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We report on a four-parameter measurement of the kinetic energies E and the velocities v of
correlated fragments in fast-neutron-induced fission of 2*’Np. The influence of excitation energy on
the important fragment properties such as mass, kinetic energy, and prompt neutron emission have
been investigated experimentally at 0.80 and 5.55 MeV neutron energy. Our results include mean
values of fragment properties before and after neutron evaporation, e.g., of fragment velocities and
masses, total kinetic energies, and the respective variances. Also given are the distributions of frag-
ment mass, of Ej,,, the variance of Ej .y, as well as the number of prompt fission neutrons as a
function of fragment mass. These results show that shell effects are strong near threshold at
E,=0.80 MeV, but decrease significantly at the higher excitation energy, in qualitative agreement
with the model of Wilkins, Chasman, and Steinberg. However, the observed increase in the number
of prompt fission neutrons, which appears only in the heavy fragment, cannot be explained by this

model.

I. INTRODUCTION

The results presented in this paper complement a previ-
ous study,' where we investigated the behavior of fission
fragment properties from fast neutron induced fission on
25U at different excitation energies. Both experiments
are precise (2E,2v) measurements of the kinetic energies,
E, and velocities, v, of correlated fragments. Data of this
type provide information on the role of pairing and shell
effects in the fission process, and—if taken at different
excitation energies—on fission dynamics.

BNp is of general interest because it represents a fis-
sioning system which differs from 2**U in two respects:
(i) 2®Np is an odd-odd system compared to the even-even
236U, and hence one would expect a reduced influence of
pairing effects. (i) The fission threshold of **’Np at 0.7
MeV neutron energy allows for investigations close to the
barrier, whereas the fission threshold of 2*°U is 0.7 MeV
below the neutron separation energy.

Because of the experimental difficulty of multiparame-
ter measurements on correlated fission fragments, the two
previous investigations on 2*’Np were restricted to the
fragment kinetic energies. The measurement of Kuzmi-
nov, Sergachev, and Smirenkina® in the neutron energy
range from 0.7 to 5.4 MeV suffered from limited resolu-
tion. The only other work by Ashgar et al.® was per-
formed at thermal neutron energy, i.e., 0.7 MeV below the
fission barrier.

Our measurements were carried out at two neutron en-
ergies, 0.8 and 5.5 MeV, corresponding to excitation ener-
gies in the compound system of 0.1 and 4.8 MeV. In this
way, information is obtained close to the threshold and at
the maximum excitation before the onset of second chance
fission. The technique of our measurement was already
described in detail."* Therefore, only a brief outline is
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given in Sec. II together with the characteristic features of
the »’Np targets. The results are presented in Sec. III
and are discussed in Sec. IV.

II. EXPERIMENT AND DATA ANALYSIS

Both experiment and data analysis were identical to our
previous experiment on 23U (Ref. 1) and therefore only a
brief discussion is presented here. Any details may be
found in Ref. 1.

A schematic view of the experimental setup is shown in
Fig. 1. Neutrons are produced via the 'Li(p,n) and the
2H(d,n) reactions. The charged particle beam from the
Karlsruhe 3.75 MV Van de Graaff accelerator was pulsed
to about 700 ps and therefore beam pickup signals could
be used directly for the neutron time-of-flight (TOF)
determination instead of time zero detectors. The sample
was a 100 ;tg/cm2 thick layer of NpO, evaporated onto a
30 pug/cm* thick carbon backing. The sample material
was enriched in 2"Np to 99.52% with negligible amounts

FIG. 1. Schematic view of the experimental setup.
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of other elements (0.1% U, 0.081% **Pu, 0.015% ***Pu,
0.002% 2*°Pu, and 0.02% Th). Large area silicon surface
barrier detectors (Ortec AF-90-900-60), which were cali-
brated by 25Cf sources, were used to detect the fragments.
Various collimators in the flight tube shielded the detec-
tors from fragments scattered from the walls. Typical fis-
sion rates were 100 s,

