersion g(v: E,, ) due 4 la nature statistique

du nombre de neutrons évaporés, et que cette fonction est d'autant plus
dispersive que l'énergie d'excitation Ey, (et par conséquent U, ) est plus élevée,

Comme on peut voir dans les figures 2b et 2d, il existe, dans la région
des masses voisines de 100, un pic statistiquement significatif de la variance
02 (vy); cette anomalie est clairement corrélée & un changement de la
pente dij, /dA dans la méme région de masses. Dans la mesure ol ce
comportement particulier n'est pas observé dans la région des masses
complémentaires, il semble 1légitime de 1'attribuer aux propriétés liées
a la désexcitation de ces fragments,

Dans la figure 3 sont montrées, pour le couple de masses (108-144),
les variations de ¥ et o2 (¥) pour chaque fragment et de COV(1y, v,) en
fonction de 1'énergie cinétique totale Ey des deux fragments. Les deux
séries de résultats présentées sur la figure correspondent & deux analyses
différentes de nos données; les ronds se référent aux données de Bowman
et al. [6], qui n'étaient pas corrigées de la dispersion expérimentale, les
triangles se référent 4 ces mémes données, mais corrigées par nous de
la dispersion. On peut constater que l'influence de cette correction est
faible sur les valeurs moyennes et importante sur les valeurs des variances
et de la covariance.

Pour discuter de la variation de COV(y, v,) en fonction de E., il est
utile de montrer que cette covariance est proportionnelle aux variances
des distributions des énergies d'excitation des deux fragments. En effet,
pour un rapport de masses fixe, la valeur du Q de la réaction est égale a
la somme des énergies d'excitation E,, et E,, et de 1'énergie cinétique
totale Ex des deux fragments, soit:

Q = Ey, +E,, + Eg (9)

En conséquence, pour une valeur de Ex fixée, Ex1 et Ex2 sont strictement

anticorrélés, ce qui s'exprime par la relation
COV(Ex,, Ex, : A, Ex) = -0°(Ey :A,Ey) = -0%(E, : A, Fy) (10)
et on obtient, & partir de la relation (4),

COV(n, 1 :A,Ey) = A A50%(E, A, By) (11)

En fait, 1'existence de la distribution des charges des fragments
tend 4 diminuer la valeur mesurée de COV(VI, Vy: A, Eg), donc & sous-estimer
légerement la valeur de o%(Ey, : A, Ey).
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FIG. 3, Valeurs moyennes, variances et covariances de Ia distribution du nombre de neutrons émis par un
couple de fragments complémentaires (A; = 108, A, = 144), Les données ont été lissées et corrigées de la
dispersion expérimentale sur les masses et les énergies cinétiques des fragments, Les ronds et les triangles
correspondent 4 deux analyses différentes des données (voir texte),

L'interprétation de la courbe présentée sur la figure 3a en termes de
variances des énergies d'excitation est aisée: aux bornes de la distribution
de p(Eg), les variances tendent vers zéro, ce qui signifie qu'aux valeurs
maximale et minimale de Ex correspondent deux configurations de scission
complétement «froides», & savoir la moins allongée et la plus allongée,

Au contraire, 4 la valeur Ey la plus probable correspond la distribution la
plus large des configurations de scission., Un comportement similaire est
observé quel que soit le rapport des masses des fragments,

Un autre résultat assez surprenant concerne les différences considé-
rables entreles valeurs des variances cr?(uA) des deux fragments complémen-
taires, ainsi qu'on peut 1'observer pour le couple de masses 108-144 sur la
figure 3b: par exemple pour la valeur de Ey la plus probable (od les nombres
moyens de neutrons émis par chaque fragment sont pratiquement égaux),
la variance du fragment lourd est presque deux fois plus grande que celle
du fragment léger; cet effet s'accentue encore pour les faibles valeurs de
Eg. Il est clair que ces différences doivent &tre interprétées en termes
de désexcitation des fragments puisque, pour des valeurs de A et de By i
fixées, les distributions d’énergie d'excitation des deux fragments sont



1AEA-SM-174/41 187

+0.4~T+ p\l:\lz | B | -
. pExfx2 N
:§+0.2~ .
-
R T IRTTITRTE
Foal |11 i Hif j
:
100 105 110 li\__(g{n‘g)

FIG. 4, Coefficient de corrélation de la distribution des nombres de neutrons P(v;, v,) et des &nergies
d'excitation P(Ex,' Exz) en fonction de la masse du fragment 1éger, .

approximativement les mémes (relation (10)). Des différences dans la
dispersion des énergies de liaison des neutrons entre le fragment léger et
le fragment lourd pourraient expliquer partiellement 1l'effet. Un autre type
d'explication serait que le phénomeéne de compétition gamma-neutron (mis
en évidence globalement pour les deux fragments [11]) affecterait préféren-
tiellement 1'un des deux fragments (le fragment lourd dans le cas du

couple des masses 108-144),

Sur la figure 4 sont montrées les valeurs des coefficients de corré-
lation des distributions Py, v,) et P(Exl, E,,) en fonction du rapport des
masses des fragments., Rappelons que le coefficient de corrélation de deux
variables aléatoires x et y est défini par

CovV{x,y) (12)

P(X, Y) = O'(X) . o.(y)

ol 02(x) et 0%(y) sont les variances des distributions marginales de P(x, y)
et COV(x,y) la covariance de P(x,y).

La covariance COV(Ey , Ey, : Aj, Ap) est déduite de la covariance
COV(y, v, : Aq, Ay) par la relation (4). Les variances o2(By, : Ay et
oZ(EXZ : Ay) ont été calculées pour chaque masse en faisant l}hypothése
raisonnable d'une régression linéaire de E, sur Eg, selon la relation
suivante:

2 1 /49 1
o (Exi DA = --Xi<dEK>A- o%Eg: Ay, Ag) —m COV(Exl s Byt Ay, Ag)
1
(13)
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ou 02(EK) est la variance de la distribution des énergies cinétiques totale
et (d¥; /dEg)A; est la pente de la régression linéaire de v sur Ey pour le
fragment de masse A;. Les paramétres A; ont été évalués a partir de
nos données expérimentales; typiquement, pour le couple de masses
(108~144), les valeurs de A et Ay étaient respectivement de 0,13 et 0,10
neutron/MeV.

Comme on peut 1'observer sur la figure 4, la corrélation des énergies
d'excitation des deux fragments de masses complémentaires est pratique-
ment nulle quel que soit le rapport des masses. Ce résultat prouve qu'au
moment de la scission une partie importante de 1'énergie gagnée par le
systéme aux dépens de son énergie potentielle est dissipée dans d'autres
degrés de liberté que la pure élongation et suggére que la vitesse d'évolution
du systéme pourrait étre suffisamment lente pour justifier 1'hypothése
d'un état de quasi-équilibre au moment de la scission.
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DISCUSSION

on Papers IAEA-SM-174/207 and 41

S. BJPRNHOLM: Since pairing is a long-range correlation, why
should the rapid necking-in of a paired system necessarily lead to two
doubly even fragments?

H. NIFENECKER: It is quite possible that pairs are broken in the
necking-in process. The energy for breaking the pairs must then be
obtained elsewhere. Very schematic calculations performed by M, Kleber
show that this energy could indeed be obtained at the expense of the kinetic
energy of the fragments.

K. DIETRICH: Let me try to answer Mr, Bjérnholm's question, The
two nucleons in a Cooper pair are in magnetic substates of opposite sign,
all other single particle quantum numbers being equal. Thus they differ
in the direction of rotation around the axis of rotational symmetry but
not in their localization in space.

Consider now the case where two fragments of different size move
slowly away from each other., Then, as the distance between the fragment
centres increases, the single particle states tend to be localized either in
the small or in the large fragment. Thus both nucleons of a Cooper pair
are expected to end up in the same fragment. The dynamical effects that
Nifenecker mentioned have to be added to this picture.

P. ARMBRUSTER: Can you give an estimate of the pre-scission
kinetic energy €? Is € smaller than the total free energy (Q ~P = X+ €)
available, which is already much smaller (7 MeV) than previous estimates
of € (40 MeV).

H. NIFENECKER: Both the pre~scission kinetic energy and the
internal heat of the fragments should be less than 7 MeV,

E. PIASECKI: Apart from extracting the second moments of the
excitation energy distributions from your data, is it possible to deduce
anything about the general shape of these distributions?

H. NIFENECKER: It is not possible at present to go beyond the second
moments of the neutron distributions.

M. ASGHAR: It is thought that in alpha~particle ternary fission the
alpha particle comes out from the region between the two fragments at
or about the time of scission. By fitting the various distributions, such
as the angular and energy distributions, with trajectory calculations, one
can determine the pre-scission fragment kinetic energy. Over the years
the accuracy of these distributions has been improved and we think that
the pre-scission energy derived from the fits is around 7 to 10 MeV. This
would tend to support Mr. Nifenecker's value.

M.J. FLUSS: 1 would just like to support the statement that one should
not take too seriously the uniqueness of initial kinetic energies deduced
from long-range alpha-particle angular distributions! The initial conditions
of these calculations are not well defined and therefore the results are not

unique.
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Abstract

PROMPT NEUTRONS FROM THE SPONTANEQUS FISSION OF **Fm,

Prompt neutrons emitted following the spontaneous fission of %TEm were measwed using a 75~cm-diam.
Gd-loaded liquid scintillator (neutron detection efficiency = 66.5%). A chamber containing %5"Em and 2%cf
sources, each facing a Si surface barrier detector, was placed in the centre of the tank. The average number
of neutrons emitted for *’Fm spontaneous fission T was found o be 8,77 + 0.02 based on a value of
Fp =3.735 & 0.014 for *®Cf. The variance of the neutron multiplicity distribution is 2.49 ¢ 0,06 for Fm
compared with 1,57 + 0.02 for *2Cf, The variation of U as a function of single fragment kinetic energy was
investigated. For *™Fm, U is = 1 for the highest 1% of the single fragment kinetic energies, while for ey
the value is 3. The high kinetic energy fragments from the fission of “'Fmn are principally from symmetric
mass splits, while in *®Cf they are from asymmetric divisions, Low neutron emission from symmetric division
in®"Fm is consistent with the prediction of spherically stabilized fragments near the scission point due to the
proximity of the ®sn doubly magic core.

INTRODUCTION

Previous studies of the kinetic energies of 2°7Fm spontaneous fission
products indicated for the first time that a low energy fission process can
have a high yield for symmetric mass division [1]. Subseguent studies of
fragment kinetic energy measurements on 2°SFm(n,f) [2] 2°"Fm(SF) [3] and
257em(n,£) [3], as well as radiochemical mass yield determinations for
255pn(SF) [4] and 2°°FEm(n,f) [5] have substantiated that the low energy fis-
sion of these heavier Fm isotopes results in a higher yield of symmetric fis-
sion than has been observed in the low energy fission of other nuclei. These
results have stimulated renewed interest in the problems associated with mass
distributions in fission [6-8]. The accurate determination of the mass yields
for symmetric division, however, requires knowing the number of neutrons evap-
orated as a function of fragment mass. Figure 1 (from ref. [1]) emphasizes
this by showing two mass yield distributions calculated from the observed
fragment kinetic energies following the spontaneous fission of 2%7Fm; the
first distribution is calculated with the assumption that the average mumber
of neutrons emitted per fragment has a constant value of 2, while the second
assumes the average number of neutrons emitted per fragment has a mass depen-
dence the same as that observed in the spontameous fission of 252Cf, It is
clear that the yield calculated for symmetric fission is dependent on the
assumptions concerning the neutron multiplicities.

To elucidate this problem in the calculation of the symmetric fission
yife%«}:; we have measured the neutron multiplicities associated with the fission
o Fm,

§ Work performed under the auspices of the US Atomic Energy Commission,
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FIG.1. Pre-neutron emission mass yield diswibutions for BTPm(SF). The two sets of points correspond to

different assumptions on the variation of #(m) (from Ref.[1]).

EXPERIMENTAL

The 257Fm was produced by successive neutron capture in (m targets irradi-
ated in the high-flux isotope reactor (HFIR) and processed at the transuranium
processing facility (TRU) at Oak Ridge National Laboratory. The 2%7Fm was
further purified at Los Alamos by standard cation colum procedures involving
elution with ethanol-HCl and hot a-hydroxy-isobutyrate to separate the Fm from
other actinides. The principle contaminant before separation was = 10° dis/min
of 2%%Es., A solution of the purified source was evaporated on a 5x10-%in, Pt
disk. This source was positioned ~ 3 mm from a l-cm-diam. by 30-pm-deep Si-
surface-barrier detector. A 2%2Cf source, prepared in a similar manmer, was
placed in the same position relative to a second surface barrier fission detec-
tor. The two sources, back-to-back, and their detectors were placed in a
vacuum container in the center of a 75-cm-diam. spherical Gd-loaded liquid
scintillator tank having a 15-cm-diam. cylindrical hole through the center.

The tank was divided optically into quadrants with each quadrant having
two RCA-4522 photomultiplier tubes mounted on glass windows. The tank was
filled with Nuclear Enterprise NE-323 liquid scintillator loaded with 0.5 wt.%
gadolinium. The neutrons emitted in fission thermalized in the liquid and
were captured by the gadolinium. The cascade gamma rays following neutron
capture were detected by the photomultipliers after interaction with the scin-
tillator liquid. The mean lifetime for the thermalization and capture of
neutrons in the tank is about 10 usec.

