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Energy correlation measurements were performed for the spontaneous fission of 2*?Pu, the
thermal-neutron-induced fission of 2*'Pu, and the photofission of 2**Pu with 12-, 15-, 20-, and 30-
MeV bremsstrahlung. Tiie photofission cross section for 2*?Pu was determined up to 30 MeV. For
242py(sf) the overall kinetic energy distribution is strongly asymmetric and the overall mass distribu-
tion has a very high peak yield (9%). Important deviations of the average total kinetic energy
release (Ef) and the average light and heavy fragment masses (m} ) and (mf;) from the sys-
tematics of Unik et al. are also observed for this fissioning system. These effects can be explained
in the framework of the static scission point model by the strong preferential formation of a shell-
stabilized scission configuration with the neutron number of the heavy and light fragments in the
vicinity of the spherical N=282 neutron shell and the deformed N =66 neutron shell, respectively. A
decrease of (Ef) with the average excitation energy (Eec(E.)), d{Eg)/d{(E/(E,))
= —0.30+0.04, is observed in the photofission of *?Pu. A study of the energy-mass correlations
shows that the mentioned decrease is caused predominantly by a diminution of the shell corrections
in the mass region of the spherical N=82 neutron shell. A comparison of the mass and kinetic en-
ergy distributions obtained in this work for ***Pu, with previously reported results for 2*°Pu and
24Py and with scission point model calculations, is also included.
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I. INTRODUCTION

A comparative study of the fragment mass and kinetic
energy distributions for spontaneous and induced fission
provides information on the coupling of the fission mode
to the other degrees of freedom in the transition from the
saddle to the scission point. Furthermore, studies of these
distributions with changing excitation energy of the com-
pound system reveal how strongly the influence of the
shell structures in the nascent fragments on the considered
fission characteristics is reduced, increasing the excitation
energy.

In previous papers''> we reported our results on the
spontaneous fission and photofission of *°Pu and ***Pu.
Recently we performed energy correlation measurements
for 22Pu(sf), **'Pu(ny,f), and the photofission of 2*?Pu
with 12-, 15-, 20-, and 30-MeV bremsstrahlung. The re-
sults of this 2*?Pu study are presented in this paper. Con-
cerning the excitation energy dependence of the fission
characteristics for 2**Pu, the information available in the
literature is very scarce. Dyachenko et al.®> and Allaert
et al.* performed a comparative study of the fissioning
systems 2*?Pu(sf) and 2*'Pu(ny,, f). Vorobeva et al.’ stud-
ied the variation of the average total kinetic energy with
the compound nucleus excitation energy in the fast-
neutron-induced fission of 2!Pu.

From a fission fragment yield curve measured up to 32
MeV the 2*?Pu photofission cross section was derived us-
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ing the photon difference method. This enabled the deter-
mination of the average excitation energy of the com-
pound nucleus in the performed photofission experiments.

The results of our study on the excitation energy depen-
dence of the mass and kinetic energy of the fragments in
the fission of 2*?Pu are discussed in the framework of the
static scission point model, proposed by Wilkins et al.,® to
show the influence of the shell structures in the nascent
fragments on the fission characteristics. A direct compar-
ison with scission point model calculations, performed by
Moreau et al.,” is carried out. Also, a comparison with
our previously published 2*°Pu and ?**Pu results is includ-
ed.

II. EXPERIMENTAL PROCEDURE

For the 2*?Pu energy correlation measurements nearly
the same experimental procedure as in our studies of the
fissioning systems 2*°Pu (Ref. 1) and ***Pu (Ref. 2) was
followed. Two Ortec F series heavy ion detectors (CF-35-
600-60) were mounted symmetrically on both sides of the
fission target at an angle of 90° and at a distance of 7 cm
to the beam axis. The 2**Pu spontaneous fission count
rate in this geometry was 180 events per day. The pulse
heights of coincident events (r=2 us) were recorded in a
40964096 channels configuration and stored in blocks
of 128 pairs in an INTEL 8085 microprocessor based sys-
tem. These blocks were transmitted by means of an
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RS232 line to a VAX 11/780 system. During the photo-
fission runs an on-line correction of the fission fragment
pulses for the y flash, caused by scattered y rays and
secondary electrons during the linac pulses, was per-
formed. This correction was less than 1% of the pulse
height of the fission fragments. The spontaneous fission
measurements were performed during shut-down periods
of the linac.

Since the spontaneous fission count rate was low and
the measurements covered a period of six months, extreme
care was taken of the stability of the measuring chains.
Therefore each run at a given bremsstrahlung end-point
energy or a spontaneous fission measurement was accom-
panied by a photofission run with 20-MeV bremsstrah-
lung. The 2**Pu photofission runs with 20-MeV brems-
strahlung were calibrated with 2*'Pu(ny,f) using the
Schmitt et al.® calibration procedure and the detector cali-
bration constants of Neiler et al.® These calibrations were
performed with a well-thermalized and collimated neutron
beam of the reactor BR1 of the SCK/CEN Mol, Belgium,
using completely the same experimental setup and
geometry as for the photofission runs. The stability of the
system during these calibrations was checked with a
22Cf(sf) source and a precision pulser.