For investigation of systematic uncertainties in the
determination of the time zero point ¢, in the TOF spec-
tra, measurements were performed at four different frag-
ment flight paths of 70, 170, 270, and 375 mm. Accurate-
ly calibrated distance pieces guaranteed flight path uncer-
tainties of only 0.05 mm. From the runs at the two short
flight paths, which were carried out at least once a day,
the time zero point of the TOF spectra was determined.
To reduce the effects of long term drifts in electronics,
detectors, and the accelerator on the evaluated data, the
measurements were subdivided in 34 runs at 70 mm, 18
runs at 170 mm, 9 runs at 270 mm, and 15 runs at 375
mm. For each flight path 10* fission events were register-
ed at each neutron energy. In between those runs, 42 time
calibrations and 29 energy calibrations were carried out.
An example for the directly measured raw data is given in
Fig. 2, showing the TOF spectra at the varipus flight
paths. For better readability the original resolution had
been reduced by summation over four neighboring chan-
nels.

Fission events were recorded in list mode on magnetic
tape. For a continuous control throughout the measure-
ments, TOF and pulse height spectra were generated on
line for each of the detectors.

Data analysis is based on momentum and mass conser-
vation of the fissioning system of mass 4,. The primary
fragments A7, are emitted under 180° with velocities v
where the asterisk denotes primary quantities before neu-
tron evaporation. One obtains, for the primary fragment
masses and kinetic energies,
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FIG. 2. Time-of-flight spectra taken at various flight paths.
For better readability, the spectra are compressed by a factor 4.
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The velocities of the primary fragments, v7 ,, cannot be
measured because the fragments evaporate neutrons
within <10~ s. However, if one assumes that neutrons
are emitted from fully accelerated fragments with for-
ward/backward symmetry (cos@=0), there is no change
of velocity on the average: v =v,. Then, the fragment
masses after neutron emission follow immediately from
the measured kinetic energies:

2
A1,2= Ezl’z . (4)
V1,2

Finally, the number of neutrons emitted as a function

of fragment mass is
AT, -4,

WAL, =112 (5)
my

with m, being the neutron mass.

It is obvious from Egs. (1)—(5) that the velocity deter-
mination is the crucial point in this experiment and there-
fore great care was devoted to the measurement of this
quantity, including frequent internal calibrations, mea-
surements at different flight paths, and detailed checks
for short and long term stability in all important parame-
ters.

The various steps of data analysis were as follows.

(i) Determination of time zero ty=ty(E,A) considering
the specific timing properties of the detectors with respect
to E and 4.

(ii) Corrections for the momentum of the incoming neu-
tron and the fragment energy loss in the sample.

(iii) Critical selection of data to eliminate background
events mainly due to fission by scattered neutrons which
appear delayed with respect to the time zero point. About
2% of all events fell into this category and were rejected.

(iv) For each single run, and for light and heavy frag-
ments separately, we calculated mean values, rms widths
o, and correlation coefficients r of all relevant observables
in order to check the stability and assess the uncertainties
of the data. Then, the mean values, variances, covariances
of the primary (v*,4*,E*) and secondary quantities
(A,E), and of the number of prompt fission neutrons, v,
were calculated from the data taken at 270 and 375 mm
flight paths using the (2E,2v) method. As a check, E
was also determined by the (2E) method,® but with
revised calibration constants as derived in our previous
work on 2°U (Ref. 1). These results were summarized to
yield the primary distributions P(A4*), P(v*),
P(Af,Ef ), and the functions Ef(A4}), o AR),

v(A*),and o (A4*).

(v) Final corrections to these results were applied for
resolution effects and for geometric effects (flight path
differences for extreme tracks between sample and detec-
tor, deviation from collinearity).