Detection in the solid state detectors of a fission fragment from either
252¢f or 257Pm opened a gate for 40 psec following a 2 psec delay to avoid
counting the prompt fission gamma rays and the proton recoils resulting from
the thermalization of the neutrons. During the open-gate period the sums of
the dynode signals from the four photomultipliers on each half of the tank
were fed into a dual discriminator. The discriminator levels determined the
efficiency of the tank, and their 150-nsec output pulse lengths determined the
dead time, A pulser was used to open the 40-usec gate every 100 sec so that
background counting rates of the system could be measured.
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An on-line PDP-8/L computer recorded the outputs of fast scalers, which
gave the neutron multiplicities, and of analog-to-digital converters (ADC)
which measured the linearly amplified signals of the fission fragment solid
state detectors.,

The apparatus was placed in a low background room having thick concrete
walls. During the experiment the average background rate was 0.1243 + 0.0010
based on more than 125000 background gates. No more than three pulses were
measured in any of the background gates and the frequency distribution of the
various multi Ellcit}’ events was consistent with a Poisson distribution. By
having the 252Cf source present in the tank it was possible to monitor contin-
uously the efficiency of the system. The overall neutron detection efficiency
was determined to be (66.49 + 0,28)%, based on an average neutron multiplicity
value of 3.735 + 0.014 for the fission of 252Cf [91.

RESULTS

Experimental data were collected for more than five months. During that
time 10532 2°7Pn and 98659 232Cf fission events were detected. The 257Fm fis-
sion detection rate varied from 5.5 SF/h at the start of the experiment to
1.8 SF/h at the conclusion. From a least squares fit to the observed decay
rate we obtained a value of 99.3 + 1.6 d for the half-life of ?%7Fm, in good
agreement with the recently published value of 100.5 # 0.2 d [10}. Figure 2
presents the probablllty dlstrlbutlon of the observed multiplicity of neutrons
from the fission of 257Fm and 252Cf. The probability of observing n events is

n  Vmax
P =X X (n k) -0 ™" p 00 P, (1)
k=0 v=n-k

where € = efficiency for neutron detection
P, (v)= probability that v neutrons are emitted in a fission event, and

P, (k)= probability of measuring k background counts.

0.35 T T T T T T T T T
—— 257 £m (10532 fissions)
0.30 252 N
,k\ — - Cf (98571 fissions)
0.25 1
0.20 n
<
n.'o
0.15 i
Q.10 n
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{
o I i1 i I ! ) 4
o} 1 2 3 4 5 [ 7 8 9

No. of events, n
FIG.2. The experimentally observed diswibutions, Py(n), of events in the fission of *2¢f and *Fm.,
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TABLE I. EXPERIMENTALLY DETERMINED NEUTRON PROBABILITY
DISTRIBUTIONS FOR THE FISSION OF 257Fm AND 2%2Ct

257Fm ZSZCf
(10532 fissions) (98571 fissions)
Observed "Unfolded" Observed * "Unfolded"
norv Pd(n) Pt(v) Pd(n) Pt ™)
0 0.070 * 0,003 0,022 + 0.004 0.041 0,001 0.003 * 0,001
1 0.176 * 0.004 0.078 + 0.014 0.175 + 0,001 0.021 + 0.005
2 0.260 %= 0,005 0,077 + 0,032 0,308 + 0,002 0.140 + 0.011
3 0.261 * 0.005 0.259 £ 0.054 0.276 + 0,002 0.264 = 0.017
4 0.154 = 0,004 0.211 £ 0.068 0.146 £ 0.001 0.307 =+ 0.020
5 0.061 £ 0,003 0.259 + 0.068 0.045 + 0,001 0.191 <+ 0,018
6 0.015 + 0,002 0.039 £ 0.058 0.008 & 0.0004 0.061 * 0.013
7 0.003 * 0.001 0,058 + 0,032 0.001 + 0,0002 0.008 = 0,007
8 0.0001t+ 0,0002 -0,005 * 0,015 0.0001 = 0,00006 0.005 = 0.003
9 0.0001+ 0,0001 0,002 + 0,004 0,00001 = 0.,00001 -0.0006 * 0,0005
n®™) 2.636 * 0.014 3,769 £ 0,021 2.607 % 0.004 (3.735 + 0.014)
02 2,068 t 0.027 2,49 £ 0.06 1.651 £ 0.007 1.57 % 0.02

TABLE II. SUMMARY OF NEUTRON EVAPORATION DATA FOR 2"Fm

AND 252¢Cf
257Fm
No. of = 2
fissions Vr GVT
Cheifetz et al. [1] 1499 3.97 + 0.13 2,92 + 1,40
This experiment 10532 3.77 £ 0,02 2.49 = 0.06
252Cf
Ref. f11] [12] [13] [14] This exp.

o-? 1.87 + 0.08 1,55 + 0.04 1,46 = 0,14 1.46 + 0.14 1.57 + 0.02
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FiG.3. The "unfolded" frequency diswibution, Py(v), of neutrons associated with the spontaneous fission of
Tpm and 22Cf, The solid curves represent Gaussian functions having the same first and second moments as
the “unfolded” distributions.

Through a matrix inversion of Eq. 1 it is possible to determine the quan-
tity P¢(v), the multiplicity distribution of neutrons emitted in fission.
Table I presents the observed and "unfolded' distributions for both 2°7Fm and
252Cf, The V value for 2°7Fm is found to be 3.769 * 0,021 which is less than
1% higher than the value of 3.735 % 0.014 [9] for 252Cf. The 2.49 * 0.06
variance for ?°’Fm is much larger than the value of 1.57 + 0.02 measured for
252Cf, In Table II we compare our current values of these quantities with
those reported for ?°’Fm by Cheifetz et al. [11] and with various reported re-
sults on 252Cf [11-14].

A plot of our '"unfolded" P;(v) distributions is presented in Fig. 3. The
252¢cf distribution is seen to bé very nearly Gaussian, Although the 2°’Fm re-
sults show more scatter, they are also represented reasonably well by a
Gaussian function.

A notable feature in the fission of 2°7’Fm compared to 2°2Cf is the higher
probability of emission of 0 or 1 neutron, In fact, the whole neutron multi-
plicity distribution is much flatter for 2°7Fm than for 252Cf, as evidenced in
their relative variances. This implies a broad distribution in excitation
energies for 257Fm fission products.

In this experiment only one fission fragment energy was recorded per fis-
sion. We have analyzed the variation of Vrand o3’ as a function of single
fragment energy. Figure 4 presents a histogram of the values of vrand cvi for
bins containing = 10% increments of the single fragment kinetic energies.' The
variances for both 2°’Fm and 2°2Cf are seen to remain reasonably constant over
the kinetic energy range. The W data for 2°7Fm, however, show a dramatic de-
crease as the highest kinetic energy bins are selected,while no such strong
effect is observed in the 2°%Cf data. These results are presented in a cumu-
lative manner in Fig. 5. We see that when all of the data are included (the
100% point on the far right of the graph) the 2°’Fm and 2°2Cf have, within 1%,
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FIG.5. The variation of the average number of neutrons as a function of the cumulative fraction of single
fragment kinetic energy. The value of the ordinate for abscissa value X is the average number of neutrons for
those events with the top X per cent of single fragment kinetic energies.

the same value of Vi, but when only the higher kinetic energy intervals are
selected, the 237Fm Vrresults are substantially below the 2°2Cf data. At the
highest kinetic energy interval the 2°7Fm multiplicity has decreased to less
than 1 neutron per fission, whereas the ?°?Cf data have asymtotically ap-
proached about 3 neutrons per fission. The low value of vifor the high kinetic
energy 2°7Fm fission implies a very low fragment excitation energy for these
events.

With only one fragment energy measured, definitive mass assignments are
not possible. For ?%7Fm fission, however, some selection of the mass distri-
bution can be made by selection of single fragment kinetic energies. Figure
6 shows a mass distribution obtained by restricting one fragment to be within
the toB 5.3% of the kinetic energy range. These data, which were taken from
the 257Fm two-fragment kinetic-energy mass determination measurements of ref
[1], show a preference for symmetric division when one fragment has a high
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FIG.6. Mass distribution for “Fm(SF) obtained when one fragment is restricted to kinetic energy greater than
117 MeV (the top 5.3% of the single fragment kinetic energy distribution).

kinetic energy. Though not conclusive, the combination of the current neutron
measurements with the previous mass determinations implies that the symmetric
fission of 2°7Fm results in fragments having very little internal excitation
energy.

DISCUSSION AND CONCLUSIONS

We have repeated the 257Fm neutron multiplicity measurements done by
Cheifetz et al. [11] using a more efficient detection system (66.5% vs 51.5%).
Our results, with smaller statistical uncertainties, are consistent with their
values (* 20}, With our higher efficiency we have been able to "unfold" the
observed multiplicity distribution and obtain the true neutron distribution.
Perhaps the most interesting cobservation is the strong decrease in v with in-
creasing single fragment kinetic energy. These events are correlated with
symmetric fission of 2%7Fm. If we relate the neutron multiplicity to the
post-scission fragment excitation energy, we have an estimate for the excita-
tion energy for symmetric division. We present these data in Fig. 7, a graph
containing the predictions of Schmitt and Mosel {7] for fragment excitation
energy for symmetric [Zf1 = If, = Z/2, A/2] and asymmetric [Zg; = 50, Ag = 132;
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FIG.7, The solid curves represent calculated excitation enesgies (Ey) and neutron emission multiplicities ()
for asymmetric (A) and symmetric (S) fission of nuclei from Z = 92 to 114 (from Schmitt and Mosel [7]). The
points correspond to experimental values for the fission of 22Cf and *'Fm, See text for additional details.

Zfz = Z-50, Afz = A-132] division. Since the V value for any specific division

is unknown, we can uyse only the measured ¥V values for given mass or charge.

For the fission of 2%2Cf the neutron multiplicities have been determined both
as a function of fragment mass [15] and charge [16] and both results are pre-
sented in Fig. 7. For asymmetric fission the mass determination method (i.e.
Afl = 132, Af2 = 120) gives a substantially higher v than does the charge de-

termination (i.e. Zfl = 48, Zfz = 50) method [7]. For the symmetric fission the twc

252Cf methods give essentially the same value, For 257Pm the symmetric mass
division (as estimated from Fig. 5 for the highest kinetic energy events) has
a v of 1. These results are in at least qualitative agreement with the
Schmitt and Mosel predictions. The 257Pm symmetric fission is expected to re-
sult in two fragments which are spherically stabilized by the proximity of the
1328y doubly magic core, Such fragments should be stiff against distortion and
have nearly spherical scission configurations. These circumstances should re-
sult in high kinetic energy release (due to large coulomb energy from the
compact spherical fragments}) and low irternal fragment excitation energy,

More definitive experiments in which neutron multiplicities are measured
in coincidence with both fragment kinetic energies would improve our under-
standing of the energy division in the spontaneous fission of 2°7Fm. We are
currently attempting such an experiment with a slightly stronger source
(=4 SF/min). .
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H. NIFENECKER: I should just like to point out that the maximum heat

of less than one neutron reported by Mr, Wilhelmy in the case of fermium
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Abstract-Résumé

MEASUREMENT OF THE MEAN NUMBER OF PROMPT NEUTRONS AND THE MEAN ENERGY OF PROMPT
GAMMA RAYS EMITTED DURING RESONANCE NEUTRON INDUCED FISSION IN U AND Z%pu,

Using the 60-MeV linear accelerator at the Saclay Nuclear Research Centre as a pulsed neutron source,
the authors measured the variations from resonance to resonance in the mean number ¥ of prompt neutrons and
the mean enetgy E., of line prompt gamma radiation emitted during induced by s-wave neutronsfission of 25U and %y,
Contrary to other published results, no clear-cut variation in ¥ for #°U was found, However, anticorrelated
fluctuations of ¥ and Ey were observed in the case of °Pu, These fluctuations, which are independent of
resonance spin, may be regarded as a contribution of the (n, yf) reaction.

MESURE DU NOMBRE MOYEN DE NEUTRONS PROMPTS ET DE L’ENERGIE MOYENNE DES RAYONS GAMMA
PROMPTS EMIS LORS DE LA FISSION INDUITE PAR NEUTRONS DE RESONANGCE DANS **U ET ®%u,

Les variations de résonance a résonance du nombre moyen ¥ de neutrons prompts et de 1’énergie moyenne
'Ey du rayonnement gamma prompt ont &té mesurées pour la fission de 2% et ®pu induite pat neutrons s, en
utilisant 1" accélérateur linéaire d’ &lectrons de 60 MeV du Centre d’études nucléaires de Saclay comme source
pulsée de neuwons. Contrairement aux autres résultats publiés, les auteurs n’ont trouvé aucune variation nette
de ¥ pour 254, s ont observé des fluctuations anticorrélées de ¥ et Ey pour le 9y, Ces fluctuations,
indépendantes du spin des résonances, peuvent &tre interprétées comme une contribution de la réaction (n, ¥f).

I - INTRODUCTION

La théorie des é&tats de transition de A. Bohr D] permet de prévoir des
corrélations entre le spin J7 du noyau fissionant et différents paramétres
de la fission. Expérimentalement, pour la fission induite par neutrons ''s"
dans 23%uy, de telles corrélations ont déji été observées pour les largeurs
de fission I'g [?] , ainsi que pour le rapport vallée~pic de la distribution
en masse des fragments [3] . Cette corrélation pourrait &galement exister
pour v , le nombre moyen de neutrons prompts, puisque v dépend, entre
autres,de la distribution en masse des fragments de fission.

Cependant les différentes mesures [4],[5],[6],[ﬂ ,[81 effectudes jusqu'
alors étaient contradictoires et ne permettaient pas de conclure sur ce
point.