Based on the mass and momentum conservation rela-
tions and the detector calibration procedure, the pulse
heights of the coincident fission fragments were converted
off line in two-dimensional provisional mass (x) and total
kinetic energy (E;) arrays, N(u,E;), of 120X 120 chan-
nels. Using an iterative procedure, described by Schmitt
et al.,'® two-dimensional preneutron mass (m*) and total
kinetic energy (Ef) arrays, N (m*,Ej), of 120X 120 chan-
nels were deduced from the N (u,E; ) arrays.

The neutron emission correction, necessary in this con-
version, was based on the neutron emission data of
Caitucoli et al."! for **'Pu(ny,f). Since no information
on the neutron emission as a function of the fragment
mass is available for 2?Pu(sf) and 2*?Pu(y,f), the neutron
emission curve was multiplied by an appropriate factor in
the case of these fissioning systems to obtain the correct
average total number of emitted neutrons {v;). The
{vr) values for 2?Pu(sf), 2.15+0.02, and for **'Pu(ny, f),
2.93+0.01, were adopted from Boldeman'? and Caitucoli
et al.,'! respectively. Up to now data on the {v;) values
for the photofission of 2*?Pu were not reported. Conse-
quently the average total number of neutrons, emitted in
the photofission of 2*?Pu, was calculated based on the
linear dependence of (v ) on the excitation energy, de-
duced by Condé et al.'® from fast neutron induced fission
data on 2*'Pu. These authors reported for the slope
d{vr)/dE.. a value 0.146/MeV. Differences in the
(Q) values between photofission and neutron induced fis-
sion, owing to differences in the mass distributions, were
also taken into account in the calculation of the (v;)
values in photofission. The (Q) values were calculated as
outlined in a previous paper.”> A correction of the (v )
values for photofission, owing to the systematic difference
between the average kinetic energy release in photofission
and neutron induced fission, observed in this work (Sec.
III B), was also carried out. The resulting total correction
of the {vr) values was very small (~0.06 neutrons).

For the determination of the photofission cross section
of 2Py up to 30 MeV, a fission fragment yield curve was
measured for bremsstrahlung end-point energies between
10 and 32 MeV. The same experimental setup as for the
240py and ***Pu (Refs. 1 and 2) yield measurements was
used. The measuring bin width was 500 keV. The
behavior of the yield curve from the threshold up to 7.5
MeV was derived from the cross section data of Rabotnov
et al.' 1In the remaining energy region from 8 up to 9.5
MeV an interpolation between the data of -Rabotnov
et al.'* and our results was performed. The cross section
was derived from the yield curve using the method of
Crawford et al.'® with effective decorrelation of the errors
of the photon difference data. To obtain the absolute
values of the cross section the 2*?Pu target was replaced by
a 35U target with the same dimensions, and a normaliza-
tion relative to the photofission of 2**U with 12- and 18-
MeV bremsstrahlung was performed. For this normaliza-
tion the cross section data of Caldwell et al.'® were used.

The 2*?Pu target consisted of a 90 ug/cm? PuF; layer
on a 30 ug/cm? polyimide backing with 10 pg/cm? gold.
This target was prepared by evaporation. The isotopic en-
richment of the used material was 99.74%. The **'Pu
calibration target with a thickness of 41 ug/cm? was
prepared by electrospraying of plutonium acetate on an
identical backing as the 2*?Pu target. The isotopic enrich-
ment of the 2*'Pu material was 91%. The diameter of the
active layer was 25 mm in both cases. The targets were
prepared by the sample preparation group of the Central
Bureau for Nuclear Measurements Euratom-Geel (Belgi-
um).

III. RESULTS AND DISCUSSION

A. Photofission cross section
and average excitation energies

The cross section for the photofission of 2**Pu up to 30
MeV obtained from our experiments is presented in Fig. 1.
The calculation of the error bars was based on the statisti-
cal uncertainties on the measured yields. An estimation of
the absolute uncertainties on the cross section values can
be obtained by taking into account a systematic contribu-
tion of 10%, owing to the uncertainties on the >>*U photo-
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FIG. 1. Photofission cross section of 2*?Pu, including second
and multiple chance fission.
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fission cross section data of Caldwell et al.!® and the
thickness of the targets. The crosses in Fig. 1 represent
the photofission cross section up to 7.5 MeV, adopted
from Rabotnov et al.'*

The ?*?Pu photofission cross section shows the typical
giant resonance structure with a maximum around 14
MeV as usually observed for actinide nuclei. The max-
imum value and the full width at half maximum height
amount to 290 mb and 7.0 MeV, respectively. For the in-
tegrated cross section up to 20 MeV a value 2.1+0.1
MeVb was found. In the photon energy range above the
giant resonance from 20 to 30 MeV the cross section is
low (20 mb) and constant within the error bars as observed
in our 2*°Pu and 2**Pu photofission studies.

