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Kinetic energy and fragment mass distributions
for the spontaneous and photon-induced fission of 2 Pu
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Energy correlation measurements were performed for the spontaneous fission of ~~Pu

and its photofission with 12-, 15-, 20-, and 30-MeV bremsstrahlung. The photofission cross
section for ' Pu was deduced from a measured yield curve up to 30 MeV using the photon
difference method. A comparison of the (Ek )(m~) behavior for spontaneous and photon
induced fission shows that the observed decrease with increasing compound nucleus excita-
tion energy qf the average total kinetic energy release is caused predominantly by changes in

the total deformation of the fragments for the mass splits with the heavy fragment mass in

the vicinity of the closed N =82 neutron shell. Comparing the fissioning systems Pu and

Pu, the difference, (Ek ),t—(Et, )„,between spontaneous and photon induced fission is 3

MeV larger for the former system. The (Ek )(mH) curves for i Pu (sf) and Pu (sf) are
parallel at a distance of about 3 MeV. The mass distribution for photon induced fission of
2+Pu compared to spontaneous fission shows a decreased peak yield, a broadening of the
mass distribution peaks, and a shift of the peaks over 3 mass units towards asymmetry.

Comparing the fissioning systems i Pu and ~~Pu, the heavy fragment peak remains practi-
cally constant in position for both spontaneous and photon induced fission.

RADIOACTIVITY, FISSION i~Pu(sf).
NUCLEAR REACTIONS, FISSION Pu(y, f), Er ——12, 15, 20, 30

MeV; measured photofission yields, fragment energies Ei, E2, deduced

tr(y, f ), N(ts, Ek)/(E, .(E, ) )

I. INTRODUCTION

It has been shown that shell effects in the nascent
fraginents play a decisive role in the determination
of the fragment mass and kinetic energy distribu-
tions. ' Studies of the excitation energy dependence
of these fission characteristics yield information on
the rate at which the shell corrections are diminish-
ing and on the coupling of the fission mode to other
degrees of freedom. In a previous paper we report-
ed the results of a comparative study of the spon-
taneous fission of Pu, the thermal neutron in-
duced fission of s Pu, and the photofission of iPu
with 12-, 15-, 20-, and 30-MeV bremsstrahlung.
Structures in the overall kinetic energy and pro-
visional mass distributions for Pu(sf), attributable
to the strong influence of the spherical N =82 and
deformed N =88 neutron shells, had already practi-
cally disappeared for 9Pu(n, z,f). The excitation
energy dependence of the kinematic energy for dif-
ferent mass splits showed that the changes in the to-
tal kinetic energy of the fragments in photofission
are due to the diminution of shell corrections at

higher excitation energies.
In the present work the kinetic energy and frag-

ment mass distribution for the spontaneous fission
and photofission of 2 Pu with 12-, 15-, 20-, and 30-
MeV bremsstrahlung are compared. For this pur-
pose energy correlation measurements were carried
out. Up to now a study of the excitation energy
dependence of the mass and kinetic energy distribu-
tion for the fissioning system Pu was not avail-
able. Recently the first results on these characteris-
tics for Pu(sf) were reported by Allaert et al. We
measured also the yield curve up to 30 MeV for the
photofission of Pu and, using the photon differ-
ence method described in Ref. 4, we deduced the
photofission cross section. This enabled the deter-
mination of the average excitation energy of the
compound nucleus in the photofission experiments.
The changes of the fragment mass and kinetic ener-

gy distributions with increasing excitation energy
for the systems x Pu, investigated in these experi-
ments, and Pu, studied earlier, are compared. All
the results are discussed in the framework of a static
scission point model as proposed by %ilkins et al. '
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A comparison of the experimentally determined dis-
tributions with the results of calculations following
this model is included.