C'est pourquoi nous avons récemment mesuré v, ainsi que E 1'éner
moyenne du rayonnement vy prompt, pour la fission de 39Pu [91 et
induite par des neutrons "s", en utilisant 1'accélérateur lindaire
de 60 MeV de Saclay comme source pulsée de neutrons.
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IT ~ METHODE DE MESURE

Nous avons utilisé la technique de la chambre d fission rapide (temps de
montée 6 ns) placée au centre d'un gros scintillateur liquide chargé au ga-
dolinium [10] (fig. Ta). La fission était identifiée par une coincidence
entre une impulsion de la chambre a fission (détection d'un fragment de
fission) et une impulsion du scintillateur liquide (détection des rayons Yy
prompts de fission). Les neutrons de fission, aprés thermalisation dans le
liquide et capture par le gadolinium, &taient comptés pendant 30 us aprés
chaque fission.

~

Le bruit de fond enregistré en méme temps que les neutrons de fission a été
déterminé de fagon précise en simulant un signal de fission décalé d'un
intervalle de temps correspondant a une période de l'accélérateur (fig. 1b).
De cette fagon, le bruit de fond est déterminé dans des conditions prati-

quement identiques i celles de la mesure proprement dite,

a
scintillateur liquide
charge au godolinium
neutrons —
incidents == L }chambre & fission
b
2ms
pulsation de __
'accélérateur ff y T
fission -—— _———
[}
)
por;es H
neutron et - g
bruit de fond H H !_r-
ol iy
tn  30pus tn 30 ps
complage (simuld) comptage du
des neutrons bruitde fond

FIG.1, Schéma de principe de la mesure.

L'énergie des neutrons incidents a été déterminée par la méthode du temps
de vol, en plagant le détecteur & 30 m de la source de neutrons pulsée 3 la
fréquence de 500 Hz. Chaque chambre 3 fission contenait environ 100 mg de
matériau fissile répartis sur 8 gorties indépendantes (&paisseur des dé-
pots ~ | mg/cm?) et un dépdt de 252Cf pour la normalisation des valeurs

de v obtenues.

-~

Les fluctuations de résonance 3 résonance de E, ont été obtenues en ana-
lysant la surface du signal prompt du scintillateur liquide. La calibra-
tion en énergie de ces fluctuations a €té réalisée en mesurant la réponse
du_scintillateur pour le rayonnement y obtenu par réactiom (n,y) sur
1974y, 16540, 167y, 182y, 183y, et pour le rayonnementy de sources de
60co et 22ya.
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Pour chaque fission, les données expérimentales (;, bruit de fond, E ,
temps de vol, N° de sortie de la chambre i fission) ont &té enregistrées
sur bande magnétique puis traitées sur ordinateur CDC 6600.

II1 - RESULTATS EXPERIMENTAUX

III-1 Généralités
Toutes les valeurs de v ont &été normalisées 4 v = 3,782 pour la fission
spontanée du 252 cf,

Les valeurs de E, sont présentées en unités arbitraires et ne sont pas cor-
rigées de l'énergie apportée par les protons de recul produits lors du ra-
lentissement des neutrons de fission dans le scintillateur. La mesure de

E, &tant relative, cette correction, proportionnelle & v, n'est nécessaire

que si v varie de résonance a résonance.

II1I-2 Résultats pour 235U

Les valeurs de v et de E, pour les résonances comprises entre 2 et 50 eV
sont portées sur la figure 2.

Les largeurs de fission Dl] et les spins des résonances [12]) ont &té por-
tés au dessus des points expérimentaux lorsqu'ils sont connus.
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Contrairement aux autres résultats publiés__[lo] [5] , nous n'observons aucune
variation nette de V. Les fluctuations de EY semblent &galement &tre
d'origine statistique.

III-3 Résultats pour 239%py

Nous avons analysé toutes les ré@sonances de spin J connu jusqu'd une éner-
gie de neutrons incidents de 250 eV et quelques résonances isolées entre
250 et 404 eV. Des résultats préliminaires ont déja &té publiés [13][14] .

Les valeurs de v pour chaque &tat de spin sont portées sur la partie infé-
rieure des figures 3 (JV = 1*) et 4 (J¥ = 0%). Elles sont en bon accord
avec celles de Weston [6J I:l3] .

LARGEURS DE FISSION , meV
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Sur la partie supérieure de ces 2 figures, nous avons porté les valeurs de
EY' _ _

Les fluctuations de v et E, pour les résonances 1™ (fig. 3) sont fortement
anticorrélées. Les valeurs de U sont d'autant plus basses, et les valeurs
de E_ plus hautes, que les largeurs de fission 'y des résonances sont
petiges. Les valeurs de 'y de Blons et al {I5] ont &té portées au-dessus
des points expérimentaux.

La correction de_E pour 1l'effet des protons de recul [361 entrainée par
la variation de v (§ III~I) augmenterait légérement 1'anticorrélation
observée.

En ce qui concerne les résonances 0%, les fluctuations de v semblent d'ori-
gine statistique. Les valeurs de E, semblent plus &levées pour les résonan-
ces dont la largeur de fission est inférieure a 200 meV.
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FIG.4. Valeus de ¥ et Ey pour les résonances I" = 0% de *pu.

IV - INTERPRETATION DES RESULTATS

J. Trochon a proposé une interprétation des résultats obtenus pour le
39y 3 partir de la rdaction (n,vf) {17 18{ , dans laquelle des rayons
p I3 T
Y sont émis par le noyau composé avant fission.

L'énergie des rayons y de préfission s'ajoute alors_a 1'énergie du rayonne-
ment y prompt de fission, d'oll une augmentation de E, .
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L'émission de rayons y avant fission diminue 1'énergie d'excitation du
noyau composé, ce qui entrafne une réduction de 1l'émnergie d'excitation des
fragments de fission, donc une diminution du nombre de neutrons émis.

Expérimentalement, on observe un mélange de réactions (n,Yyf) et de réac-
tions directes (n,f4> L'influence de la réaction (n,vyf) est d'autant plus
importante qu'il y a moins de fissions directes, c'est-i-dire quand la
largeur totale de fission I'f devient comparable i la largeur I'yf pour le

= +
processus (n,yf) (des valeurs de T ¢ de ~ 8 meV pour les résonances 07 et
de ~ 3 meV pour les I* ont &té& calculées [19] [20] ).

L'effet de la réaction (n,Yyf),trés net pour les résonances 1* du 239pu,
n'est pas observé pour les résonances 0% car la plupart de celles—ci ont
une grande largeur de fission et le phénoméne, alors trés faible, est
masqué par les erreurs expérimentales.

Les petites fluctuations de v et E. observées pour 23U montrent que 1'in-
fluence de la réaction (n,Yvf) est %aible, ce qui tend & confirmer la va-
leur Tyy ~ I meV calculée pour ce noyau [20] .

L'interprétation de nos résultats i partir de la réaction (n,vf) implique
l'invariance d'une résonance i 1l'autre du produit T¢.AE de la largeur de
fission T'f par 1'accroissement en énergie AE de E,. Cet accroissement AE
se traduit par une diminution correspondante_de 1'énergie d'excitation du
noyau composé, c'est-d-dire une diminution AV de v. [18]
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FIG.5. Lois¥# =f (1/Ty) et E7 =f (1/I‘f) pour les résonances 1% de ®%u. Les droites en traits pleins représentent
des ajustements obtenus par 1a méthode des moindres carrés 2 partir des valeurs expérimentales,
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Cette invariance est vérifide expérimentalement

Sur la figure 5, nous avons porté les valeurs de v et de E, obtenues pour

les résonances 1* du 239Pu en fonction de l/Ff- v

Les lois v = f (I/Ff) et EY = £ (1/T¢) sont des droites dont la pente per-
met de déduire la valeur du produit I'f.AE.

Nous avons obtenu :

- & partir de v = £ (1/Tg) , T AE = (4715 * 450) evZ |

en admettant que 0,13 neutrons sont &mis en moyenne par MeV d'énergie
d'excitation.

- a partir de B, = £ {I/Tg) , Tg.0E = (4807 * 400) ev? ,

en utilisant la calibration directe en énergie de 1'échelle E, (0,168 =
0,010 MeV/canal) et en effectuant la correctionpour 1'effet des protons
de recul [16] .

Les deux valeurs obtenues sont en bon accord, ce qui confirme 1l'interpré-
tation des fluctuations de v et E, a partir de la réaction (n,vf).

V - CORRELATION ENTRE v, E, ET LE SPIN DES RESONANCES DU 239py

L'extrapolation des droites © = f (l/Ff) et EY = £ (1/T¢) pour 1/Tg =0

t : = = P f - .
permet d'obtenir les valeurs de v et E, corrigées de 1l'effet de la r&action
(n,vyf) pour les résonances 1t du 239y et de les comparer aux valeurs moyen-
nes mesurées pour les résonances O . On obtient :

Résonances 0 Résonances 1% Différence
EY H 102,60 + 0,07 102,45 = 0,10 0,15 x 0,12
(canaux)
v : 2,882 + 0,005 2,868 + 0,005 0,014 + 0,07

Les différences correspondent & 19+ 20 keV pour E, (apré&s correction pour
l'effet des protons de recul) et & 110 + 55 keV pour ©. Elles sont i peine
significatives : contrairement i Weinstein [5] et i Ryabov [4], nous n'ob-
servons pas de corrélation nette entre v ou EY et le spin des résonances

pour 23%py,

VI - CONCLUSION

. P - = 2 R
La mesure simultanée de v et E, pour 350 et #°Py semble avoir ré-
solu les contradictions qui exlstaient entre les différentes mesures pu-

bliées.

Les fluctuations de v et E que nous avons obtenues pour 23%py peuvent &étre
interprétées comme une mise en &vidence expérimentale de la réaction
(n,v£).

Dans la limite de la précision statistique, nous n'observons aucune varia-
tion anticorrélée de Vv et Ey pour U, ce qui confirme les faibles va-
leurs de FYf obtenues par le calcul.

Nous n'observons pas de corrélation supérieure 3 0,5 Z entre v ou EY et le
spin des résonances pour Pu et U.

La différence de 110 * 55 keV entre les valeurs de v pour les résonances 1t
et les résonances 0% du Pu semble correspondre 3 un effet de spin, elle
est dans le sens prévu a partir de la théorie de Bohr.
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DISCUSSION

J. TROCHON: An independent measurement of the multiplicity of
prompt gamma rays from 239Pu + n and 235U + n fission was made at the
Saclay linear accelerator; the results show the same variations from
resonance to resonance as did the measurements of Ey,

This result can be explained very well in the case of 23%py as an effect
of the (n, vf) process. The average number of prompt gamma rays varies
only very little with the excitation energy of the fissioning nucleus, and
consequently the total number of gamma rays emitted is increased by one
unit, if the nucleus emits a pre-fission gamma ray.

In addition, we calculated! the width Iy and the mean energy <E,> of
the prompt gamma rays for the 1* resonances of 2%Pu from the experimental
value for 2*°Pu derived from measurements of ¥

Iyf- <Ey> = (4715 2 400) eV?
The calculation was performed with a simple barrier and on the assumption

that only the gamma rays corresponding to the El transitions were emitted
by the compound nucleus. The result we obtained was I'yf, = 5.4 £1,2 meV,

! These Proceedings, Absmact IAEA-SM-174/39, Vol.2.
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which is comparable with the calculations? of J, E. Lynn, who obtained

Tyf. ~3 meV, Itis also in agreement with the limit I'yss (42 1) meV obtained
from an analysis of the effective (n, f) fission cross-sections. However, the
value of <E > = (850 + 100) keV which we find seems too high, for it corres-
ponds to a height of the 17 fission barrier much lower than that generally
assumed. This could be due to the presence in the second well of the double-
humped barrier of vibration states observed at around 1,2 MeV below the
neutron binding energy in the effective cross-section of the (d, pf) reaction,

G. DE SAUSSURE:; You said that you had performed measurements of
7 for 1Py, Do you have any results available?

J. FREHAUT: No, they are still being analysed.

T. GOZANI: Is your scale for Eyin absolute or relative units?

J. FREHAUT: Itis in relative units,

T. GOZANI: Do you have an absolute calibration for Ey and E,q so that
one can compare them with independent data?

J. FREHAUT: The calibration for Ey is also relative and we do not
obtain absolute values, neither for E, nor for E,o, the prompt gamma energy
for (n, f) fission.

R.E. HOWE: At Livermore we also measured ¥ for 23U, We did not
use the method of the Baclay group, nor that of the Rensselaer Polytechnic
Institute group, but used instead two fast liquid scintillators with a near-
critical spherical shell of 2355 surrounding our fission chamber. By using
pulse-shape discrimination on the scintillators, we were able to separate
secondary neutrons from the 235U shell and miscellaneous gamma rays,
Since the shell converts prompt fission neutrons, we eliminate any possible
bias due to shifts in the spectrum of prompt neutrons.?

In brief, our results agree with those of the Saclay group, and fairly
well with those of RPI, although our energy range is from 0. 5 to about
300 eV, Using the spin assignments given by Keyworth4, we
definitely did not observe any spin dependence of 7. In
particular, the 8.8 and 19. 3 eV resonances differ in ¥ values by almost
0.8%. The errors in these two points are slightly larger than 0.1%. Both
of these resonances in 285U have spin 4.