The systematic uncertainties of the results are discussed
in detail in Ref. 1 and are of order 200 keV for Ef, and
0.06 mass units for A5. As the systematic uncertainties

« (
Ek,tot
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are identical for all measurements, they can be neglected
in the comparison of the results obtained at the two dif-
ferent neutron energies.

III. RESULTS

Numerical values of all results presented here can be
found elsewhere.

A. Kinetic energies and velocities

The kinetic energies of the light fragments are signifi-
cantly affected by the excitation energy of the fissioning
system. This becomes evident from the comparison of the
mean values Ef and Opp at both neutron energies. The

mean Kkinetic energy of the heavy fragments remains con-
stant while that of the light fragments decreases from
101.78+0.18 MeV to 101.03+0.20 MeV. The correspond-
ing gradient AEj ,,/AE = —0.2020.008 appears to be
in good agreement with the value —0.28 reported by
Kuzminov et al.?

The present results for 2’Np at E;; =0.8 MeV can also
be compared with those of Andritsopoulos’ for thermal
neutron induced fission of 2*3U, because the excitation en-
ergies in both compound systems are nearly identical.
Hence, one may expect similar trends in the results. If the
total kinetic energy Ej . given by Andritsopoulos is ex-
trapolated to Z=93 using the empirical relation of Unik
et al.,® one obtains Ej ,,,=174.3 MeV, in good agreement
with the 174.001+0.28 MeV determined in this experiment.

B. Mass distribution

Comparison of the mean masses of the light and heavy
fragments with the corresponding values of Andritso-
poulos’ in Table I shows that the mean heavy fragment
mass is practically unchanged and that the increase in the
mass of the compound nucleus is carried away by the
light fragment alone. According to Wilkins, Steinberg,
and Chasman,’ the mean mass of the heavy fragments is
stabilized by their near doubly magic configuration.
Hence, an increase in the mass of the compound system
leads to a corresponding increase in the mean mass of the
light fragments.

With increasing excitation energy, there are significant

TABLE 1. Comparison of the mean number of prompt fis-
sion neutrons obtained in this work with previous measure-
ments.

Neutron
energy Fréhaut This
(MeV) Veeser® et al.® work
0.8 2.73+£0.05 2.71 2.73+£0.45
5.5 3.46+0.07 3.37 3.43+0.5

#Reference 11.
“Reference 12.
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FIG. 3. Yield of primary fission fragment masses for

E,=0.8 and 5.5 MeV.

changes in the mass distribution. Figure 3 shows that the
symmetrical component in the mass distribution is strong-
ly enhanced and that the fine structure is damped out,
both indicating the weakening of shell effects. In addi-
tion, the distribution at E,=5.5 MeV is broadened by the
increased neutron emission.

The peak-to-valley ratio P/V of the mass distribution
at 0.80 MeV is difficult to estimate because of poor statis-
tics in the valley region. Depending on the width of the
valley (+4 or +6 mass units) the ratio P/V is either unde-
fined or lies somewhere between 450 and 650. As this
spread corresponds roughly to the statistical uncertainty,
one obtains, in first approximation, P/V =650+200. At
the higher neutron energy of 5.5 MeV, this value has re-
duced to P/V =30%5. These results are in good agree-
ment with radiochemical measurements of Borisova
et al.,'® who determined the P/V ratio from the yield of
5Cd relative to the mean of the Mo and '“*Ba yields.
For E,=0.8 and 4.15 MeV these authors reported ratios
of 670+70 and 70+7. With an empirical relation derived
by Borisova ef al. on the basis of their experimental data,
one would expect an extrapolated value of P/¥V=26 for
E, =55 MeV. From their 2E experiment at E =5.4
MeV Kuzminov et al.? obtained a ratio P/V =34+3.