From the ratio of the fission yields in the photofission
of 2**U and %*?Pu with 12-MeV bremsstrahlung a value of
1.0240.17 was deduced for the neutron emission width to
fission width ratio I',, /T for 242py. This calculation was
based on the photonuclear study of Caldwell et al.,'® who
showed that for actinides the total photon absorption
cross section is nearly independent of the compound nu-
cleus and that I';,/T's is nearly constant above 9 MeV. A
I,/Ty value of 1.4 for 235U was adopted from the same
authors. From (t,pf) experiments at an excitation energy
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FIG. 2. Behavior of I',/T'; as a function of the difference be-
tween the fission barrier height and neutron binding energy
E;—B,. The I',,/T s values obtained by Caldwell et al. (Ref. 16)
from photonuclear measurements are indicated by the crosses.
The open circles represent the I',/T'y values deduced by Van-
denbosch and Huizenga (Ref. 18) from the 2 MeV neutron in-
duced fission cross section; the closed circles are our results for
the plutonium isotopes. The full lines are least squares fits to
the results for even-even (left) and even-odd (right) fissioning nu-
clei.

of 2 MeV above the neutron binding energy, Cramer and
Britt!” deduced T',/T' ;= 1.3 for >*?Pu, while Vandenbosch
and Huizenga'® reported 0.74 for the I',,/T; value derived
from the 2 MeV neutron induced fission cross section. In
view of the method used for the determination of I',,/T,
the literature values are in reasonable agreement with our
result.

The exponential decrease of I',/T'; with Z*/4, deduced
by Caldwell et al.'® from photonuclear data on ?3?Th and
different uranium isotopes, yields an expectation value
I',/T;=0.52 for **Pu, significantly lower than the ex-
perimental value, 1.02+0.17, obtained in our work. An
extrapolation of the systematic behavior, deduced by
Caldwell et al.,' outside the Z2/A range considered by
these authors is unreliable as already mentioned in our
240py paper.! In Fig. 2 the T »/T s values, reported by
Caldwell et al.'® and those deduced from the 2 MeV neu-
tron induced fission cross section,!® together with our re-
sults for the plutonium isotopes!? are plotted against the
difference between the experimental fission barrier heights
and the neutron binding energies, Ef —B,. The values for
the fission barrier height were adopted from Britt!® and
the neutron binding energies from the tables of Wapstra
and Bos.?’ The full lines are least squares fits to the data.
The fits to the results for even-even and even-odd fission-
ing nuclei are shown on the left- and the right-hand side,
respectively. Figure 2 shows that I',/T'; depends ex-
ponentially on Er—B,. As outlined by Vandenbosch and
Huizenga,'® this behavior can be expected in a simple
model with a constant temperature level density expres-
sion for the nuclear level density. These authors show
that the displacement between the results for even-even
and even-odd fissioning systems is caused by the influence
of the pairing gap on the level densities. This displace-
ment is equal to Ay+A,, with A, the pairing gap at the
saddle point, and A, the pairing gap at the equilibrium de-
formation appropriate to neutron emission. From the
least squares fits shown in Fig. 2 we can deduce
Af+A,~1.2 MeV, a reasonable value in comparison with
A,~0.6 MeV deduced from the even-odd fluctuations in
the ground state mass behavior in this mass region. We
can conclude here that an exponential decrease of I',,/T s
with Z2/A, as proposed by Caldwell et al.,'® is not com-
patible with our results and that the values of the fission
barrier height and the neutron binding energy have to be
taken into account in a systematic study of I",/T ;.

Starting from the determined differential photofission
cross section the average excitation energy of the fission-
ing *?Pu nucleus, irradiated with bremsstrahlung with an
end-point energy E,, (E..(E,)), was calculated using the
Schiff?! form for the bremsstrahlung spectrum. As
(E(E,)) values for irradiations with 12-, 15-, 20-, and
30-MeV bremsstrahlung, we obtained 9.4, 11.1, 12.5, and
13.2 MeV, respectively. These values are nearly the same
as those calculated for the photofission of 2**Pu and 2*Pu.

A direct calculation of the second chance fission contri-
bution in the performed 2*?Pu photofission experiments is
impossible, since information on the first and second
chance photofission cross section for ?*?Pu is not avail-
able. A crude estimation of this contribution in the ??Pu
experiments with 12-, 15-, and 20-MeV bremsstrahlung
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TABLE 1. Parameters of the overall kinetic energy and mass distributions for 2?Pu(sf), *'Pu(n, f), and **?Pu(y, f).
242Pu(,y’f)