However, we did find some definite trends in ¥ with energy. These are
as follows: from 0.5 to 9 eV, ¥ is high by about 0, 4%; from 10 eV to 16 eV
Vdescends smoothly to 0,5% below the mean; it remains 0. 5% below the mean
through 23 eV; from 24 eV to 55 eV, 7 remains flat within statistics; there
is a brief decrease between 56 and 61 eV; finally ¥ stays approximately flat
at the mean value from 71 to 125 eV, Average data points are about 1.5 to
2.0 standard deviations from the mean. The spread in ¥ values is roughly
four times the width expected from the statistics of the data,

M. ASGHAR: I should like to ask Mr, Fréhaut two questions: firstly,
what is the average multiplicity that you get from your data? Secondly,
your data show no correlation between the ¥: and the spin of the resonances.
What is the situation when you add up the E, to v?

J. FREHAUT: The multiplicity of the prompt gamma rays was measured
by Trochon who will be able to answer that question, The fluctuations of V
and Ey, expressed in energy, have the same amplitude but are of different

® LYNN, J.E., Phys. Lett. 18(1965) 31,
* See Abstract IAEA-SM-174/65, these Proceedings, Vol.Z2,
* KEYWORTH, G.A., etal., Paper IAEA-SM-174/65, these Proceedings, Vol.1,
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sign, The sum vV + E7 is therefore constant for the 1* resonances and
independent of I't. Our results show that Eyis 19 = 20 keV greater and 7 is
110 + 55 keV greater for the 0* resonances than for the 1* resonances, after
correcting for the effect of the (n, ¥f) reaction, The sum 7 + E7 is therefore
129 keV greater for the 0* resonances, which may correspond to a spin effect.

J. TROCHON: The measurement we performed was a relative one and
we have not normalized the results.

T. GOZANI: My remark pertains to all the papers which have dealt with
Ey, v, and related quantities. It seems to me that sometimes, when reference
is made to prompt gamma rays from fission, there is an implicit assumption
that the gamma ray multiplicity is independent of the eénergy spectra of the
photons, While I do not presume that the possible invalidity of such an
assumption would be at all detrimental to any of the gquantities measured, I
do feel that this question is a relevant one. Some years ago Il conducted an
experiment to see whether the multiplicity-energy function v, (E) is separable,
using a small 252Cf source, large plastic scintillators for mult1p11c1ty deter-
mination, a fission detector and an Nal(T1l) spectrometer. The results
indicated a small energy-multiplicity correlation for 252Cf, More details can
be found in the Abstract IJAEA-SM-174/88 in these Proceedings.

H. NIFENECKER: One has to distinguish over-all measurements of the
correlation between average photon energy and multiplicity with fixed total
gamma-ray energy and those where the total gamma-ray energy varies, In
my paper I assumed that the average energy of the photons did not vary
strongly as a function of the total kinetic energy of the fragments (for
example), This has been shown to be almost the case by F. Pleasonton
and co-workers.
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Abstract

MEASUREMENT OF PROMPT GAMMA-RAY LIFETIMES OF FISSION FRAGMENTS OF **Cf, :

The emission times of prompt gamma rays from the fission fragments of 2%Cf have been measured
over a time range from approximately 1.0 x 10~'° 10 2.0 x 1079 seconds using the velocity and flight path
of the fission fragment to determine the time. The *®Cf source was deposited on a thin foil attached to a
micrometer screw and located between two fission fragment detectors. The distance from the source to one
of the fragment detectors was varied over a range from approximately 0.01 to 2.0 ¢cm. A gamma-ray detector
was located close to the reference fragment detector and operated in coincidence with the fission events,
The gamma rays associated with the stopped fragments were distinguished from those of the moving fragments
on the basis of the known Doppler shift. Measurements were taken at various distances between the source and
the detector, The measured fission fragment kinetic energies were used to calculate the masses of the stopped
fragments. Thus the gamma-ray spectra associated with the different fragment masses were obtained. The
measured spectra were then used to obtain the intensities of the gamma lines at each distance. From these
data it has been possible to obtain the energies and lifetimes of the electromagnetic radiation emitted by the
fragments promptly after formation. Such data provide valuable information indicating values of the deformation
parameters of the even-even isotopes; in particular the quadrupole moments calculated on this basis were found
to agree with the theoretical values.

INTRODUCTION

In the recent past, interest in the neutron-rich isotopes near A = 100
has been generated by the observation of rotational-like energy levels which
suggested a new region of deformation, The fission of 2520p produces isotopes
in this region and thus is a convenient source for use in their study.

. In this paper we report the results of a new series of experiments where
the lifetimes of the high-yield gamma lines in the spontaneous fission of 252ap
are measured by using their known velocities and defined flight paths. The
length of the flight path is adjusted to six different positions. Each position
corresponds to a well-defined average flight-path from fission until the frag-
ments are stopped and thus to a known flight time of the fission fragments. Due
to the high velocity of the fission fragments, the gamma rays emitted during
flight are Doppler shifted and easily separated from those of the stopped frag-
ments. At each position approximately 107 events were collected and mass sorted
to obtain gamma-ray spectra as a function of the fragment mass, The intensities
of the unshifted gemma lines are used along with the flight path length to ob-
tain the lifetimes of the transitions. TFrom the lifetimes and energies of the
transitions, information on the deformation parameters of the even-even isotopes
is obtained.

§ Work performed under the auspices of the US Atomic Energy Commission.
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EXPERIMENTAL ARRANGEMENT

The experimental arrangement shown in Fig. 1 consists of five detectors.
The fragment detector 1 is fixed in position and is parallel to the 2520 source
and to the fission fragment detector 2(F2), The position of the 2%2Cf source
in respect of fragment (Fl) detector can be varied by means of a micrometer
screw in order to obtain different flight distances for the fission fragments.
Since the velocity of the fragments is known, each distance corresponds to a
particular time between fission and the instant when the fragment is stopped in
the detector. The pulses produced by the gamma detector located behind the F2
detector are analyzed when they occur between 0 and 50 ns after a fission event
is detected. The gamma rays emitted while the fragments are moving are Doppler
shifted upwards by approximately 4%, This shift allows for an easy isolation
of the gamma rays emitted after the fragment has stopped. Only the unshifted
gamma rays from the stopped fragments are used to obtain the lifetimes. The
gamma, detector (3 em® intrinsic germanium) is used to measure the intensities of
the gamma lines from the stopped fragments. Fragment detector 2 is adjusted so
that the variation in flight path over the finite acceptance angle is less than
10%. The alpha and Nal detectors operated in coincidence with the gamma
detectors are used to provide gamma lines for digital gain stebilization and
zero intercept corrections,

ELECTRONICS

A simplified diagram of the electronics is shown in Fig. 2. The signals
from the fission and gamma detectors are transmitted to both the linear and
logic sections, The linear section is composed of variable gain amplifiers,
linear amplifiers, linear gates and units controlling the zero intercept. The
varisble gain amplifier and zero intercept units are controlled by the computer.
The output from the linear circuitry feeds dimensions 1 to ! of the analogue
multiplexer and are defined as: dimension 1 fragment detector 1, dimension 2
fragment detector 2, dimension 3 low-energy gemma rays (< 400 keV) and dimension

22 10, . 60
Na, “Ag, Co
“'Amf“Cm

a
detector

NaI Y
detector detector

l:!ﬁssi??’_ 'd)efecior

A 2920 ¢ o 5 10°5-in. Ni

Fission
detector
(F2)

Micrometer
screw

FIG.1. The arrangement of the detectors,
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b high-energy gamma rays (< 1.2 MeV). The remaining two inputs to the analogue
multiplexer are derived from the timing and logic sections. Dimension 5 is a
marker which tells the computer what kind of event is being processed. Three
different types of events can be processed: double coincidences between frag-
ment detectors 1 and 2, triple coincidences between the two fragments and the
gamma~-ray detectors, and gamma stabilization events. One out of every twenty
double coincidence events is used for digital gain stebilization and zero inter-
cept correction of the fission fragment pulse height distribution.

The timing and logic circuitry that provides dimension 5 and the coinci-
dence signal to the analogue multiplexer is fed by all 5 detectors and performs
the normal coincidence (2T = 100 ns) and logic functions. The sum of the
fission stebilization events is used to give the number of fissions recorded
during the data acquisition process and is used to determine the yields of the
gamma lines per fission, The event-by-event data obtained from the analogue~to-
digital converter are accepted by the computer and recorded on magnetic tape to
be used for additional off-line sorting of the data, if necessary. In additionm,
the computer makes an on-line mass sort to obtain gamma-ray distributions as a
function of mass. There are 32 such distributions, 4096 channels long, cor-
responding to adjacent mass windows of 2 amu, The gamma distributions are
analyzed in a larger ‘computer at the end of the experiment to obtain the gamma-
ray intensities.

The mass calculation is performed by means of a table look-up procedure.
An array containing masses indexed by the two fragments pulse height Fl, F2 is
precalculated and used as the table. The mass calculation is similar to that
described by Watson et al. [1]. We differ in that we are using the neutron
data from Nifenecker et al. [2]. Possible grid effects were removed by recording
fission fragments pulse heights with 4096 channels.

DATA REDUCTION

The gamma-ray spectrum associated with each mass window is anglyzed with
the photopeak analysis code developed by Routti and Prussin [3] to obtain the
gamma line intensities. Since the mass resolution (0 = 2-4 amu) is much broader
than our mess windows (2 amu) it is necessary to fit the intensities of a
particular gamma line as a function of mass assuming the shape of a gaussian in
order (Fig. 3) to obtain the total yield at each position.

As mentioned above, six positions with respect to distance were used in
the experiment: 0,008, 0,1250, 0,2500, 0,5000, 1,000, and 2,000 cm, Figure 3
shows an example of the intensities obtained for the 2 -+ O transition in 102gy,
From these distances, the acceptance angle of the fission detectors and the
velocities of the fission fragments, the lifetimes of the gamma lines
were calculated. The average velocity of the fragments that produced a
specific isotope after neutron emission was determined by first taking
the Z of that isotope and using the experimental data of Reisdorf
et al., [4] that gives the average preneutron mass (A" ) for the production of each
charge. The mass of the isotope produced (Ap) is then subtracted from this mass
to obtain the average number of neutrons emitted (V = A* - Ap)., The number of
neutrons emitted is then used along with the preneutron mass as indexes in the
experimental data that gives the relationship of the total kinetic energy (Eg) of
the fission fragments to V and A* of Nifenecker et al. {2] to determine Eg. This
value of Ex and A* are then used in Eq. (1) to define the average value of the
velocity

Vl = (F - m)EK (l)
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FIG.3. A composite plot of the intensity of *®Zr 2+~ 0% transition as a function of mass for each position, The
counts are in arbitrary units and are not normalized to the number of fissions.

The lengths (L) listed earlier for the distances from the source to the
Fl detector are converted by Eq. (2) before calculating the lifetimes

-E__2<2nicos e]) (2)

B 1l - cos 0

The angle O is the acceptance angle of the fission fragment detectors. This
correction was needed to define the length of the average flight path of the
fragments, Using these distances and velocities of individual isotopes each
position of the source is converted to a time between fission and the instant
when e particular fragment of measured mass is stopped. This time is then used
along with the gamma line yield at each position to determine the lifetime of
each gamms transition.

The lifetimes of the gamma lines were then used to determine the reduced
electric~quadrupole transition widths (B(E2)ey), intrinsic electric guadrupole
moments {Qp) and Bp. These parameters which appear in Table I were obtained
following the procedure of Stelson and Grodzins [5]. The isotopic assignments
in Table I are taken from previous work of this group [6]. These isotopic
assignments have since been confirmed by Khan et al.[7]partially. Figure U4 shows
an example of the gamma-ray spectra for different distances, in this case
centered around mass 148, The '*®Ce line position is marked in the upper left
in Fig. 4. This line shows no significant Doppler-shifted component at short
times but at longer times the Doppler-shifted component becomes equivalent to the
unshifted one, A small smount of '*®Ba can also be seen in this figure, Figure
5 shows the results determining the total yield of these lines over the
appropriate masses at each position, The figure shows one of the two examples
of & 2-component decay curve observed in this experiment. The two cases of
multiple decay curves are 1%6ps and *!%Ru.
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FiG.6. Comparison of the B, and B(E2)/B(E2)3p values of the experiment of Cheifetz and co-workers with those
of this work. A: Cheifetz and co-workers, ®: this work.
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FIG.7. A comparison of the experimental and the calculated results of Ragnarsson [7].
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No attempt has been made to correct the data for the hyperfine inter-
action (HFI) which couples the nuclear and the electronic spins of the fission
fragments. This effect is expected to be strong for highly ionized fission
fragments. This correction is such as to decrease the lifetimes as reported in
this experiment. The magnitude of the correction could be as large as 20% if
the destruction of the fission fragment alignment by the HFI occurred in & time
comparable to the half-life of the gamma transition. It is expected, however,
that the characteristic time for the spin deorientation should be much shorter
than the half-lives reported here and, therefore, that such effects are probsably
negligible.

The results of this experiment do not agree well with the previous
results of our group [6] using a two-point decay curve. Figure 6 shows the
values of Bo and B(E2)/B(E2)gp obtained from both experiments. It is seen that
the half-lives measured in this experiment are approximately 50% longer than
those reported earlier., The results of this experiment are also compared with
the calculations of Ragnarsson et al., [8]. In Fig. 7 it can be seen that the
agreement between calculated values for prolate shapes and the experimental ones
is remarkebly good. This of course does not prove that the system is prolate
because we can not determine the sign of Q-

It should be noted that the previously reported large deformation
(B, v 0.6) of zirconium 102 is disproved in this experiment.
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Abstract

FISSION FRAGMENT ISOMERS FROM SPONTANEOUS FISSION OF “* Cf,

Isomeric levels, populated before betadecay during the de-excitation of 2®Cf fission fragments, have been
studied by observing the K X-rays and gamma rays fiom the isomeric decay. A six-parameter experiment with
high-resolution Si(Li) and Ge(Li) detectors measured photon energies from 10-1500 keV and emission times
from 1-3000 nsec after the detection of complementary fission fragment pairs by Si-Au surface barrier detectors,
The photon intensity was studied as a function of fragment mass {(computed from the complementary fragment
kinetdc energies), photon energy and emission time. Half-life and fragment mass assignments were made for
all isomeric gamma rays. A four-parameter experiment, using two Ge{Li) detectors, observed coincidences
between isomeric gamma rays, and the coincidence information was combined with the assignments and
observed K X-ray intensities of the six-parameter experiment and with other work to assign 130 of the transitions
to specific nuclei. Previously reposted concentrations of the isomeric gamma-ray intensity around masses 98,
108 and 134 are discussed, along with feeding from isomeric levels into ground state rotational bands in the
deformed rare-earth region.