The fine structure in the primary mass distribution can
best be seen from the linear plot in Fig. 4, where it is em-
phasized by the solid line. It is prominent for the masses
134, 137, 139, 142, 144, and 147. This period is due to
pairing effects, which favor fragments with even proton
numbers (also see Sec. IV).
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FIG. 4. Yield of primary fission fragment masses for
E,=0.8 MeYV in steps of 0.5 mass units (linear scale).

C. Total kinetic energy versus primary mass

Most of the kinetic energy is due to Coulomb repulsion
between the two fragments and is approximately
GZZLZH

D b

where eZ; and eZy are the electric charges of the light
and heavy fragments. Hence, Ej  is mainly determined
by the deformation of the fragments. For small deforma-
tions (e.g., Ay =132) their scission point distance D is
small, leading to a maximum of Ej ., as is evident from
Fig. 5. For symmetric fission the large deformations lead
to a reduction of the total kinetic energy by 10—15 MeV.
The higher excitation at E,=5.5 MeV results in a de-
crease of Ej ., by 2—3 MeV for the magic fragments,
probably due to additional deformation as a consequence
of weakened shell effects. Obviously, the gradient
AEy 1«/AE.,. is significantly larger for the magic frag-
ments (—0.7) compared to that for the mean values
(—0.2). For fragment masses above 4~140 the excita-
tion energy has no effect on Ej ., The continuous de-
crease in this region is determined by fragment deforma-
tion and by the increasingly asymmetric product (Z; Zy ).

Ek,totZECoul =

D. Neutron emission

The mean numbers of prompt fission neutrons from
this experiment agree very well with direct measurements
by Veeser!! and by Fréhaut et al.'? using large liquid
scintillator tanks (see Table I). The relative contributions
of the light and heavy fragments to v, vary with excita-
tion energy. At E,=0.8 MeV the ratio is v; /vy =1.37
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FIG. 5. Distribution of total kinetic energy Ej . as a func-
tion of primary fragment mass for E,=0.8 and 5.5 MeV.

but decreases to 0.98 at E,=5.5 MeV, an indication that
the higher excitation energy of the compound nucleus
goes almost completely into the internal excitation of the
heavy fragment. This behavior is very similar to the
respective ratios of 1.41 and 0.87 which were obtained for
the compound system >**U + n at somewhat higher exci-
tation (E,=0.5 and 5.5 MeV).!

In Fig. 6 the number of prompt fission neutrons, which
is a measure of the internal excitation of the fragments, is
plotted versus primary fragment mass, showing the typi-
cal “sawtooth” shape. If one assumes an average neutron
separation energy of about 6 MeV and an additional neu-
tron kinetic energy of 2 MeV, it requires 8 MeV excitation
energy to evaporate one neutron. In the upper part of Fig.
6, the difference in the v(A) distributions for E,=0.8 and
5.5 MeV is shown on an enlarged scale. It confirms clear-
ly that the increase in excitation energy is absorbed
predominantly by the heavy fragment, leading to Avy
~0.5. This corresponds closely to the total increase in ex-
citation energy of 4.7 MeV.

The correlation between total kinetic energy and the
number of prompt fission neutrons is another important
feature for the understanding of the fission mechanism.
The total kinetic energy mainly arises from Coulomb
repulsion, which depends on fragment deformation at the
scission point. On the other hand, the deformation energy
contributes to the internal fragment excitation character-
ized by the number of evaporated fission neutrons. There-
fore, the distribution of v(TKE*) may help to investigate
whether the interplay between deformation energy and
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FIG. 6. Average number of prompt neutrons v, vs primary
fragment mass for E,=0.8 and 5.5 MeV.

internal fragment excitation energy accounts for the ob-
served effects or whether other mechanisms, e.g., fission
dynamics, need to be considered. Figure 7 shows the dis-
tribution of ATKE*) for E,=5.5 MeV. In order to im-
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FIG. 7. Number of prompt fission neutrons as a function of
total Kinetic energy (integrated over the mass region 111—143)
for E,=5.5 MeV.

prove statistics, the data have been integrated from mass
133 to 143. One finds that v(TKE*) decreases linearly
with total kinetic energy with a gradient of —0.11
MeV~—!. This is an interesting result because it confirms
the estimated 8 MeV excitation energy required for evap-
oration of a neutron, and this, in turn, supports the quasi-
static fission model of Wilkins, Steinberg, and Chasman:’
Significant dynamical effects would tend to destroy, or at
least disturb, the correlation between v and TKE* (also
see Sec. IV).