242py(sf) 2#1Pu(ng, f) E,=12 MeV E,=15 MeV E,=20 MeV E,=30 MeV
Number of
fission events 14610 43112 23125 88725 501566 177 966
(E;) MeV 180.16+ 0.20 176.93+0.06 174.34+0.12 173.59+0.15 173.07+0.10 172.86+0.17
(Ef) Mev 181.69+ 0.20 179.00+0.06 176.85+0.12 176.25+0.15 175.88+0.10 175.7240.17
Og, (MeV) 11.24+ 0.18 12.04+0.04 11.63+0.13 11.70+0.09 11.80+0.08 11.91+0.06
{ur ) () 104.89+ 0.10 102.98+0.03 102.48+0.07 102.50+0.07 102.61+0.06 102.78+0.07
(P'H ) (u) 137.11+ 0.10 139.02+0.03 139.52+0.07 139.50+0.07 139.39+0.06 139.22+0.07
Op, =0u, () 5.27+ 0.08 6.79+0.02 6.84+0.06 7.09+0.05 7.24+0.06 7.36+0.06
(mf) (W 104.62+ 0.10 102.47+0.03 101.93+0.07 101.90+0.07 101.98+0.06 102.13+0.07
(mg) (w 137.38+ 0.10 139.53+0.03 140.07+£0.07 140.10+0.07 140.02+0.06 139.87+0.07
P/V 500 +180 33 +3 50 7 253 +1.7 15.2 +0.4 11.1 +0.4
(Eexe) (MeV) 0 6.3 9.4 11.1 12.5 13.2

was deduced from the determined total photofission cross
section by adopting the dependence of the first chance
photofission cross section to the total photofission cross
section ratio on the photon energy for 2*U from Caldwell
et al.'® In this way values of 0%, 8%, and 18% were ob-
tained. These estimations are reasonable in view of the
I',/T; values for 2°U,"7 26y,!7 241py,!? and our I', /T
result for 2#?Pu. The first chance to the total photofission
cross section ratio at photon energies above the (y,nf)
threshold deduced from these I', /T’y values are 0.54 and
0.65 for 236U and 2*?Pu, respectively. This estimation
value for 2*U is in good agreement with the experimental-
ly determined value of 0.50, obtained by Caldwell et al.

B. Kinetic energy

In Table I the main characteristics of the fragment ki-
netic energy and mass distributions obtained in the present
work are summarized. The average values of the total
postneutron and preneutron kinetic energy and the rms
width of the kinetic energy distributions are denoted by
(E), (E{), and O, respectively. The uncertainties on

the values, given in Table I, are the rms deviations for at
least seven experimental runs. For a comparison of the
(Ey ) values obtained in the present work for 2*?Pu with
‘the results of other authors and previously published data
on **%Pu and ?*Pu, an additional systematic contribution
of 300 keV has to be added to the uncertainties given in
Table 1. This systematic contribution is owing to the ex-
perimental uncertainty on the energy loss of the fission
fragments in the 2*!'Pu and 2*?Pu targets which were used.
Comparative energy correlation measurements for
242pyu(sf) and 2*'Pu(ny,,f) were already performed by
Dyachenko et al.? and Allaert et al.* The {E}f ) values as
well as the difference between 2*?Pu(sf) and **'Pu(ny,f),
2.7+0.6 MeV, obtained in our work, are in perfect agree-
ment with the results of the latter authors. They reported
for the (Ef) values for **?Pu(sf) and 2*'Pu(ng,f)
181.78+0.09 MeV and 178.97+0.07 MeV, respectively.

Taking into account the mentioned systematic errors, our
result for 2*?Pu(sf) is also in agreement with the value of
Dyachenko et al.,> 182.22+0.13 MeV. For *'Pu(n,f),
however, these authors found a slightly higher value,
179.62+0.03 MeV.

A direct comparison of the overall total kinetic energy
distributions for 2**Pu(sf) and ?*'Pu(ng,f) is presented in
Fig. 3. From this figure it is clear that, where the distri-
bution for thermal-neutron-induced fission shows a
Gaussian shape, a significant deviation from a Gaussian is
present for spontaneous fission. The decomposition of the
overall Kkinetic energy distribution for 2*?Pu(sf) and
241pyu(ny,,f) into the partial distributions for the mass
splits with the heavy fragments in the mass region
130—135 and for the remaining mass splits, presented in
Fig. 4, shows that the different behavior for spontaneous
and thermal-neutron-induced fission can be attributed to
mass splits with the heavy fragments in the 130—135
mass region. This was also observed in our study of 2*°Pu.
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FIG. 3. Comparison of the overall total kinetic energy distri-
butions for 2#2Pu(sf) (circles) and **'Pu(ng, f) (crosses).
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FIG. 4. Decomposition of the overall total kinetic energy dis-
tributions (circles) for 2?Pu(sf) and **'Pu(ny,, f) into the partial
distributions for the mass splits with the heavy fragments in the
mass region 130—135 (triangles) and outside this region
(crosses).