1. INTRODUCTION

The neutron-rich, intermediate-mass nuclei far from stabil-
ity have been for many years tempting, yet elusive, targets of
nuclear spectroscopists, tempting because of their abundant
availability as fission products, elusive because of the diffi-
culty involved in studying the desired nucleus among the host
of others produced in fission. Beta decay studies of fission
products have been greatly facilitated by the advent of rapid
chemical separation techniques and magnetic isotope separators
operated on-line to reactors. However, progress in obtaining
detailed spectroscopic information on fission fragment de-
excitation before beta decay has been slow and difficult in
spite of significant developments in the technology of semi-
conductor detectors and the advent of sophisticated muiltipara-
meter data acquisition systems.

§ Work performed under the auspices of the US Atomic Energy Commission.
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The most significant studies of fission fragment spectro-
scopy are those reported by Watson et al. [1] in which fragment
masses, atomic numbers, half-lives, muTtipolarities and ener-
gies of transitions were determined for gamma-ray and conver-
sion-electron decay and those by Cheifetz et al. [2] and
Wilhemy et al. [3] in which the systematics of the ground-state
bands in even-even fragments are presented. The participants
of the previous Fission Symposium at Vienna! were given prelim-
inary reports of studies underway by John and collaborators at
Livermore [4] and also by Armbruster and collaborators at
Jiilich [5] on isomeric states populated during fission fragment
de-excitation. We wish to report here the results of two
experiments dealing with fission fragment isomers carried out
at Argonne National Laboratory.

2. EXPERIMENTAL PROCEDURE

The first of the two experiments E%S the six-parameter
experiment illustrated in Fig. 1. A 232¢f source (2 x 105
fissions/minute) was placed between two Si-Au surface barrier
(sB) detectors of 4-cm? active area which detected the comple-
mentary fragment pairs from fission events. The SB detectors
were cooled to -15°C during the experiment, and their mass
calibration and resolution were checked by monitoring the mass
spectra associated with prominent gamma rays from known _masses.
A planar Si(Li) detector of active volume 3 mm x 1.1 cm? and
energy resolution of 560 eV full-width at half maximum (FWHM)
at 26 keV was used to observe photons in the 10-100 keV range
emitted by fragments after the first few millimeters of flight
path. The prompt x-ray shield (1.7-mm-thick Cu)} prevented
detection of low-energy photons emitted by fragments ngar the
source and of the Cm x-rays following alpha decay of 232cf, A
planar Ge(Li) detector of active dimensions 1.0 c¢m x 2.0 cm

X 2.7 cm and energy resolution varying from 2.0 keV (FWHM) at-
122 keV to 2.9 keV (FWHM) at 1332 keV was placed on the oppo-
site side of the source from the Si(Li) detector. By use of

a Cu-lined Pb shield the Ge(Li) detector was permitted to view
only those photons emitted by fragments near or stopped in
Fragment Detector 1. The energy-dependent absolute detection
efficiencies and Tinearities of the Si(Li) and Ge(Li) detector
systems were determined by placing standardized sources on the
face of a SB detectdr located in the same experimental geometry.

Fig. 2 illustrates the electronic signal processing used
in the first experiment. The six ADC's were coincidence gated
(OR GATE outputg by one or both of two logic conditions: 1)
there must have been a fast (2t = 300 nsec) coincidence (FAST
COINC) between the two SB detectors (F1, F2), undistorted by
accidental pile-up with an alpha particle; and 2) this FAST
COINC output must have been in slow coincidence (SLOW COINC)
with both a time-to-amplitude converter (TAC) output and a
photon-detector pulse-shape discriminator (PSD) output. The
latter two outputs must have been associated with either the
Si(Li) detector, Ge(Li) detector, or both. The PSD circuits

! INTERNATIONAL ATOMIC ENERGY AGENCY, Physics and Chemistry of Fission, (Proc. Symp. Vienna,
1969), 1AEA, Vienna (1969).
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FIG 1, Schematic representation of the experimental geometry of the first fission fragment isomer experiment,
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were used to suppress photon detector pulses with anomalously
slow rise times which cause spurious lifetime components in the
TAC spectra [6]. A dual pulse generator (PG) was used at a Tow
repetition rate to monitor instabilities in the electronic gains
and baselines, and these pulser "events" were tagged by a
special bit on the magnetic tapes. Changes in the gains and
baselines were then corrected during subsequent data analysis

by following the first moments of the pulser "event" peaks.

The electronic logic used here produced three types of
real events on the data tapes: 1) F-F-G, a coincidence between
a fission fragment pair and a photon in the Ge(Li) detector;

2) F-F-S, in which the photon detector is the Si{Li); and,

3) F-F-G-S, in which coincident photons are detected by both

the Ge(Li) and Si{Li). Each F-F-G and F-F-S event had four
parameters (F1, F2 and the pulse height and TAC output associa-
ted with its photon detector), while the F-F-G-S events had six
parameters (F1, F2 and the pulse heights and TAC outputs of

both photon detectors). In this experiment 8 x 106 F-F-G events,

?.5 x 106 F-F-S events and 8 x 104 F-F-G-S events were accumu-
ated.

The objective of the data analysis was the determination of
the energy of each gamma ray, the mass and charge number of the
emitting nuclide, and the half-1ife and intensity of the activ-
ity, plus estimates of the associated errors. To obtain the
mass, half-1ife, intensity and gamma-ray energy, the F-F-G and
F-F-S events were treated in the following manner. The multi-
parameter data tapes were read, and the mass (after prompt neu-
tron emission) of the fragment striking Fragment Detector 1 was
computed from the two complementary fragment pulse heights using
the previously established energy calibration method of Schmitt
et al. [7] and correcting for prompt neutron emission [8]. The
photon energy and TAC were corrected for electronic instability
and the TAC parameter corrected for pulse-height-dependent
timing walk. The data were then accumulated into photon energy
spectra, sorted into time-after-fission intervals and 2-amu-wide
mass intervals. For the Ge(Li) spectra, eight time regions were
chosen with boundaries at 5, 9, 15, 29, 49, 99, 299, 999 and
3000 nsecs. Ten time regions were chosen for the Si(Li) spectra
with boundaries at 7, 11, 15, 19, 27, 47, 99, 199, 299, 999 and
3000 nsec,

Each mass-time sorted photon energy spectrum was computer-
analyzed by the Iowa State University PEAKFIND code [9] which
located peaks using a method similar to that reported by
Mariscotti [10]. After the peaks were located in a spectrum,
PEAKFIND then fitted each peak intensity with a skewed Gaussian
function (plus background) to obtain the photopeak centroid and
intensity. The resulting ensemble of photopeak energies and
intensities for all spectra was searched for peaks of the same
energy appearing in adjacent mass and time regions, and those
peaks were selected for the following analysis. The intensity
distribution vs time and mass bin (from the previous step) was
Teast-squares fitted with an appropriate functional form to
determine the mass centroid, half-1ife and net intensity of the
distribution for a particular gamma ray. The function used had
a Gaussian shape in the mass direction and, in the time direc-
tion, was the integral between time boundaries of the convolu-
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FIG.8. Resulting computer fit to PEAKFIND values of gamma-ray intensity versus (mass, time) regions for a
two-time~component gamma ray. Solid circles with error bars are PEAKFIND intensities and histograms are
least-squares-fit results. I; and I are the total gamma-ray intensities of components 1 and 2 respectively
of the two-time-component gamma ray. T, and T, are the half-lives of components 1 and 2 respectively
of the two-time-component gamma ray.

ted exponential decay. The system prompt-time response func-
tions used for the convolution Tifetime analysis were experi-
mentally determined beforehand. Fig. 3 shows the result of
one such computer fit to a gamma ray with two lifetime compo-
nents.

The portions of the F-F-S spectra containing the K x-rays
were submitted to a least-squares computer program which re-
solved the spectra into individual contributions from elemental
K x-ray groups. The K x-ray components (o7, ap, 87, gp) for
each element were represented by the same skewed function used
by PEAKFIND and the known relative intensities and energies
[11] were kept fixed in the fitting procedure. The presence of
gamma-ray interferences with K x-ray intensities in some regions
was revealed by poor values of the resulting statistical good-
ness of fit and by observation of the graphical results of the fits
in those regions. In such cases the fitting procedure was re-
peated with the gamma rays taken into account. A typical case
of an4 interfering gamma ray, at 30.3 keV, is illustrated in
Fig. 4.

The F-F-G-S events were sorted into a two-dimensional array
of intensity vs Si(Li) energy and Ge(Li) energy, summed over the
whole time range. The resulting array was then searched for
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FIG.4. Least squares fits of K X-ray and 30.3-keV gamma-ray intensities for four consecutive mass bins in the
999-3000 nsec time range. Each resulting K¢, peak is shown labelled with its elemental number,

coincidences between gamma rays and K x-rays. Due to the exper-
imental geometry, a gamma ray could be detected in coincidence
with a K x-ray from either the same fragment (due to internal
conversion of cascading transitions) or the complementary frag-
ment.

The final elemental jdentifications were made on the basis
of the (gamma ray)-(K x-ray) coincidences, similar mass and
half-1ife assignments for a gamma ray and K x-ray activity, and
previous work on prompt gamma rays [1, 2, 3, 12], conversion
electrons [1, 13] and (gamma ray{-(K x-ray) coincidence studies
of fission product decays [14, 15]. Once the elemental identi-
fications had been made, the mass number assignments were made
based on local adjustments to the mass centroids of known
ground-state band transitions in even-even fission fragments
observed here and systematic deviations of the computed mass
from the true mass scale [2, 3].

The second experiment, illustrated in Fig. 5, measured
(gamma-~-ray)}-{gamma ray) coincidences from de-excitation of the
isomers. Ge(Li) Detector 1 was the same detector used in the
first experiment. Ge(Li) Detector 2 was a coaxially drifted
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FIG.5. Geometrical arrangement used in the second fission fragment isomer experiment.
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FIG.6, Block diagram of electronics for the second experiment. Nomenclature is identical to that of Fig.2
except that FF is the fission fragment detector.
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detector with an active volume of 17 cm3 whose resolution

varied from 2.7 keV FWHM at 122 keV to 3.8 keV FWHM at 1332 keV.
A block diagram of the electronics is shown in Fig. 6. Pulse
shape discrimination was used on both Ge(Li) signals. The
fission fragment detector (FF) was used to ensure that the two
coincident gamma rays were themselves coincident with a fission
event, and a pile-up rejection circuit was used to reject sig-
nals when two fission events occurred within 10 psec. Four
parameters were recorded for each event: 1) the photon energy
from Ge(Li)-1, Ey1; 2) the photon energy from Ge{lLi)-2, Ey2;

3) the time différence between Ge(Li)-1 and Ge(lLi)-2 signz%s,
Tyys and the time difference between the fission event and
dezection of a photon in Ge(Li)-1, Tey. A single-channel analy-
zer window was set on the prompt region of Tgy,and its output was
used to veto coincidences between prompt gamma rays.

The 2.5 x ]06 events collected from the second experiment
were computer sorted into six correlation matrices of intensity
vs (Ey1, Ey2). The six matrices represented six different Ty
regions with boundaries at 12, 28, 47, 97, 298, 999 and 3000
nsec. In order to facilitate the search of the correlation
matrices for coincidences, a "similarity table" was constructed
based on the rvresults of the first experiment. The similarity
table 1isted, for each isomeric gamma ray, those other isomeric
gamma rays with similar half-1ife and mass centroid, and pre-
dicted the coincidence intensity for an assumed branching ratio
of 1 with no internal conversion. For gamma rays emitted Tess
than 50 nsec (the range of Tyy parameter) after fission, the
similarity table also displayed for each gating transition a
list of gamma rays of the complementary masses which could
appear to be coincident due to accidental detection of non-
cascading gamma rays of short half-l1ife, one from each fragment.
The complementary mass list was used to negate otherwise appar-
ent coincidences of similar gamma-ray energy.

3. RESULTS AND DISCUSSION

Table I presents those isomeric gamma rays which could be
assigned to specific nuclei. Also l1isted are the coincidence
data obtained from the second experiment, which were used in
some cases to make the nuclear assignments. Those isomeric
gamma rays for which a mass centroid could be determined, but
no elemental assignment made, are listed in Table II. The
initial mass centroids determined for F-F-S events were ambi-
guous with respect to the light vs heavy fragment assignment
because of the Si(Li) detection geometry. 1In most cases the
ambiguity was resolved by observing the same gamma ray in the
F~F-G events or by mass and half-life similarity to a X x-ray
activity. An assignment could be made to the heavy mass if
the gamma-ray energy was below the K binding energy of the
heavy fragment and the light fragment K x-rays showed no mass
and half-life similarity, even though the K x-ray intensity
was predicted to be observable in the most unfavorable case
(i.e., E1 multipolarity). Figs. 7 and -8 show the regions of
the chart of the nuclides in which the fission fragment nuclei
occur. The solid curve in each region represents the line of
most probable yield [16]. The nuclei determined in the
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present work to exhibit isomerism are circled; beta-stable
nuclei are shaded.