II. EXPERIMENTAL PROCEDURE

For the energy correlation measurements of the
spontaneous and photon induced fission of z Pu a
similar experimental setup as described in our paper
on the fissioning system Pu (Ref. 2) was used.
Two Ortec E 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 6 cm to the beam axis. The Pu spontaneous
fission count rate in this geometry was 90 events per
day. The pulse heights of coincident events (v=2
ps) were recorded in a 4096)&4096 channels config-
uration and stored in blocks of 128 pairs in an IN-
TEI. 8085 microprocessor based system, developed
in our laboratory. These blocks were transmitted by
means of an RS232 line to a VAX 11/780 system.
During the photoflssion runs an on-line correction
of the fission fragment pulses for pileup of pulses
from scattered y rays and secondary electrons dur-

ing the linac pulses (y flash) was performed as
described in a previous paper. The y flash was kept
below 1% of the pulse heights of the fission frag-
ments by limiting the electron current of the linac.
The spontaneous fission measurements were per-
formed during shut-down periods of the linac.

As the spontaneous fission count rate was low and
the changes in the kinetic energy of the fragments
produced in photofission with bremsstrahlung with
different end-point energies are quite small, the sta-
bility of the electronics was followed continuously
with a precision pulser. In addition, each run at a
given bremsstrahlung end-point energy or a spon-
taneous fission measurement was accompanied by a
calibration run with 20-MeV bremsstrahlung. The

Pu photofission runs with 20-MeV bremsstrah-
lung were calibrated with 'Pu(n, h,f) using the
Schmitt et al. calibration procedure and the detec-
tor calibration 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 the same ex-
perimental setup as for the Pu photofission runs.
The stability of the system during these calibration
experiments was checked by means of a Cf(sf)
source and a precision pulser. Based on the
"'Pu(n, h,f ) calibrations and the mass and momen-

tum conservation relations, the data were converted
off line in two dimensional provisional mass (p) and
total kinetic energy (Ek) arrays, N(p, Ek), of.
120& 120 channels.

For the determination of the photofission cross

section of Pu a yield curve was measured for
bremsstrahlung end-point energies between 10 and
32 MeV using the same experimental setup as for
the Pu yield measurements. No data on the Pu
photofission cross section below 10 MeV are avail-
able in the literature. Based on the similarity of the
photofission cross sections between 5.0 and 7.5 MeV
for Pu, Pu, and Pu observed. by Rabotnov
et al. ,

9 the behavior of the yield curve for Pu
from the threshold up to 7.5 MeV was deduced from
the Pu data of these authors. In the remaining
energy region from 8.0 up to 9.5 MeV the yield
curve was determined by interpolation between the
data of Rabotnov et al. and our data. In the same
way as was done for the determination of the i~Pu
photofission cross section, the method of Crawford
et al. was used for the derivation of the Pu cross
section, and a normalization using the well known

'U(y, F) cross section' was performed.
The Pu target consisted of a layer of 29 pg/cmz

plutonium sandwiched between two 30 pg/cm
thick polyimide backings covered with 20 pg/cmi
gold. The thickness of the plutonium layer of the

'Pu target, used for the calibration, was 40
pg/cm . The backing of this target consisted also of
a 30 pg/cm thick polyimide foil with 20 pg/cm
gold. Both targets were prepared by electrospraying
of plutoniumacetate by the sample preparation
group of the Central Bureau for Nuclear Measure-
ments Euratom-Geel (Belgium). The isotopic en-
richments of the target materials were 91% for

'Pu and 88% for Pu. The contamination of the
Pu spontaneous fission data with i Pu(sf) and

iPu(sf} data was calculated to be 0.5% and 3.4%,
respectively.

III. RESULTS AND DISCUSSION

A. Photofission cross section
and average excitation energies

The photofission cross section for ~Pu up to 30
MeV obtained from our experiments is plotted in
Fig. 1. The error bars on the points indicated in the
figure were deduced from the statistical uncertain-
ties on the measured yields. As mentioned in our
paper on the photoflssion of Pu (see Ref. 2), a sys-
tematic contribution of 10%, mainly due to the un-
certainties on the target thicknesses, has to be in-
cluded to obtain an estimation of, the absolute uncer-
tainties on the cross section values.