The value —0.49 of the dissymmetry coefficient p3/0° of
the distribution corresponding to the mass region
130—135 for 2*?Pu(sf) is reduced to —0.26 in **'Pu(ny,, f).
The asymmetry of the partial distributions for the other
mass splits is much smaller and remains practically un-
changed: p3/0°= —0.05 for **?Pu(sf) and u3/0°= —0.08
for 2'Pu(ny,, f). The observed asymmetry for spontaneous
fission with a high yield for high kinetic energy events in
the mass region 130—135 can be understood in the static
scission point model®’ by the strong influence of the
spherical N =82 neutron shell in the heavy fragments.
For the fissioning system 2**Pu this effect is enhanced by
the presence of the deformed N =66 neutron shell in the
light fragments. In the framework of this model the
asymmetry is caused by the preferential formation of the
shell-stabilized configuration with low total deformation
(6(21)-{—-6(22):0.8), compared to a secondary configuration
with larger total deformation (€3 +€52'~1.4), favored by
the liquid drop behavior. Owing to the diminution of the
shell correction terms in the potential energy at higher in-
trinsic temperatures, the importance of the shell-stabilized
configuration is decreased in induced fission compared to
spontaneous fission. This effect is responsible for the
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FIG. 5. Correlation between the experimental ( Ef ) values
for spontaneous (closed symbols) and thermal-neutron-induced
(open symbols) fission and the Coulomb repulsion parameter
Z?/A'3. The results reported by Unik et al. (Ref. 22) are indi-
cated by the squares. The circles refer to the values for the plu-
tonium isotopes obtained in our work.

disappearance of the asymmetry in the overall kinetic en-
ergy distribution for >*'Pu(ny, f).

* Unik et al.?? have studied the correlation between the
experimental values of the average total kinetic energy
release (E;) for spontaneous and thermal-neutron-
induced fission and the Coulomb repulsion parameter
Z%/A'3. In Fig. 5 the (E{ ) values for spontaneous and
thermal neutron induced fission of the plutonium isotopes,
obtained in our work, are compared to the systematics of
Unik et al.?> The higher kinetic energies for the spon-
taneous fission of the plutonium isotopes, and especially
for 22Pu(4.4 MeV) and **Pu(5.0 MeV), are mainly owing
to the strong influence of the spherical N =82 neutron
shell.

A linear fit to the 2*’Pu photofission data using a
weighted least squares procedure yields a value
—0.30+0.04 for the slope d{Ej)/d{E..(E,)). Taking
into account the error bars, this value is not significantly
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FIG. 6. (E{) values as a function of the excitation energy of
the compound nucleus 2*Pu. The data for fast-neutron-induced
fission of 2*'Pu, reported by Vorobeva et al. (Ref. 5), are
represented by crosses. The results of this work for **Pu(sf),
241pu(ny, f), and **Pu(y, f) are indicated by the circles.
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different from the values for the photofission of 2*°Pu,
—0.37+0.08 (Ref. 1), and *Pu, —0.40+0.10 (Ref. 2). In
Fig. 6 the excitation energy dependence of ( Ef ) observed
for the photofission of >*?Pu is compared to the data for
fast-neutron-induced fission of 2*!Pu, reported by Voro-
beva et al.> Compared to photofission, the value of the
slope of a linear fit through the **'Pu(n,f) data,
—0.23+0.02, is slightly smaller. More striking is the
difference of about 1.5 MeV between the ( Ej ) values for
photofission and neutron induced fission at the same exci-
tation energy. In the fission of 2*°Pu the same excitation
energy dependence of (Ej ) was observed in different re-
actions with low angular momentum transfer.! Since the
photon absorption in the photon energy range considered
in our experiments is predominantly E1 and the angular
momentum transfer in neutron capture is 1—2#, Fig. 6
shows that a reaction independent behavior of (Ef)
found for 2*°Pu is not generally valid. This figure sug-
gests that the behavior of the fission characteristics de-
pends not only on the angular momentum transfer in the
reaction but also on the primary reaction mechanism.
This was already concluded for high angular momentum
transfer reactions by Back et al.?* from a study of the
241py(*He,af) and 2*°Pu(a,a’f) reactions.

For the interpretation of the excitation energy depen-
dence of (Ef ) observed in our experiments, the behavior
of the kinetic energy as a function of the heavy fragment
mass, {Ej )(m};), was studied for the fissioning systems
considered. In Fig. 7 the (Ef )(m};) curves for 2**Pu(sf),
21Pu(ng,, /), and **?Pu(y,omev>f) are compared. The re-
sults of scission point model calculations’ are also given in
this figure. These calculations were performed by adopt-
ing a value of 0.8 MeV for the intrinsic temperature and 1
MeV for the collective temperature based on the same ar-
guments as outlined in Ref. 6. If not indicated in Fig. 7
the uncertainties on the experimental kinetic energy values
do not exceed the sizes of the points. The maximum in
the experimental curves in the mass region of the closed
N =82 neutron shell is reproduced by the calculations and
can be attributed to the low average total deformation of
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FIG. 7. Average preneutron kinetic energy as a function of
the heavy fragment mass (Ef Y(m};) for 2?Pu(sf) (circles),
21Pu(ny, f) (crosses), and 2?Pu(ygmev,f) (triangles). The full
line represents the results of scission point model calculations
(Ref. 7).

the scission configurations for these mass splits. The sys-
tematic difference of about 20 MeV between the experi-
mental and calculated curves is partly owing to the pre-
scission kinetic energy contribution, which was not taken
into account in the calculations.