There is generally good agreement between the results of
the present work and the previous work of John et al. [17].
However, there are significant differences for half-1ives and
intensities of transitions below 150 keV and with half-lives
&% 30 nsec. We believe the present work to be more accurate
because of the pulse shape discrimination and convolution Tife-
time analysis used and the consistency of the present results
for those gamma rays observed separately in the independently
calibrated Ge(Li) and Si{Li)} detectors. 1In addition, the Ge(Li)
detection efficiency curve in the 1ow—ener8y region was careful-
1y calibrated with sources of 243Cm and 249Cf for which the rela-
tive gamma-ray intensities are well-known [18].
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FIG.9, Classification of isomers by type of nucleus for isomer half-lives = 10 nsec, Data is taken from Table I,

ATmost a hundred previously unknown isomeric gamma rays are
reported here, most of which have energies below 100 keV. The
addition of these new gamma rays do not significantly alter the
general systematic features of the isomers as outlined in pre-
vious work [17, 19], namely the concentration of the isomeric
“intensity in certain mass regions and the range of multipolari-
ties (ET, M1, E2) implied by the span of observed energy/ half-
1ife values. The gamma rays which could be assigned to specific
nuclei represent 77% of the isomeric gamma-ray intensity. Fig-
ure 9 shows the data of Table I sorted according to the type
of nucleus (even-odd, etc.) assuming that gamma rays from the
same nucleus with the same half-1ife originate from one isomer.
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The data for half-lives of > 10 nsec show the greatest prefer-
ence for odd-odd nuclei while even-even nuclei are seen to be
least preferred. The proton- and neutron- number dependence of
the isomers is shown in Figures 10 and 11. The neutron depen-
dence shows the most striking features and well illustrates the
regions yielding more detailed information about the observed
fission fragment isomers.

Figure 11 shows a peak at N = 55 which is due exclusively
to 3%Rbss. A strong 142.2-keV gamma ray (Ty = 57 nsec) was
observed in the first experiment in coincidence with Rb K x- rays
and was initially assumed to be the transition from the first
excited state to the ground state of 3%Rbss reported by Olson
[9]1. However, the second experiment revealed a strong coinci-
dence between two gamma rays, each with energy 142 keV and half-
1ife of 57 nsecs. We are unable to reconcile the 142-142 coin-
cidence with the level scheme of Ref. 9 unless there exists an
isomeric level at 284 keV or higher in 33Rbss which is not popu-
lated in the 8 decay of 2%Krse.

The peak at N = 58, 59 is in a region of recent exper1men-
tal and theoretical interest. Griiter et al. [12] reported six
isomers in the microsecond lifetime region at N = 58, 59. Their
elemental assignments were made on the basis of (gamma ray) -

(K x-ray) coincidences and their mass assignments were taken
from the results of John et al. [17]. The 141.1- and 167.1-keV
gamma rays assigned by Gruter et al. [12] to 3$Rb59 are assigned
in the present work to ¥%Srss on the basis of half-1ife and

mass centroid s1m11ar1ty to a Z = 38 K x-ray actiyity. The
average half-1ife of these gamma rays was 360 nsecs but no Rb

K x-rays with half-1ife greater than 60 nsecs were observed.

The N=59 1ntens1ty is presently assigned to 1sotopes of Srand Zr. Theeven-odd
nuclei 3%Srsy and 432r59 are determined in the present work to
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exhibit similar level structure,as shown in Fig. 12. The
assignment of the lowest transition in each case was possible

by virtue of its two-component decay curve. The multipolarities
indicated in Fig. 12 were determined from K conversion coeffi-
cients, using the gamma-ray and K x-ray intensities from the
first experiment. Since most of the K x-ray activity is due

to conversion of the lowest transition, the K conversion co-
efficient determined in the present work for the isomeric
transition has a large uncertainty, causing it to be consistent
with either E1 or M1 multipolarity in both nuclei. The isomeric
1i;etime implies either an El1 transition hindered by a factor of
10/ with respect to the single pagtic]e estimate or an M1 tran-
sition hindered by a factor of 10°. Although the hindrance is
within the range of experimental data for EI transitions [20],
the implied M1 hindrance is much larger than normal [21]. Re-
cent work [22] indicates that reasonably stable, highly deformed
structures exist for nucleon numbers 40 and 60, and suggestions
have been made [12, 23] that there may be hindered transitions
in this region between states of different deformation, i.e.,
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shape isomerism. It is suggested experimentally [22, 24] that
N = 59 is the transition between spherical and deformed ground
states, analogous to N = 89 in the rare earth region. Future
experiments are planned to clarify further the nature of the
observed N = 59 isomerism.

The next large peak in Fig. 11 is located at N = 65 and is
attributed to isotopes of Mo, Tc and Ru. The presence of weak
unassigned gamma rays and the complexity of the K x-ray activi-
ties in this mass region prevented as detailed an analysis as

g . isomer §
6 —t P LN
F—___‘ 4879 6 4839
~ < Jsomer
ol o 3
* e + ©° s
4" = 2406 a4 __y = . 2352
2 g 2*5 Jes
o* 0 keV o* ' 0 keV
Nd Nd
6o'V0gp
' Isomer Neo 94
& 2
+ 4 o~
6" —¢—* 518 6t — 4985
o Isomer
2 g
X 250 #2403
e R
2 o z*g o
C—— ¥ o o* ke
158
62oMgq e29Mog

FIG.14. Isomer de-excitation in the deformed, even-even rare-earth nuclei,

was possible for the N = 59 region. Nevertheless, these isomers
may be caused by K forbiddenness since the N = 65 fission frag-
ments are located well within a deformed region [2

The region around N = 82 is distinctive because it contains
the only isomeric gamma rays above 1 MeV. The N = 82 intensity
is shared almost equally betweer two even-Z nuclei, '§3Tes> and
138Xes2. The isomerism in these two nuclei is now believed to
be well understood. Fig. 13 shows the similarity between the
level structures of these nuclei. The calculations of Heyde
et al. [25] 1nd1cate the isomer in both cases to be a JT = 6%
level of (lg /2) two quas1-part1c1e $2QP) character decaying
to the ground state via a 6% + 0% cascade and their
calculations are in agreement w1th the isomeric transition
probabilities. The present Ge(Li)-Ge{Li) coincidence experiment
confirms the cascades. Furthermore, the K x-ray intensities
were used with the gamma-ray intensities to compute the K con-
version coefficients (ag) shown in Fig. 13 for the presumed
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6t > 4% transitions, and the experimental ay values are consis-
tent with E2 multipolarities for the isomeric transitions. In
addition, there is evidence in the decay curves of the present
work for an 8-nsec isomer feeding both the 6% and 4% levels of
‘ggTiaz,da]though gamma rays depopulating the 8-nsec isomer were
not found.

The last detailed feature of the data concerns isomeric
feeding into members of ground-state rotat{onal bands in even-
even, deformed rare-earth nuclei. In the earlier work, John
et al. [17] searched their data for evidence of rotational band
structure but could find none. The subsequent work of Wilhemy
et al. [3] on ground-state bands in even-even fission fragments
showed that several of the gamma rays observed as isomers in
the earlier work [17] were assigned in the later work [3] to be
4%t » 2% or 6% > 4% transitions in Nd and Sm isotopes. One of
the objectives of the present work was to determine whether the
observed isomerism [17] in these even-even nuclei was real or
merely the result of no pulse shape discrimination in the photon
detector timing circuitry. The present work confirms the exis-
tence of the ground-state rotationali-band cascade members in
the isomeric gamma rays as illustrated in Fig. 14,

It is apparent from the present results and the results of
John et al. E]7] that the ground-state rotational bands in
15%Nde, and 1§8Smes are populated at the IT = 4% levels since
the 6+ > 4+ transitions are not observed, whereas the 4% » 2%
transitions are. The 6% » 4% transitions in '&3Nds. and 'Z3Smes
are observed among the isomeric gamma rays, but the isomers may
be populating IT = 8% levels or higher since the 8% = 6% or
higher-lying (high-energy) transitions would not be detectable
because of Ge(Li? detector efficiency considerations.

In o~ and heavy ion-induced reaction studies of rare earth
deformed nuclei [26, 27] the ground-state band is found to be
populated in characteristic times of a few picoseconds due to
"coherent" gamma-ray cascading along the yrast line. In fission
fragment de-excitation the measured lifetimes of the 2%t » Q%
transitions imply that the bulk of the gamma-ray decay occurs
within a few nanoseconds. The 1ifetimes of the isomers obser-
ved here are in the range of 70 to 2000 nsecs and their inten-
sities imply that about 10% of the de-excitation proceeds
through the isomers. At the opposite end of the deformed rare-
earth region, a JT, K = 8-, 8 isomer is observed [28] in five
N = 106, even-Z nuclei. This isomer decays into the 8% member
of the ground-state band by a highly hindered E1 transition
and accounts for 20-30% of the total population of the ground-state
band 8% Jevel. Thus, such behavior in the analogous fission
fragment de-excitation process should not be completely unex-
pected, and we interpret the isomers to be low-lying 2QP states
whose decay into the ground state band is K forbidden. From the
available Nilsson single-particle levels near the Fermi level
in this region [29] it is possible to construct 2QP levels
with KT values of 4%, 4, 5°, any of which could be the jsomer
decaying to the 4% level in *§3Smeg-or *&{Ndgs. KT = 77, 7°,
gQP levels are also possible and could be the {somers 1in

2§Ndg, and *§§Smas.
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TABLE I. ISOMERIC GAMMA RAYS ASSIGNED TO SPECIFIC NUCLEI

ES T (% error) Yield b
Nucleus (keV) (nsec) Fission Fragment Remarks ¢
8 Bres 110,8 2600(26) 12(20) 0.108 C(158.9» ] [Z[mz,12],
158.9 41009 - 24(30) 0.218 C(110.87) [ | DA=«1
e Krsg 28,6 © 22(6) 21(6) 0.091 Z[mt], AA=¢1
2 142,2 [0(142.2),
1,
¥ Rbgs 149.2 57(2) 374(6) 016 Z{Xy, m1, 9]
% C(352.0),
Bsrg 204,0 24(5) 605(6) 0.937 [Z[XY' )
C(204.0),
. 1 .
352.0 22(5) 467(11) 0,723 Z{ Xy, mt, 2]
C(167,1), z[mt],
g 41,1 142(11 . [
& sise 1 380(30) 42(11) 0,317 7237[12)
144,9 <4 - 123(30) > 0,275 C(167.1%), Z[yy]
167.1 <4 - 74(30) > 0,165 C(144.9y)] [ Z[m],
: 340(6) 107(7) 0.239 C(141,1) Z=37[12)
HA'ON 51.2 509(12) 42(8) 0.030 C(110.6?, 114,85,
[119.7, 170.72),
Z[Xy, mt, ¥7)
100.6 176(50) 10(21) 0,008 C(114,5%), z[m, 12]
: 1097¢33) 48(12) 0.034 C(110,6, 119.7 (),
[130, 157.9?, 186,27,
204,1?), Z(mt,12)

119.77, 130, 157.92,

110.6 758(16) 45(12) 0.033 C(51.22, 100.86,
[186.2?), Z[mt, yy,12)

114.5 270(50) 23(22) 0.017 C(51.2, 100,63),
Zly7l

119,7 1370(26) 126(16) 0.091 C(51.2, 110,61,
204.1), Z[mt,yy,12]

130 - - - C(100.6, 110.86,

114,52, 157,99,
21 vy,12], not resolved in
F-F-G spectra.