E. Variances and mean values

Not only the distributions of total kinetic energy,
TKE(A*), and prompt neutrons, v(4*), but also their
variances o, are important parameters to describe the fis-
sion fragment properties. Because of the strong correla-
tion between Ej . and fragment deformation, the vari-
ance og, provides a hint for the variance of fragment

deformation at the scission point. In Fig. 8 the variance
of the total kinetic energy is plotted as a function of frag-
ment mass for E,=0.8 and 5.5 MeV. Note the apparent
change in the distribution at A *~138, which is consistent
with the model prediction of Wilkins, Steinberg, and
Chasman’ (see Sec. IVB).

The mean values of all relevant quantities are summa-
rized in Table II. For comparison or for illustration of
systematic trends, we have also included the results of the
(2E,2v) experiment of Andritsopoulos,” which were ob-
tained for 233U at thermal neutron energies.

IV. DISCUSSION

In the following, the results of this experiment will be
compared with the quasistatic model of Wilkins, Stein-
berg, and Chasman.’ Qualitatively, this model provides a
satisfactory description of fission fragment properties in
the region of Po to Fm. At the scission point, the fission-
ing system is described by two coaxial spheroids with
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FIG. 8. Variance of the total kinetic energy as a function of
heavy fragment mass for E,=0.8 and 5.5 MeV.
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TABLE II. Mean values of fragment properties for fission of >*’Np at 0.8 and 5.55 MeV neutron en-
ergy. For comparison the results of Andritsopoulos (Ref. 7) are included. The quoted errors are statis-

tical uncertainties only.

223

B'Np(n,f)
B5U(ng,, f) This work
Andritsopoulos E,=0.5 MeV E,=5.5 MeV
Saddle point excitation (MeV) 0.8 0.1 4.8
Primary fragment mass AL 95.87+0.07 98.66+0.06 99.12+0.05
Variance T ,x 6.3 5.80+0.05 6.59+0.05
L
Secondary fragment mass A 94.71+£0.06 97.07+0.06 97.53+£0.06
Ay 138.60+0.06 138.21+0.06 137.01+0.06
Variance Oy, 5.7 5.60+0.07 6.33+0.07
Tay 5.7 5.59+0.07 3.36+£0.09
Fragment velocities (cm/ns) v 1.415 1.3997+0.0013  1.3893+0.0013
vy 0.97 0.9874+0.0010  0.9877+0.0009
Variance oy, 0.051 0.0591+£0.0009  0.0738+0.0008
Oy, 0.086 0.0742+£0.0007 0.0782+0.0006
Total kinetic energy (MeV) E,:m, 167.45+0.07 174.80+0.37 173.53+0.35
T s 14.2 10.39+0.09 10.43+0.08
k,tot
Number of neutrons vL 1.16+0.09 1.592 1.59+0.08
emitted per fragment vy 1.27+0.09 1.14% 1.87+0.08
Av;/AA4* 0.046+0.005 0.048+0.005
Avy/AA* 0.046+0.007 0.043+0.008
Peak-to-valley ratio P/V 6501125 3143
Gradient with excitation energy AE 1/ AE . —0.2710.11

*Results of this work combined with radiochemical data. The respective uncertainties include the nor-

malization.

quadrupole deformations which are characterized by three
parameters. These three parameters are the distance d be-
tween the surfaces of the spheroids and the temperatures
Tine and Ty, associated with the internal and collective
degrees of freedom. The crucial assumption is that the
fragment distributions at the scission point can be deter-
mined from the relative potential energies of the nascent
fragments. These energies are calculated from the frag-
ment deformations S; and their neutron and proton num-
bers N and Z. The potential energy is given by