Comparing the (Ej)(m};) curves for **Pu(sf) and
241pu(ng,f), the kinetic energy is higher for spontaneous
fission in the mass region 131—137, constant around mass
140, and systematically higher in thermal-neutron-induced
fission for more asymmetric mass splits. This behavior is
about the same as observed for *°Pu. The decrease of the
kinetic energy in the mass region of the spherical N =82
neutron shell in thermal-neutron-induced fission can be
attributed in the scission point model to the diminution of
the shell corrections at higher intrinsic temperatures. The
constancy of the kinetic energy around mass 140, where
shell effects in the fragments are of minor importance, in-
dicates that the fission mode is strongly coupled to other
degrees of freedom in the transition from the saddle to the
scission point. This is in agreement with the conclusions
of Nifenecker et al.?* in their review paper on the dynam-
ics of fission. The higher kinetic energies in induced fis-
sion compared to spontaneous fission for strongly asym-
metric mass splits, generally observed, is difficult to ex-
plain. In scission point model calculations at different in-
trinsic temperatures, changes of the kinetic energy do not
appear in this mass region.

The differences between the (Ej )(m};) curves for
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FIG. 8. A comparison of the (Ef )(m};) behavior for the
spontaneous fission of 2°Pu (circles), >*Pu (crosses), and **Pu
(triangles) obtained in our experiments is presented in (a). The
results of scission point model calculations for >*°Pu (circles),
242Py (crosses), and ***Pu (triangles) are shown in (b).
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spontaneous fission and 20-MeV bremsstrahlung induced
photofission of >*?Pu shows completely the same behavior
as observed in the >**Pu(sf)->*'Pu(n,, f) comparison. The
stronger decrease of the kinetic energy in the spherical
N =82 neutron shell mass region for photofission com-
pared to thermal-neutron-induced fission is owing to the
further diminution of the shell corrections at higher in-
trinsic temperatures.

In Fig. 8 the ( E )(m};) curves for the spontaneous fis-
sion of **°Pu, ?*?Pu, and 2**Pu, obtained in our experi-
ments, are compared to the results of scission point model
calculations for these nuclei. The higher kinetic energies
for 22Pu(sf) and 2*Pu(sf) compared to 2*°Pu(sf) in the
N =82 neutron shell mass region are predicted by the
model and can be attributed to a higher contribution of
the shell-stabilized configuration. However, the differ-
ences for more asymmetric mass splits, which are as large
as in the N =82 neutron shell region, are not reproduced
by the model. It is clear that the changes in this mass re-
gion are not owing to localized shell structures in the frag-
ments, but are caused by systematically more compact
scission shapes or/and higher prescission kinetic energies
for the heavier plutonium isotopes.

The variation of the preneutron kinetic energy with
the average excitation energy of the compound nucleus
as a function of the heavy fragment mass
d{E}Y(m}y)/d{EE,)) for the photofission of *?Pu is
presented in Fig. 9. The same behavior as for the photo-
fission of 2*°Pu (Ref. 1) and ***Pu (Ref. 2) is observed.
The behavior of d{Ef)(mf)/d{E.(E,)) with a pro-
nounced minimum around mass 130 shows that the sys-
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FIG. 9. Variation of { Ef )(m};) with (E.,.(E,)) for the pho-
tofission of 2**Pu.
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FIG. 10. Comparison of the behavior of the width of the ki-
netic energy distribution as a function of the heavy fragment
mass aEk(m;}) for 22Pu(sf) (circles) and the photofission of ***Pu

with 20-MeV bremsstrahlung (crosses). The results of scission
point model calculations (Ref. 7) are indicated by the full line.
The sizes of the error bars in the different mass regions are also
given in the figure.

tematic decrease of the average kinetic energy release in
photofission is almost completely owing to the washing
out of the shell structures in the fragments at higher exci-
tation  energy. The values of the slope
d{(Eg)Ym};)/d(E..(E.)) are positive in the mass region
of symmetric fission although the error bars are large.
Nevertheless, this positive slope was systematically ob-
served in our earlier 6photofission work on 2°U, 28y,
240py, and 2*4Pu.l?%52¢ According to Wilkins et al.® this
behavior is predicted by the scission point model. The
constancy of the kinetic energy for strongly asymmetric
mass splits (m}; > 140), where changes in the kinetic ener-
gy caused by the diminution of the shell corrections in the
potential energy of the system at higher excitation ener-
gies are not expected, indicates that the kinetic energy of
the fragments is not influenced by an increase of the num-
ber of quasiparticle excitations.