157.9 596(14) 47(8) 0,033 C(100.6?, 110.67),
Z[ mt, yy, 12]
170,7 1053(7) 190(7) 0.137 (51,27, 204,17,
[Z[mt, v7,12]
186.2 { 300(39) 8(33) 0,007 Z[ mt)
: 1004(22) 41(8) 0,030 C(100.67, 110.67),
Z{mt, yy, 12}
204.1 > 3000 ¢ 200(30) >0.144 C(119,7?, 170.72),

Z[ mt, yy,12]
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99
20ZI59

100
20260

101
4021y

102
40Zrgp

103
40Z%¢3

12
a1 Nbg

103
42 Mog
1% Mog
18 Mog,

1221 Mogs

108
13 Teg

107
13Tey

53.3 €
68,6
121.8

130.2

143.1
614.3

212.4

91,6

98.4

106.1

133.8

151.8

180.4
34.3°¢
102.8

144.0
261.1

192.2

15(6)
11(50)
427(27)

<4 =~
{370(3)
<3 -
21(8)

<3 -

<4 -
{ 18(7)

<4 -
16(26)
20(37)

18(60)

<4 -

86(10)

343(17)

238(3)

22(15)
23(10)

{ 6(38)
194(18)
< g -

10(38)

134(10)
106{20)
409(6)

90(50)
305(6)

352(30)
400(8)

224 (20)

40(30)
180(6)

122(30)
64(31)

65(15)

39(60)

560(30)

72(8)
36(9)
600(50)

360(30)
552(30)

810(50)

320(50)
1260(50)

895(6)

360(6)
618(8)

316(7)

56(7)
350(50)

370(20)

0,112
0,089
0,342

> 0.075
0.255

> 0,294
0.334

>0.128

> 0,022

0,099

> 0,087
0,035

0.036

0.021

>0.422

0,105

0.0186

> 0.386

> 0,232
>0.355

> 0,288

>0.099
> 0,390

0.435

0,280
0,480

0.093

0,016
>0.103

0.109

[
[

[
[
]
HE
|
[

[

[
[

H

[
[

C(143,1%), Z[14]
C(614.3), Z[yyl
C(130.2),

Z[X7. Yy, 12, 14]
z[14]

C(121.8),
z{mt, yy, 12, 14]
C(53.37), Z[14]
C(68.6), 2[15]

C(91.62, 106.12),
2[1,2(2%*0%,15)]
M=100.81%0,19

C(98.4, 106,12,
212,47
Z[yyl,Z2=41[14]
AA=+0,-1

C(91.6, 108.1)
Z[1,14,30], AA=40,

C(91.62, 98.4,
212.49), Zlyy]
AA=+0, -1
Z[14], AA=+0,-1

2[1,2(2**0"), 14]
M=102, 064 0,48

Z[15]

Z[ mz)
C(144.0,251.1),
Z{77,14,31)
C(102.8), Z[7yy,14]
C(102.8), Z[7y7,14]

Z[1,2(2%~0%), 15, 32]
M=105.12£0, 15

C(17L.6?), Z(1, 14, 32]

C(9%4.9?), Z[1,2(2+> 0%,

14), M=106.230.18

Z[14],5A=-0, +1

Z[14]
2[14]

C(81,8%, 103.9),
AA=+0,-1

Z=42 or 43[14]
C(45.52, 103.9),
Z[14]

C(456.5, 81.8),
Z[14]
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TABLE I (cont.)
E‘;’, T4 (% error)’ Yield P
Nucleus (keV) (nsec) Fission Fragment Remarks ©
1% Tces 30.3 >3000 ¢ - 55(35) > 0,017 Z[mt], bA=21
58,0 ¢ 95(40) 176(8) 0.053 C(86.57,90.0,
[106.12, 153,97,
176,3), Z[ Xy, vy, 14]
69.9 ¢ { 12(50) 109(10) 0.033 €(106,1,153,9),
. 235(22) 101(8) 0.031 Z[ X7, vy, 1, 14, 32]
10(33) 80(60) 0.024 fC(ss 0?,90.0,
86.5 { 153. 9, 249.47),
177(32) 235(10) 0,071 Z[Xy, Y, 14]
9.0 { 12(27) 35(15) 0.010 {C(58.0,86.5,
: 117(7) 392(6) 0.119 153.9), Z[ Xy, 77, 14]
34(31) 44(15) 0,013 C(58.0?,69.9,
106.1 153.9,249.47)
128(9) 112(7y 0.034 Z[yy,14]
116.0 14(10) 109(14) 0.033 C(119, 8%, Z[ vy, 14]
Ho.g { 7(12) 106(16) 0.032 {C(llG.O?).
: 126(12) 58(12) 0,018 Z[Xy.14]
153.9 108(25) 725(6) 0.220 C(58.0,69.9, 86.5,
[90.0, 106.1, 176.3),
Z{Xy, 77, 14]
176.3 { 8(10) 65(16) 0.020 {C(58.0, 153.9,
: 114(4) 278(6) 0.084 249.47), Z[XY, 17, 14]
249.4 11(8) 160(8) 0.049 C(86.5?,106, 17,
[ 176.3%, Z( vy, 14]
12 Rugs 60.2 192(42) 84(15) 0,028 C(96.27), Z[ mt, yy]
96,1 544(2) 1155(5) 0,386 C(60.27), Z[ Xy, mt, 14]
98.2 <5 - 575(50) >0,191 C(132,07), Z[30]
132,0 <3 - 340(30) >0,113 C(98.22), Z[yy]
110 Rugg 240.8 <2 - 390(30) > 0,125 Z[1,2(2+~>0%), 14,32]
M=108, 8810, 77
UL Rug, 58.4 € 21(40) 265(8) 0,117 C(103.9,150.32),
[2[77, 14], Z=44 or 45[ 14]
62.7¢ 11(21y 328(8) 0.165 €(103.9,150,3?),
[Z[mt, 14,17]
103.9 <4 - 900(30) > 0,396 C(58.4,62.7,
150.3) Z[yy, 1,14, 30]
150.3 <3 - 890(30) >0.392 C(58.47,62.72,
[103. 9,166.77),
Z{yy,14,30])
166.7 2.4(20) 275(14) 0.121 C(150.3%), Z[ vy,
14,30]
351.6 5(30) 95(19) 0.042 Z[301, A=111(])
199Rhg, 53,3 ¢ 40(3) 255(15) 0.319 2[14], 5A=-0, +1
1 gheg 60.3 45(6) 798(8) 0,335 Z[ mt, 14]
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TABLE I {(cont.)
12 Shs, 91,1 104(5) 172(6) 0.143 C(163.0), z[ mt, 14]
96.2 1794(34) 32(10) 0.030 Z[ mr]
163,0 100(4) 176(6) 0.168 C(91.1),Z{ mt,14]
1% Shey 125,2 107(4) 173(6) 0.380 Z[14}
% Ten 115,2 163(2) 596(5) 0,323 C(297.0,1279.6),
[Z[Xy, mt, yy,3(67>4h),
12,17], M=134.08+0, 03
8(20) 76(27) 0.041 C(115.2,1279.6),
297.0 Z[ Xy, mt, yy,3(41=>2"%),
167(3) 1016(5) 0.551 12,171
1279.6 154(13) 1010(16) 0.548 C(115.2,297.0),
{ Z{mt, yy,3(27=>0%),
12,17(2t=>07)]
2 Tegs 50,0 © 300(19) 25(15) 0.017 C(324. 82y, [ mt, yy]
324.8 451(6) 268(7) 0.179 C(50.0%), Z[Xy, mt, 15]
1181.1 582(17) 286(11) 0.191 Z{me]
A e 59.9 € 98(24) 115(10) 0.105 C(182.4),2[1,14]
[AA=+0, -1
182.4 16(12) 106(8) 0.097 C(59.9), Z[ v, 14]
AA=40, -1
W, 260.6 3.4(17) 209(7) 0.083 Z[15]
288.3 2.8(20) 548(6) 0.217 Z[15]
Bl 117.7 <4 - 167(30) > 0,073 z(14]
154.7 <4 - 280(30) > 0,111 Z[ 14]
2 Xes 197,3 2775(6) 300(5) 0,279 C(381,5,1313,0%)
Z[mt, 12, 33], M=136. 861 0. 06
381.5 > 3000 9 449 >0.417 €(197.3), Z[ mt, 12, 33]
1313,0 3350(14) 490(9) 0,455 C(197.3?), z[ mt, 12,33]
W Xegs 314.1 8.1(4) 344(6) 0.159 €(400. 0), Z[ 15, 34]
400.0 7.8(15) 464(10) 0.215 C(314., 1), Z[ 15, 34]
1221,0 5,1(11) 530(12) 0.245 2(34]
28 Cssa 68.8 € 186(18) 96(14) 0.051 Z[14], AA=-0, +1
M2 Cugs 13.9 € 521(2) 32(6) 0,011 Z[35]
50.7 ¢ 8(8) 243(10) 0.079 C(84.4),Z[X7y 14, 35]
8.4 ¢ < 8(25) 250(50) >0.082 C(50.72), Z[ 7, 14, 35]
103.0 11(11) 93(13) 0.031 z[14,35]
M Oy 68.8 ¢ 22(25) 114(22) 0.033 2[14,36)
76.5 € 10(6) 496(10) 0.142 Z[1,14], AA=x1
89.9 12(10) 184(8) 0.053 Z[14,36]
9.1 12(22) 426(14) 0.123 Z[14], DA=:1
105.8 14(7) 127(8) 0.036 Z[14,36], AA=-0, +1
14 Bags 48.5 20(36) 103 (20) 0.072 Z[14, 36)]
M3pa; 117.3 6(30) 1340(30) 0.377 Z[mt, 14], AA=z1
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Eg, Ty (% error) Yield P
Nucleus (keV) (nsec) Fission Fragment Remarks ©
;o 199.2 <2 - 346(30) >0.104 [ Z[1,3(2%~+0%), 14, 15, 32]
M=143, 940,27
132 Bagy 180.8 <2 - 188(30) > 0,185 Z[1,3(2%~>0%)]
M=145. 6340, 32
142 Lagq 46.6 ¢ 11(10) 150(17) 0. 057 Z[14]
66.0 € <8 - 182(50) > 0,070 C(158.79,2[1, 14],
AA=x1
8l.9¢ 10(13) 296 (10) 0,113 G(180.5,158,73),
[z[ 14,32]
130,5 15(6) 276(6) 0.106 [C(81.9, 158,79,
Z[1,14]
158.7 14(7) 141(8) 0,054 [ C(66.02,81.92,
130.5?), Z[ 14, 32]
14 Lage 26.9 € 60(21) 22(10) 0,012 Z[mt]
56,0 ¢ 58(3) 305(7) 0.165 Z[ mt, 14]
167.5 11(10) 689(6) 0.374 Z[14]
4 Cegs 117.4 8(25) 231(30) 0.142 C(283.4), Z[ 14]
283.4 6.0(4) 682(6) 0.420 C(117, Z[ 15)
148 Ceqgp 158.7 <3 - 399(30) > 0,214 [z[ 1,3(2+> 0%y, 14, 32]
M=147,3310,43
132 Ceq 135.6 3.5(5) 293(6) 0.194 Z[14], DA=x1
142,2 3.9(5) 303(6) 0.200 Z[14),2=59
W prgy 54.7 ¢ 5.8(11) 183(15) 0.203 Z[14)
58.0 € 22.9(8) 421(T) 0.467 Z[ 14], 6-nsec precursor
B prg 27.7¢ 205(8) 20(9) 0.018 Z[mt)
103.0 165(5) 99(6) 0,089 Z{ mt, 14]
130.7 165(27) 59(9) 0.053 Z[ mt, 14]
¥lpry, 96.8 20(40) 177(6) 0.183 Z[X7]
1 Ndg, 162.6 1300(41) 31(14) 0. 067 Z[mt,3(47>2%),15]
M=154,18:0,78
1 smy, 174.0 160(25) a3(9) 0.143 Z[mt,3(4*+2+),15]
12 smes 167.7 164(15) 18(9) 0.083

[Z[ mt,3(47>24]
M=157.7410.27
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Footnotes to Table 1

[

Energy uncertainty =0.2 keV uniess indicated by footnote e.

b Fission yield expressed as photons per 10° fissions with per cent uncertainty in parentheses. Fragment
yield expressed as photons per fragment where the independent yield is computed from elemental yields
and charge dispersion data of Reisdorf et al.[16].

¢ (3(1371 ,E greee) indicates gamma rays seen in coincidence, with less certain coincidences indicated by
question marks, Mass number uncertainties, if not zero, are indicated by AA values, The methods of
elemental identification are shown as Z[ Xy, mt, yy,...,i], where Xy =(K X-ray)-(gamma ray) coin-
cidence from the present work, mt = mass and half-life similarity between gamma-ray and K X-ray
activity in the present work, yy =(gamma ray) -(gamma ray) coincidence in the present work with a
previously assigned gamma ray, and i = reference number of assignment from other work., Mass centroids
(M) of transitions in even-even nuclei are given for reference.

d  Half-life wo long to be determined from computer fit. Value presented was obtained from relative
intensities of last two time regions,

€ Energy uncertainty =0.1 keV,

TABLE II. UNASSIGNED ISOMERIC GAMMA RAYS

Ey (keV) Half-life (nsec)  Photons/10° fissions

Mass (amu) (0.2 keV) Value Sigma(%) Value Sigma(%)
87

86.87:0.18 92,1 <42 - 36 (50)
23 ‘

93,0040.94 108.7 16 (40) 88 (10)
93,4020, 30 111.0 69 (20) 36 Elgg

<3 - 56 5

93.46+0.28 217.1 {5 28) 23 (19
93.20%0.95 276.5 18 (40) 58 (20
95

95.03+0.98 129.2 10.1 (113 30 (12)
95.23£0.89 191.4 113 (21 29 (9)
97

97.230,55 50.0°¢ 815 (28) 21 (20)
2 20 (33) 14 (3D
98.9720,10 161.5 109 3 92 6
98.5920, 35 228.6 7.1 (8) 92 (9)
100

99.74x0.70% 10.8€ 680 (6) 6.7  (8)
100.2240.91 84.6 17 (33; 580 (10;
100.040.97 426.8 16 (24 120 (17
100.131.02 596.0 4 (25) 230 (25)
101
100.650,73 11.2°¢ 11 (20) 20 (23)
101.3020. 90 68.6 11 (50) 106 (20)

101.03+0.87 179.6 17 (10) 50 (15)
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E_ (keV) Half-life (nsec)  Photons/10° fissions
Mass (amu) (20.2 keV) Value Sigma(%) Value Sigma(%)