V=3 (Vipi+Si+P)+Vc+V,, i=12.
i

The main contribution comes from the liquid drop term
Vipi- The shell corrections S; have been made using the
Strutinsky method, while the pairing corrections P; were
calculated with the usual BCS formalism. V. and V, ac-
count for the Coulomb repulsion and the final nuclear in-
teraction of the two fragments at distance d. For the
internal excitation a constant value 7;,;=0.75 MeV was
chosen, corresponding to a partial coupling between single
particle degrees of freedom and collective degrees of free-
dom, instead of a pure adiabatic approximation with

Tine=0. The collective degrees of freedom are assumed to
be strongly coupled and to be in partial statistical equili-
brium, characterized by the temperature T,.,. The rela-
tive probability P of different fragmentation then follows
from

pP= fﬁl fﬁzexpl - V/Tcoll ldﬁxdﬂz .

The model shows that neutron shell corrections play a
dominant role, whereas proton shell corrections and neu-
tron and proton pairing corrections are of minor impor-
tance. The shell corrections of Ref. 9 are presented in
Fig. 9, because they are subsequently referred to. Howev-
er, quantitative analyses are difficult to obtain with this
model due to the sizeable uncertainties in the shell correc-
tions.

A. Mass distribution and mass asymmetry

The preference for asymmetric mass division for *’Np
is easily understood from the behavior of neutron shell
corrections. There is no pronounced minimum of the
shell correction for symmetric fission (N=72,73), while
asymmetric pairs have minima at either F and G or H
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and C. The LDM energy on which the shell corrections
are superimposed favors deformations around B=0.6;
therefore, the division H,C is energetically preferred.
Consequently, doubly magic fragments near the minima
at G and G’ with 4~132 occur relatively seldom. The
increase in symmetric fission with excitation energy sug-
gests that the influence of shell effects (which are also of
the order of 5 MeV) is correspondingly weaker. Compar-
ison of the experimental and calculated fragment mass
distribution shows that the calculated distribution is too
narrow. This discrepancy could be resolved if the shell
correction for the light fragment between regions 4 and B
in Fig. 9 were reduced by approximately 2 MeV.

As Wilkins er al.’ did not treat **"Np explicitly, the
fine structure of the mass distribution cannot be com-
pared with theory. If one therefore restricts the compar-
ison to the experimental data for 2*°U (Ref. 1), one finds
that the fine structure in >*’Np has twice the period but
only half the intensity compared to 23U. In the division
of the odd-odd nucleus 2**Np into two fragments, there is
always an unpaired neutron and proton. Hence, there
should be no preference for certain mass splits due to the
pairing effect. According to Ashgar et al.,* the observed
fine structure in the case of 2*’Np might therefore rather
be due to shell effects in the deformed fragments than in
the fissioning system.

B. Kinetic energy distribution

The trend of the total kinetic energy distribution and its
variance can be explained qualitatively by the model of
Wilkins et al. The distance between the charge centers of
both fragments is approximated by the sum of the frag-
ment deformations B=p;+3,. As shell effects are weak

NEUTRON NUMBER
FIG. 9. Shell corrections to the potential energy for neutrons and protons. The figure is taken from the work of Wilkins, Stein-
berg, and Chasman (Ref. 9). Contours are plotted in intervals of 1 MeV with the black regions containing all values lower than —4

MeV and the inner white regions containing all values greater than +2 MeV. The letters refer to particular shell regions as described
in the text.