A direct comparison of the behavior of the width of the
kinetic energy distribution as a function of the heavy frag-
ment mass aEk(m;}) for the spontaneous and 20-MeV

bremsstrahlung induced fission of 2?Pu is shown in Fig.
10. The same behavior as for 20-MeV bremsstrahlung in-
duced fission was observed in the experiments performed
at the other bremsstrahlung end-point energies. A pro-
nounced maximum in the spherical N =82 neutron shell
region as expected from the calculations is not present in
the experimental curves. For spontaneous fission our re-
sults show a dip rather than a maximum in this region.
This can be explained by the predominant formation of
the shell-stabilized configuration. For photofission of
Py the maximum in the og (mf) curve shows up

around mass 125. Owing to the use of a 40 pg/cm? thick
electrosprayed target for the calibration with 2*'Pu(ny,, f),
the o, ( myy) values for this fissioning system obtained in

our experiments are slightly higher than for photofission.
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Caitucoli et al.!! performed a detailed study of the mass
and energy characteristics of the 2*'Pu(ng,f) fragments
using a very thin (2.3 ug/cm?) ?*'Pu target. According to
these authors, the og, (mf) behavior for **'Pu(ng,f)

shows a pronounced maximum around mass 123. It is
clear from Fig. 10 that this maximum is also not repro-
duced by the scission point model calculations. We can
conclude here that the og, (m ) behavior cannot be under-

stood in the scission point model.

C. Mass distribution

The provisional mass distributions for 2**Pu(sf),
241py(ny, f), and the photofission of 2*’Pu with 20-MeV
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FIG. 12. Comparison of the kinetic energy distributions for
the mass splits with the heavy fragment in the mass region
131—137 for *?Pu(sf) (circles) and 2*'Pu(ny,f) (crosses). In the
normalizations used in this figure a yield of 100% corresponds
to the total number of fission events.

bremsstrahlung, obtained in our experiments, are present-
ed in Fig. 11. The mass distribution for 2*?Pu(sf) shows a
very high peak yield around mass 135 and a shoulder in
the mass region 143—144. These structures are reduced
drastically for *!'Pu(ny,f) and have practically disap-
peared for the photofission of 2?Pu with 20-MeV brems-
strahlung. A comparison presented in Fig. 12, of the ki-
netic energy distributions for the mass splits with the
heavy fragment mass in the mass region 131—137, where
the large differences between the mass distributions for
242py(sf) and %*'Pu(ny, f) appear, shows that these differ-
ences are owing to high Kinetic energy events. The high
peak yield for *?Pu(sf) can be attributed to the simultane-
ous occurrence of the strong spherical N =82 neutron
shell in the heavy fragments and the deformed N =66
neutron shell in the light fragments. The shoulder around
mass 143—144 can be explained by the influence of the de-
formed N =58 and 88 neutron shells in complementary
fragments. The disappearance of the structures observed
for spontaneous fission in induced fission can be under-
stood in the scission point model by the diminution of the
shell corrections at higher intrinsic temperatures.

The main characteristics of the overall mass distribu-
tions for the fissioning systems studied are also summa-
rized in Table I. As generally observed, the peak-to-valley
ratio P/V decreases with increasing excitation energy.
The P/V value for 2'Pu(ng, f), obtained in our experi-
ments, is too low and has no sense as we used a relatively
thick electrosprayed 2*'Pu target. Caitucoli et al.!! re-
ported a value 265+16 for the asymmetric-to-symmetric
fission ratio for 2*'Pu(ny, ).

The values of the average preneutron mass of the light
and heavy fragment peak (m}) and (m};) for *?Pu(sf)
and 2*'Pu(ny,f) obtained in this work and given in Table I
are in very good agreement with the results of Dyachenko
et al.’ and Allaert et al.* Dyachenko et al.’ reported for
the (m} ) and (m};) values in *?Pu(sf) 104.43+0.06 and
137.57+0.06, respectively, while Allaert et al.* reported
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104.50+£0.05 and 137.50+0.05, respectively. The corre-
sponding values for 2*'Pu(ng,,f) are 102.52+0.02,
139.48+0.02 following Dyachenko et al.,’* and
102.45+0.04, 139.55+0.04, according to Allaert et al.*

From Table I it is clear that the average light and heavy
fragment masses of the provisional mass distribution
(ur) and (uy) as well as the same parameters of the
preneutron mass distribution (m}) and {(mj) for
241pu(ny,, f) are shifted over two mass units towards asym-
metric fission compared to 2*?Pu(sf). A similar shift over
one mass unit was also observed in our comparative study
of 2°Pu(sf) and ?*’Pu(ng,f). These changes are mainly
owing to the decrease of the influence of the spherical
N =82 neutron shell in induced fission. Unik et al.? also
performed a systematic study of the (m}) and (mjf)
values for spontaneous and thermal-neutron-induced fis-
sioning systems. The data reported by these authors to-
gether with the results of our studies for the plutonium
isotopes are shown in Fig. 13. For 2*?Pu(sf) and ***Pu(sf)
the experimental values differ from the systematics by 2.5
mass units. For 2*°Pu(sf) the difference is only one mass
unit. These differences from the systematics are caused
predominately by the strong influence of the spherical
N =82 neutron shell in the spontaneous fission of the plu-
tonium isotopes.