102
102,340,309 13.5° 271 (10) 10.9  (10)
103
102.5740.649 39,2 4 (25) 200 (38
102.630.659 61.8 12 (10) 131 (12
103.28+0.07 163.9 4.8  (50) 409 (30
103.170,91 237.8 4 (25) 145 (25)
104
103.80+0.07¢ 16.2°  >3000P - >73 -
103.64:0,074 28.9¢ 75 (13) 36.8 (9)
104.23+0.49 141.2 109 (21) 160 (7
105
105,140,714 62.6° 4 (40) 140 (30)
105d,e 65.5 9 (22; 393 (12)
105e 204.6 15.0 (8 71 (9)
106
105.790.47 42.7°¢ 318 (16) 23 (15)
106.0410.89 72.1 <82 - 860 (50
105.630,214d 74.8¢ 10 (22) 403 (8
107
107.00+0.12 25.4¢ 10.5  (10) 84 (10)
107,15+0.18 35.4¢ 166 (14) 21 (12)
107.031.51 196.8 200 (33) 30 (24)
108
108.28:0.459 26.3° 7 (20) 69 (15)
109
108.94+0.964 42,8¢ 17 (20) 32 (30
108.63%0, 34 225.9 890 (26) 68 (9
110
109.95:0.264 29.4° 16 (20; 77 (12)
110.430,15 222.0 7.2 5 234 (7)
111
111,10+0.87 238.9 9 (10) 98 (10)
e 4.1 (20 405 20
111 303.7 . (323 %5 2203
112
111.80%0,91 74.2 780P - 16 (25;
112.01+0.96 189.2 5.7 (19) 99 (17
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E_ (keV) Half-life (nsec) Photons/lO5 fissions
Mass (amu) (20.2 keV) Value Sigma(%) Value Sigma(%)

113

113.42:0.609 17.2 55 (11) 22 (21)

113.45:0.24 85.0°¢ 72 (25) 134 (20)

114

114¢ 373.8 2.5 . 170 (19)

115

1159,¢ 34.85 65  (50) 8 (50)

114.8820,12 38,7°¢ 14 3) 165 (6)

114.75%0.26 44.,0¢ 136 (11) 39 (9

115.08%0.92 48.6¢ 10 (17) 173 (6

114.97+0.88 52,7¢ 10 (3og 72 (153

114.890.79  126.0 30 (15 37 (10

116

115.84+0,96 128.3 <43 - 127 (30)

17

116.97+0.92  155.5 7 (20) 34 (10)

118

118.200.98  174.1 10 (40) 33 (20)

119

118.70%0,89 73.5 <72 - 90 (50)

129

129.22+0.91 89.0 60 (9) 31 (8)

129.210.97  120.8 12 (24 22 (1og

129.20:0.94  137.8 42 (13 20 (10

131

131.210.92  173.4 5600 - 18 (30)

132

131.96%0.27 85.1 11.4  (13) 94 (8)

133

1339-¢ 34.8 64 (50) 8 (50)
96 19) 45 12

132.94%0.19  103.2 ;98 530 4 517

133.39£0.34  1151.1 79 (15 344 9

134

134.30:0.18  387.1 90 (28) 84 (12)
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E, (kev) Half-life (nsec) Photons/10° fissions

Mass (amu) (£0.2 keV) Value Sigma(%) Value Sigma(%)
135

134.86:0.609  17.2 55 (11) 22 (1)
137

137.12:0.32 67.9 997 (30) 40 (9)
138

138.33:0.269  29.49 16 (20) 77 (12)
138.41+1.15 70.2 <92 - 110 (30)
139

139.3420.969  42.8€ 17 (20) 32 (30)
139.15+0,92 218.8 <22 - 190 (30)
140

140.0+0.459 26.3C 7 (20) 69 (15)
141

141.28:0.12¢  25.4° 10.5  (10) 84 (10)
143

143.1420.719  62.6° 4 (40) 140 (30)
143d,e 4 65.5 9 (22; 393 (123
142.65:0.21 74,.8 10 (22 403 (8
145

144.4810.073 16.2€  >3000P - 573 -
144 . 6450 .28 28.9¢€ 75 (13) 36.8  (9)
144.97+0.89 48.2 84 (10) 324 (10
144.85:0.87  155.0 <2 - 135 (30
145.13+0.95  250.4 5.0 (103 114 (8
145.50:0.16  288.0  13.5 (6 187 (7
145¢ 340.8 7.9 (3) 87 (9)
144,88 364.2 11.9 (11 156 (8)
146

145.94:0,309  13.5¢ 271 (10) 10:9  (10)
145.71:0.649  39,2€ 4 (25) 200 (38)
145.650.652  61.8 12 (10) 131 (12)
147

146 .6430 .69 26.9 60 (21) . 21.5  (L0)
146.92:0.63  105.2 8 (16) 150 (8)
148

148.38:0.08 103.0 <42 - 328 (6)



JAEA-SM-174/86 2417

E (keV) Half-life (nsec) Photons /105 fissions
Mass (amu) (13.2 keV) Value Sigma(%) Value Sigma(%)
149 :
148.810.90 85.0 <g@ - 113 (20)
148.95+0.76 92.5 12 (20) 50 (14)
150
150.26+0.12 109.9 59,2 (3; 36 )
150.24+0.28 141.6 594 (18 35 (10)
151
150.85+0,91 87.1 <82 - 64 (50)
152
152.07:0.15 191.7 1293 (10) 133 (9)
154
153.65%0,12 22.3 930 (6) 23.4  (7)
153.65+0,66 29.6 1470 (12; 41.4  (6)
154,05%0,97 71.5¢ 788 (16 41 (10)
154.32+0,21 141.9 1507 (23) 42 (11)
153,90+0,92 169.9 1003 (37) 30 (9
16l
161© 167.8 1500P - 16 (20)

aExperimental time resolution prevents accurate half-life de-
termination. Lower limit is ~0.l nsec due to Pb shield.
Ppetermined from relative intensities in adjacent time bins;
not varied in computer fit.

cEnergy uncertainty = 0.1 keV from analysis of Si(Li) spectra.

ass ambiguity due to Si(Li) geometry; also listed under the
complementary mass.

eComputer fit would not converge properly due to interference
by gamma-ray in neighboring energy, mass and lifetime region.

DISCUSSION

K., SISTEMICH: Many of the us-isomers we found among the fission
products of 235U have N = 58, 59, Did you observe a similar concentration
of isomeric states in this neutron region?

R.G, CLARK: Yes, very definitely, This feature is especially evident
in Fig, 11, which shows the fragment-neutron number dependence of the
isomers,
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H,J. SPECHT: I did not quite understand the interpretation of the I = 6
isomeric states in the even-even nuclei which you have discussed.

R.G. CLARK: The calculation by Heyde and co-workers (Ref.[25] of
the paper) was a normal quasiparticle calculation with Gaussian two-body
interaction and the energy levels were derived using a two-quasiparticle
basis set. The successful reproduction of the observed transition probability
for the 6%~ 4" transition in **®Xe was obtained by demanding the occupation
probability of the (1lgy,e) proton state to be 0,5, in agreement with a pure
shell-model picture,

M. ASGHAR: The various microscopic calculations seem to show that
the nuclei around mass number 100 may be ""soft" as regards their shape and
one may expect to find gamma-ray shape isomers (different from the spin
isomers), You say that your data show some indication of this type of
isomerism. How sure are you that the retardation of gamma-ray transitions
is not caused by some factors other than the change of shape?

R. G, CLARK: The shape isomer hypothesis is only offered as a possible
explanation, There are other possibilities as well, such as ""£" forbiddenness
causing retardation of M1 transition rates,

J.B., WILHELMY: Just because nuclei are deformed, they need not be
soft, We think the %Zr region is probably a region of rigid deformation.

In the de-excitation of the prompt products we see all (>90%) of the yield
of the products going through what we interpret to be the ground state band,
If there were shape isomers, we would expect some fragmentation of the
prompt de-excitation between the two bands in the separate wells,
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Abstract

MEASUREMENT OF PERTURBED ANGULAR DISTRIBUTION OF GAMMA RAYS FROM THE SPONTANEOUS
FISSION OF **cf.

The angular and energy distributions of the gamma rays emitted by fission fragments from the
spontaneous fission of E2f were measured using plarinum or iron source backing and Nal{T1) or Ge(Li) detectors,
The average anisotropy of the gamma rays relative to the direction of fragment flight, expressed as
A = (1(180°% - 1(90%]/1(90% is 11 4 1% in the gamma energy interval 120 keV - 1,5 MeV, and 18-22% at
energies fram 350 to 850 keV if the platinum backing and Nal(T1) detector are used. For iron backing the ani-
sotropy value decreases under the same conditions to 5,2 1+ 0.1% at energies from 120 keV to 1.5 MeV and
to 5.1 z 0,2% if a magnetic field is applied in the direction normal to the plane of fission in which the fragments
and gamma rays are being counted.

Assuming a set of most plausible values for the lifetime of fission gamma rays and for the internal magnetic
field at the iron site involved, average g-factors for the fission fragments were evaluated from the measured
attenuation.

The measurements with the Ge (Li) detector show anisotropies which can be determined for aboutr 30 gamma
peaks and also the g-factors for specific gamma transitions seem to be evaluable. This work is still in progress.

INTRODUCTION

The angular distribution of the gamma rays emitted by fragments from
spontaneous and thermal-neutron-induced fission has been investigated by several
groups [1—12] .

The average angular momentum of the fragments in the direction per-
pendicular to that of their flight was evaluated as ~7h from the anisotropy of
the angular distribution of the gamma rays relative to the fragment flight.
The angular anisotropy of the gamma rays can vary with the type of the emitter
fragments and with the gamma energies [12]. Consequently the average value of
the anisotropy and the average angular momentum of the fragments calculated
from the former by use of various assumptions yield information only on the
general tendency of these values.

The perturbed angular correlation measurements show that an attenua-
tion effect can arise in the angular distribution measurements due to extra-
nuclear perturbations occurring in the source backing [13] .

249
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In fact, for the evaluation of the angular momentum and the magnetic
moment in specific states of a given fragment nucleus, the energies and angular
distributions, the lifetimes, spin values and g-factors of the gamma transi-
tions between the nuclear levels have to be known. These data, however, are
only partly available for the fission products.

In the experiments reported in this paper the effects are studied
which are produced by an applied magnetic field and by the extranuclear
perturbations in the source backing on the angular correlation between the
fission gamma rays and the direction of flight.

EXPERIMENTAL

The angular and energy distribution measurements on the gamma rays

from the spontaneous fission of 252

Cf were performed in the first set of
experiments by using Si semigonductor detectors for the fission fragments

and a 4x4-inch NaI/T1l/ detector for the gamma rays /see Fig. 1/. The 252Cf

PREAMPL. AND FAST DISCR. source was mounted on
MAGNETIC 0.2-mm-thick platinum or
FIELD | iron backing. One of the
Si-FISSION
= DETECTORS fission fragments was
N r ’ counted by the Si de-
252.¢ D. oo tector at 180° or 90°
Pt or Fe relative to the direc-
Nal BACKING
ACKIN tion of the detected
& Y-RAY R amma-rays i th
%4 DETECTOR 9 . f‘Y ' ""h;le e
[} r fis
o] FAST DISCR. the sion fragment
= was absorbed by the
TAC
backing and stopped in
less than 10712 sec.

TAC
The electronic

D.0._JJCOINC equipment is a 3-channel
/ANALYSER fast-slow coincidence
SPECT. STAB. FIG 1. Schematic diagram
DIVIDER  of the experimental
arrangement,

system with a controller dividing the analyser into 4 parts, each comprising
256 channels which cover the gamma energies from 120 keV to 1.5 MeV at the
two angular positions and in accordance with the changes in the direction of
the applied magnetic field. The 252¢¢ source is located at 5 cm from the
fragment and at 80 cm from the gamma detector. This spacing, and the *loO-nsec
time interval set for the prompt peak by the differential discriminator
coupled to the time-to-pulse height converter, permitted suppressing the fast
fission neutron and delayed gamma-ray counts.
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In the same measuring arrangement with the Ge/Li/ detector,the gamma
-ray analyser was divided into 4x1024 channels covering the fission gamma
rays with energies from 120 keV to 850 keV.

The direction of the applied magnetic field in the case of iron
backing was normal to the fission plane in which the fragments and gamma rays
were being counted.

RESULTS

The angular and energy distributions of the fission gamma rays
measured with NaI/T1l/ crystal simultaneously at 90° and 180° relative to the
direction of the outflying fragments showed, for platinum backing, the anisotropy
value A = 11¥1% as averaged over the energy interval of 130 kev - 1.5 MeV.

The value of A reached 18-22% in the interval 350 to 850 keV, as apparent from
the anisotropy versus gamma energy curve /Fig. 2/. In the case of iron backing,
the anisotropy was found to be lower, i.e. 5.210.1% or 10-15% in the energy
interval from 350 to 850 keVv /Fig. 3/. This decrease in anisotropy can be
attributed to the substantial extranuclear perturbations caused by iron. When
an external magnetic field was applied to the source with iron backing, the
anisotropy was estimated as 5.1%0.2% /Fig. 4/. The measured anisotropy versus
gamma energy curves are shown in Fig. 5.

The value of the attenuation due to iron backing permits the average
g-factor of the fragments to be evaluated by making use of the following
relationships.

} § 252¢¢-py

204 } }

154 }
Pipid

T T T
500 ) 1000 1500
EY(keV)

FIG.2. Anisotropy versus gamma energy from the measwements with Pt backing.
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FIG.3. Anisotropy versus gamma energy from the measurements with Fe backing and turned- off external

magnetic field,
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FIG.4. Anisotropy versus gamma énergy from the measwements with Fe backing and turned-on external

magnetic field.

The unperturbed angular distributions of the gamma rays can be

approximated by a function of the form

W) ~ 1+ b2 cos2P

while the angular distribution function perturbed by an applied magnetic field

/this is the case of the iron backing aligned by an external field/is given by

b
2 cos (2¥:arctan (2wt)

P, £B) ~
W(,B) l+—7l—+—(m—
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FIG.5. Measwed anisotropy versus gamma energy.

If the different fragments are exposed to a magnetic field the direction of
which is assumed to be randomly distributed /this is the case of the iron
backing with the external magnetic field turned off/, the distribution func-
tion can be d