As generally observed for the actinide nuclei, the
giant resonance structure is predominant in the pho-
tofission cross section curve shown in Fig. 1. The
cross section has a maximum valve of 250 mb at
14.0 MeV and a full width at half maximum of 7.1
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MeV. 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.
This behavior was also observed in our study of the
photofission cross section of 2~Pu. From our exper-
iments we obtained a value of 1.86+0.19 MeVb for
the integrated cross section.

The ratio of the fission yields for photofission of
U and Pu with 12-MeV bremsstrahlung, nor-

malized to the same target thickness, was found to
be 0.89+0.08. The study of Caldwell et al. ' of the
photonuclear cross section of different actinides in
the giant resonance region showed that the total
photon absorption cross section is roughly indepen-
dent of the compound nucleus, and that the ratio of
the neutron-emission width to the fission width,
r„yrf, is nearly constant above 9 MeV. These con-
clusions enable us to deduce from the measured U
to Pu photofission yield ratio the value 1.14+0.19

';'tfT
10 20 30

E~(~ev)

FIG. 1. Photofission cross section of Pu, including
second and multiple chance fission.

for I „/I f for Pu by adopting I „/I'f ——1.4 for
sU from Ref. 10. In the work of Caldwell et al. '

the I „/rf values for the different nuclei studied
were found to decrease exponentially with the fissio-
nability Z /A. Starting from these systematics a
value of 0.95 for I „/I'f is expected in the case of

Pu, which is in agreement with the experimentally
determined value. The I'„/I'f ratio deduced from
our experiments on ~ Pu, 0.63+0.15, was signifi-
cantly higher than the expectation value 0.25 follow-
ing the exponential dependence proposed by
Caldwell et a/. ' However, for Pu this estimation
was obtained by an excessive extrapolation of the
Z /A dependence of I'„/I' f, deduced from I „/I'f
values of nuclei with Z /A ranging from 34.91 up
to 36.17, to a Z /A value of 36.82, where for Pu
the value 36.21 for Z /A is very close to the Z /A
range considered by Caldwell et al. '

Using the Schiff form" for the bremsstrahlung
spectrum and the determined differential photofis-
sion cross section, the average excitation energies of
the Pu compound nucleus, (E,„,(E, )&, corre-
sponding to the different end-point energies con-
sidered in our experiments, were calculated. The
(E,„,(E, )& values for 12-, 15-, 20-, and 30-MeV
bremsstrahlung are 9.4, 11.1, 12.5, and 13.2 MeV,
respectively. They are nearly the same as those cal-
culated for the photofission of Pu.

An estimation of the second chance fission contri-
bution in our "Pu experiments with 12-, 15-, and
20-MeV bremsstrahlung was calculated from the
determined photofission cross section by adopting
the ratio of the first-chance photofission cross sec-
tion to the total photofission cross section for U
from Caldwell et al. ' We obtained 0%, 8%, and

TABLE I. Parameters of the overall kinetic energy and mass distributions for the spontaneous and photon induced fis-
sion of Pu.

'~Pu(sf) E,=12 MeV

z44Pu( y,f )

E,=15 MeV E,=20 MeV E,=30 MeV

Number of
fission events

(Ek) (MeV)

(Ek ) (MeV)
crE (MeV)

(pL, ) (u)
(pH& (u)
cr„=o„(u)
(mL, & (u)
(m„') (u)
P/V

(E,„,) (MeV)