Table I shows that {m] ) and (m};) for photofission of
242py are independent of the bremsstrahlung end-point en-
ergy. However, compared to 2*'Pu(n,f), the values of
the average light and heavy fragment masses for the pho-
tofission of 2*?Pu are shifted 0.5 mass units towards asym-
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FIG. 13. Comparison of the {(m} ) and (m};) values for the
spontaneous fission and thermal-neutron-induced fission of the
plutonium isotopes, obtained in our work and represented by the
closed and open circles, respectively, with the systematics of
Unik et al. (Ref. 22). The data for spontaneous and thermal-
neutron-induced fission, reported by Unik et al. (Ref. 22), are
indicated by the closed and open squares.
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metric fission. A difference between the (m]} ) and {(m};)
values for photofission and thermal neutron induced fis-
sion was not observed for 2°Pu. As already mentioned, a
systematic difference exists also between the ( Ef ) values
for neutron induced fission of ?*'Pu and photofission of
242py, where the corresponding values for 2*°Pu are the
same taking into account the given uncertainties.

The dispersion on the mass distribution o, for 242py(sf),
obtained in our work, 5.2710.08, is significantly lower
than the corresponding values, reported by Allaert et al.,*
5.82, and by Dyachenko et al.,® 5.63. This difference il-
lustrates the better resolution in our experiments, caused
predominantly by the use of a >**Pu target prepared by the
evaporation technique. In their experiments Allaert

.t al.* and Dyachenko ez al.’ used electrosprayed targets.

As also observed in our studies of the fission of 2°Pu and
244py, o, is increased in induced fission compared to
spontaneous fission. The systematic increase of o, with
the bremsstrahlung end-point energy, observed in the pho-
tofission of 2*?Pu, is caused by the increase of the sym-
metric fission yield.

IV. CONCLUSIONS

The value for the neutron emission width to fission
width ratio T',/T; for **Pu, deduced in this work from
the measured photofission yields, together with previous
results on 2*?Pu and 2**Pu, are in agreement with an ex-
ponential increase of I',/T'; with the difference E;—B,
between the fission barrier height and the neutron binding
energy.

The overall total kinetic distribution for 2*?Pu(sf) is
strongly asymmetric, while the overall mass distribution
has a very high peak yield (9%) around mass 135. Furth-
ermore, the experimental (E;) value for 2*?Pu(sf),
181.69+0.24 MeV, is 4.4 MeV higher than the expectation
value following the systematics of Unik et al.?> Com-
pared to these systematics, the average light and heavy
fragment masses {m; ) and (mj; ) for this fissioning sys-
tem are shifted over 2.5 mass units towards symmetry.
These effects can be understood in the scission point
model®’ by the strong preferential formation of a shell-
stabilized scission configuration with neutron number of
the heavy fragment in the vicinity of the spherical N =82
neutron shell and neutron number of the light fragment in
the vicinity of the deformed N =66 neutron shell. The
structures in the overall distributions and the deviations
from the systematics are seriously reduced in >*'Pu(ny, f)
and have practically disappeared in the photofission of
242py owing to the diminution of the shell corrections in
the potential energy of the system at higher intrinsic tem-
peratures.

In the photofission of ?**Pu, ( Ef ) is decreasing for in-
creasing compound nucleus excitation energy (E . (E,))
with a  value —0.30£0.04 for the slope
d{Ef)/d(E..(E,)). In the excitation energy range,
where the results for photofission and fast-neutron-
induced fission can be compared, the (E;) values for
neutron induced fission are systematically about 1.5 MeV
higher. This would indicate that the behavior of the fis-
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sion characteristics depends also on the primary reaction
mechanism.

An investigation of the energy-mass correlations shows
that the decrease of (Ej) with the excitation energy in
photofission is almost completely owing to the diminution
of the shell corrections in the spherical N =82 shell mass
region. From a direct comparison of the {Ef)(mj)
curves for 242Pu(sf) and 2*'Pu(nyy, f) in the vicinity of mass
140, we can conclude that the fission mode is strongly
coupled to other degrees of freedom in the transition from
the saddle to the scission point, in agreement with Ni-
fenecker et al.?*

The higher kinetic energies for **?Pu(sf) and ***Pu(sf)
compared to 2*°Pu(sf) for the mass splits with the heavy
fragment in the N =82 neutron shell mass region are
reproduced by the scission point model calculations.’
However, the differences observed between the (Ef )(mp;)
curves for 2*°Pu(sf), 2*?Pu(sf), and **Pu(sf) for strongly
asymmetric mass splits (mj > 140) are not expected by
the scission point model. A prominent maximum in
aEk(m}'}) in the N =82 neutron shell mass region, predict-

ed by this model, is also not present in the experimental

curves for 2#2Pu(sf), 2*'Pu(ny,, f), and 2*?Pu(y,f). A com-
parison of the experimentally determined behavior of the
fission characteristics and the results of scission point
model calculations’” shows that although some gross
features of the mass and kinetic energy distributions are

reproduced by this model, quantitatively serious
discrepancies still exist.
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