for a symmetric mass split, the flat minimum in the po-
tential energy which results from the LDM part for 3,
~f3,~0.65 determines the fragment shape around
A=118. This relatively large deformation leads to a large
distance between the fragments and hence to a reduction
of the total kinetic energy, as is observed experimentally.
With increasing asymmetry, one finds from Fig. 9 a
very small deformation for the doubly magic fragment at
A=132 (at minimum G), whereas the complementary
fragment has a large deformation (minima E or F). The
resulting total deformation B~1.0 is significantly smaller
than for symmetric fission, leading to the maximum in to-
tal kinetic energy around mass 132. As the mass split be-
comes more asymmetric, the heavy fragment deformation
increases to 8,=0.6—0.7 (region H in Fig. 9) and B,
moves from C to A via B. For these fragment pairs the
total deformation lies between 1 and 1.2 and hence the to-
tal kinetic energy decreases again. This trend is enhanced
because of the decreasing product (Z,Z,) for 4> 130.
Besides the qualitative understanding of Ej . (A4*), the
model of Wilkins et al. provides also an explanation for
the variance og,  around A~140. For fragments of

mass number 4=138 and neutron number N=84, the
complementary fragments have N=61 neutrons. While
the deformation of the heavy fragment is fixed by the
deep minimum H in Fig. 9, there is no preference for a
specific deformation of the light fragment in the broad re-
gion between B and C. Hence, the respective deforma-
tions BB, scatter significantly, resulting in a large variance
of the kinetic energy. For heavy fragment masses beyond
A= 140, the deformation of the light fragment is confined
to the region near B and thus the variance O o de-

creases.
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We find, that the Wilkins et al. model is compatible
with the experiment in all aspects concerning Ej . The
observations can be explained by means of fragment de-
formation at the scission point. A significant effect of
prescission Kinetic energy could not be identified.

C. Prompt fission neutrons

While the total kinetic energy is an indicator for frag-
ment deformation, the number of prompt fission neutrons
provides a measure of internal fragment excitation. The
internal excitation energy of the fragments E.,. is com-
posed of the deformation energy and of the internal exci-
tation energy which the fragments gain between saddle
and scission point due to the (perhaps weak) coupling be-
tween collective and particle degrees of freedom. The
comparison with the model of Wilkins et al. confirms for
a symmetric mass split the expected large number of
prompt fission neutrons due to the large fragment defor-
mations. For the magic heavy fragments, i.e., for 4=132
around the minimum G, the number of prompt neutrons
is practically zero and increases rapidly with increasing
mass asymmetry. Correspondingly, the number of
prompt neutrons emitted from the light fragments de-
creases with increasing mass asymmetry as its deforma-
tion moves from the minimum D to A4 via C and B.
Quantitatively, the sawtooth curve predicted by the model
is too low for the light fragments and too high for heavy
fragments.

Another problem arises with respect to the predicted
change of v(A4*) with excitation energy. From the deep
minimum H in Fig. 9 one would expect that shell effects
should be more pronounced for the heavy fragments.
Therefore, it is very surprising that apparently all of the
extra excitation energy at 5.5 MeV shows up in the heavy
fragment and none in the light.

In spite of this inconsistency, the trend of v(4*) is in

reasonable agreement with the predictions of the model.
Apparently, the weak coupling between collective and sin-
gle particle degrees of freedom is justified, because other-
wise the correlation between fragment deformation and
v(A*) would be significantly disturbed.

V. CONCLUSIONS

A comparison of the results for 2*’Np with the model
calculation of Wilkins et al.’ confirms our earlier con-
clusions obtained for *U: The model allows for a quali-
tative explanation of the experimental facts, but some
more specific results, such as the mass and energy depen-
dence of v(A4*), indicate that the model requires some
modifications concerning the shell effects of heavy frag-
ments.

In particular, we found no strong differences in frag-
ment properties for the two fissioning systems, the odd-
odd *®Np and the even-even 236U (besides the fine struc-
ture of the mass distribution). This suggests, that pairing
effects—although important in the fission mass distri-
bution—do not appear to have an observable effect on
other fragment properties.
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