7 990

180.08%0.30
181.7920.30

12.62+0.20

106.44+0. 19
137.56+0. 19

6.47+0. 10

105.96+0.19
138.04+0. 19
20 +4

2.30
0

11065

173.58+0.40
176.18+0.40

12.43+0.30

103.83+0.26
140.17+0.26

7.76%0.11

103.1820.26
140.82+0.26
13.6 +2. 1

3.60
9.4

24 552

172.59+0.22
175.37+0.22

12.58+0.34

103.69+0.23
140.31+0.23

8.01+0.13

103.00+0.23
141.00+0.23
12.3 +1.3

3 ~ 87
11.1

137 842

171.91+0.20
174.83+0.20

12.68+0.13

103.68+0.16
140.32+0.16

8.13+0.11

102.92+0.16
141.08+0.16

9.1 +0.3
4.07
12.5

79 648

171.63+0.26
174.61+0.26
12.65+0.20

103.91+0.19
140.09+0.19

8.17+0.17

103.04+0. 19
140.96+0.19

7.2 +0.3
4. 17
13.2
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19%, respectively. As I'„/I/ is decreasing ex-
ponentially with Z /A, these estimated values are
upper limits for the second chance fission contribu-
tion.

B. Kinetic energy

By summing over the total kinetic energy Ek or
provisional mass p, overall provisional mass and to-
tal kinetic energy distributions are deduced from the
two dimensional N(p, Ek) arrays. Some important
quantities of the overall kinetic energy and mass dis-
tributions are summarized in Table I. The average
values of the total postneutron and preneutron kinet-
ic energy and the rms width of the kinetic energy
distributions are denoted by (Ek), (Ek ), and crE,
respectively. The uncertainties on all the values
given in Table I are the root-mean-square deviations
for at least five experimental runs. For the calcula-
tion of the average total preneutron kinetic energy
(Ek ) from the measured (Ek) value in the case of

Pu(sf), the measured value 2.30+0.19 of Ref. 12
for the average number of emitted neutrons (vT)
was used. As for the fissioning system Pu, no in-
formation on the compound nucleus excitation ener-

gy dependence of (vT ) is available, the (vT ) values
for the photofission of Pu were deduced from en-

ergy balance considerations using the calculated
values of the average excitation energy of the com-
pound nucleus and the (Ek) behavior observed in
this work. Based on the review paper of Nifenecker
et al. ,

' a linear relation between the total y energy
released per fission event and the average number of
emitted neutrons (vT) was assumed. For the slope
of this linear variation, the average value of this
parameter for the fissioning systems U(n, h,f ) and

Cf(sf), 0.9 MeV/neutron, was adopted. From the
same paper we adopted 8.6 MeV for the average en-

ergy necessary to emit orie additional neutron. The
difference in (Q) value between the spontaneous
fission and photon induced fission case, due to
differences in the mass distribution, was also taken
into account. For this calculation the charge distri-
bution was assumed to be a Gaussian with a con-
stant value, 0.35, independent of the fragment mass
for the variance o.z . This assumption was based on
the U(nth, f) data of Ref. 14. The maximum of
the charge distribution was fixed by the assumption,
deduced from the U(n, h,f) data of Ref. 15, that
the heavy fragment charge is 0.5 charge units higher
than the charge following the hypothesis of un-

changed charge density of compound nucleus and
fragments. The fragment masses were adopted from
the tables of Moiler and Nix. ' The values for
(vz ), obtained in this way for photofission, are also
given in Table I.
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FIG. 2. Average prenentron kinetic energy (Ek ) im~)
as a function of the heavy fragment mass for Pu(sf}
(dots) and Pu photofission with 20-MeV bremsstrah-
lung (crosses).

For the comparison of the (Ek ) values obtained
in this work for the fissioning system Pu with our
previously published data on oPu (Ref. 2), and with
the results of other authors, an additional systemat-
ic contribution of 1 MeV has to be added to the un-

certainties given in Table I due to uncertainties on
the thickness of the targets and the calibration pro-
cedure. Taking into account this systematic error,
our (Ek ) value for the spontaneous fission of Pu
is in agreement with the value of Allaert et al. ,
184+1 MeV, and is significantly higher than the
(Ek ) value for the spontaneous fission of Pu,
178.85+0.50 MeV, obtained in our previous work.
However, the (Ek) values for the photofission of

Pu are the same within the error bars as those for
the photofission of Pu at the corresponding
bremsstrahlung end-point energies. Also the value
—0.40+0. 10 for the slope

d(Ek )/d(E, „,(E,)),
obtained by a linear fit to the Pu photofission
data using a weighted least squares procedure, is
very close to the value —0.37+0.08 obtained for the
photofission of Pu. The same behavior of (Ek )
with the compound nucleus excitation energy for the
photofission of Pu and Pu, and the observed
difference in (Ek ) for the spontaneous fission of
these nuclei, indicate that the difference between the
spontaneous and photon induced fission of Pu is 3
MeV higher than for the fissioning system Pu.
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To interpret the observed changes in the average
total kinetic energy, the dependence of the total ki-
netic energy on the fragment mass for the spontane-
ous and photon induced fission was studied. In Fig.
2 the variation of the average total preneutron kinet-
ic energy with the heavy fragment mass (Ek )(mH )

for the spontaneous fission and 20-MeV bremsstrah-
lung induced fission of Pu is compared. For the
derivation of (Ek )(mH) from the two-dimensional

N(p, Ek ) arrays, the neutron emission curve
(v)(m~) for 4'Pu(n, h,f), deduced by Caitucoli
et al. ' from the provisional and postneutron mass
distribution, was adopted as no information on the
behavior of (v)(m~) for the fissioning system Pu
is available. In the symmetric fission region, where
the neutron yields cannot be determined with the
method used in Ref. 17, (v)(m~) was determined

by linear interpolation between the extreme points
around mass 110 and 130 given by Ciitucoli et al. '

This procedure was based on the sawtooth shape of
(v ) (m *) generally observed in low en-

ergy fission. The adopted (v ) (m ~) values for
2 'Pu(n, i„f) were multiplied with an appropriate
factor to obtain the correct number of emitted neut-
rons, (vT ). For the masses where the error bars are
not given in the figure, the uncertainties have the
sizes of the points.

Both curves show the typical behavior, with a

maximum in the mass region of the closed N=82
neutron shell, generally observed in low energy fis-
sion. In the framework of a static scission point
model, as proposed by %ilkins et al. ,

' this max-
imum can be attributed to the low total deformation
(Pi+P2-0. 95) of the scission configuration with
the heavy fragment at the spherical N =82 neutron
shell. Comparing the (Ek)(mH) behavior for the
spontaneous fission and 20-MeV bremsstrahlung in-
duced fission of ""Pu, a strong decrease in this
%=82 neutron shell mass region is present. This
decrease can be understood by the enhanced impor-
tance, at higher intrinsic temperatures, of a secon-
dary scission configuration with total deformation
(P & +P2-1.4) close to the one expected from the
liquid drop model. In the region around mass 145
the kinetic energy remains practically constant,
while for strongly asymmetric mass splits with
mH & 150 the kinetic energy is higher in the photon
induced fission case. A similar behavior was also
observed for the fissioning system Pu (Ref. 2). As
already mentioned in our previous work, in the
comparative study of Unik et at. 's of the fissioning
systems " Cm(sf), Cm(n, h,f ), Cf(sf), and

Cf(n, h,f ), the kinetic energy was also found to be
constant for the mass splits with the heavy fragment
mass around 145 and lower for more asymmetric
mass splits in the spontaneous fission case. The
higher kinetic energy generally observed in this mass
region for induced fission compared to spontaneous
fission is difficult to explain by changes of the shell
corrections at higher intrinsic temperatures.

The variation

d (Ek ) (mH )/d (E,„,(E, ) )

of the total preneutron kinetic energy with the aver-

age excitation energy of the compound nucleus as a
function of the heavy fragment mass for th; photo-
fission of Pu is presented in Fig. 3. Also, here a
similar behavior as for Pu (Ref. 2) is observed,
showing that the changes of (Ek ) with the brems-
strahlung end-point energy in photofission can be at-
tributed to the decrease of shell corrections at higher
intrinsic temperatures in the mass region around
mass 130, resulting in an increasing importance of
the liquid-drop favored configuration with larger to-
tal deformation. The independence of the kinetic
energy on the excitation energy of the fissioning nu-
cleus for the mass splits in regions where shell ef-
fects are of minor importance indicates that the fis-
sion mode is weakly coupled to quasiparticle excita-
tions and strongly damped, as was pointed out by
Nifenecker et al. '

A comparison of the (Ek )(mH) curves for the
spontaneous fission of "Pu and Pu is presented
in Fig. 4. Except in the symmetric fission region,
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where the comparison is unreliable owing to the
poor statistics and the large number of scattered
events in the case of Pu(sf), the (Ek )(mH) values
for Pu(sf) lie systematically above the curve for

Pu(sf) at an average distance of 2.7 MeV. To in-
vestigate whether this difference can be attributed to
shell effects in the fragments, the results of scission
point model calculations, as proposed by Wilkins
et al. , are also shown in Fig. 4. For the intrinsic
temperature, ~;„„ the collective temperature, T„~1,
and the distance d between the coaxial spheroids, the
values v.;„,=0.75 MeV, T„1~——1 MeV, and d=1.4
fm proposed by Wilkins et al. ' were adopted. These
calculations were performed by Moreau and Heyde.
The comparison of the experimentally determined
(Ek ) (mH ) behavior with the calculated curves
shows that the systematic difference in (Ek) be-
tween the spontaneous fission of Pu and Pu
cannot be attributed to fragment shell effects and is
difficult to explain in the framework of a scission
point model with a single choice of values for ~;„„
T„~~, and d. More compact scission shapes or/ and
a slightly higher prescission kinetic energy in the
case of Pu(sf) are possible explanations for the ob-
served difference. Experimental evidence that the
systematic difference between Pu(sf) and Pu(sf)
is not due to localized shell effects can also be found
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FIG. 5. Comparison of the total kinetic energy distri-
butions for the spontaneous fission of Pu and Pu for
different mass splits, grouped over 5 mass units. The
crosses represent the '~Pu data, the dots the 2 Pu data
The yields indicated in the figure are obtained by normali-

zation of the total kinetic energy distribution for the con-
sidered mass range to 100%%uo.

in Fig. 5, where the total kinetic energy distributions
of the fragments with masses in the intervals
131—135, 136—140, and 141—145 are compared.
These distributions were normalized to the same to-
tal yield. It is apparent from this figure that in the
mass ranges 136—140 and 141—145 an overa11 shift
of the whole kinetic energy distribution is present.
For the fragments with masses in the range
131—135, the region of the N=82 closed neutron
shell, this behavior is not observed, which could be



KINETIC ENERGY AND FRAGMENT MASS DISTRIBUTIONS. . . 1123

200 )

~ 0 4 ~

x
~ X

x xx

x x

A
x xx

X ~
x x

x x

X:170
g X',

E

~ 160
V'

X ~
X ~

x

x
x

X eo
x

X ~

I I

100 110
O

60 70 80 . 90

X
0

x

X

x

I I

120 130

p, (u)

I

NO

~ X

~ x

x

x
x
X

x
X

160 160 170 180

150—

140—

xxt
Ig i(

FIG. 7. Provisional mass distributions for the spon-

taneous (dots) and 20-MeV bremsstrahlung induced pho-

tofission (crosses) of ' Pu.

130
120 140130 150

m+8 (u )

FIG. 6. Comparison of the (Eq )(mH) curves for the
photofission of Pu (Ref. 2) and '~Pu with 20-MeV
bremsstrahlung. The ' Pu and ~ Pu data are represented

by dots and crosses, respectively.

160 170 180

C. Mass distributions

The important parameters of the mass distribu-
tions for the spontaneous and photon induced fis-
sion of Pu are also given in Table I. The average

owing to changes in the relative contributions of the
shell-stabilized configuration with small total defor-
mation and the secondary configuration with higher
total deformation close to the liquid drop value.

The comparison of the (Ek )(mH) curves for the
photofission of Pu and Pu with 20-MeV brems-
strahlung, given in Fig. 6, shows that for asym-
metric mass splits the differences between the fis-
sioning systems Pu and Pu are reduced signifi-
cantly compared to spontaneous fission. The aver-
age value for this difference in the heavy mass range
130—150 is 0.93 MeV. Taking into account the sys-
tematic uncertainty of 1 MeV on the kinetic energy
in comparing the Pu and Pu results (owing to
the uncertainties on the thickness of the used tar-
gets), the difference is negligible. According to our
measurements the kinetic energy release in the sym-
metric fission region is lower for the photofission of

Pu compared to Pu. However, as the contam-
ination of the data by scattered events, caused by the
use of an electrosprayed Pu target, is relatively
largest in regions with low counting rate, it is not
clear that the observed difference for symmetric fis-
sion really has a physical meaning.

masses of the light and heavy fragment peaks of the
overall provisional and preneutron mass distribu-
tions are denoted by (pL, ), (pH) and (mL ),
(ma ). The corresponding standard deviations are
indicated by o(pL ) and o.(pH ). As for the parame-
ters of the kinetic energy distributions, the uncer-
tainties on the average masses and standa. rd devia-
tions are the root-mean-square deviations for at least
five experimental runs. The values for the peak-to-
valley ratios of the provisional mass distributions
I'/V together with their statistical uncertainties are
also given in Table I, although the absolute values of
the asymmetric-to-symmetric fission yield ratios are
rather senseless, especially for spontaneous fission,
owing to the use of an electrosprayed target. Table I
shows that the average light and heavy fragment
masses are practically independent of the end-point
energy of the bremsstrahlung. However, for spon-
taneous fission a striking shift of 3 mass units of the
average light and heavy fragment masses towards
symmetry, compared to the photon induced fission
case, is present. As was also observed for the fis-
sioning systems Pu (Ref. 2) and Pu (Ref. 3), the
width of the mass distribution peaks is significantly
lower in the case of spontaneous fission than in pho-
ton and neutron induced fission.

The provisional mass distributions for the spon-
taneous fission and 20-MeV bremsstrahlung induced
photofission of Pu are presented in Fig. 7. This
comparison shows the broadening and shift towards
asymmetry of the mass distribution peaks, an in-
creased yield in the symmetric fission region, and a
strong decrease of the yield in the region around
mass 13S for photofission. In the framework of the
static scission point model, the latter effect can be
attributed to a diminution at higher intrinsic tem-
peratures of the importance of the shell-stabilized
configuration in the N=82 mass region. The de-
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creased peak yield is only partially responsible for
the increased width and general shift towards asym-
metry of the mass distribution peaks at higher exci-
tation energy. Calculations for different intrinsic
temperatures of the fissioning system Pu show
that the broadening and shift towards asymmetry of
the mass distribution peaks for increased excitation
energy of the compound system cannot be under-
stood in a simple static scission point model with a
single choice for the parameters T„tt and d.

In Fig. 8 the provisional mass distributions for
the spontaneous fission of Pu and Pu are com-
pared. As generally observed, an increase of the
compound nucleus neutron number results in a shift
of the light fragment peak, while the heavy frag-
ment peak remains essentially constant in position
due to the strong influence of the spherical 1V=82
and deformed N =88 neutron shells. From Fig. 8 it
is clear that the enhanced yield in the region around
mass 142 observed in the spontaneous fission of

Pu is not present for the fissioning system Pu.

Scission point model calculations also reveal a
shoulder in the mass distribution around mass 142
for the fissioning system Pu which disappears for

Pu. This is owing to the relatively strong de-
formed neutron shell at N =58 (minimum 8 in the
neutron shell correction-deformation surface, plot-
ted in Fig. 1 of Ref 1.) in the light fragments, com-
plementary in the case of the fissioning system Pu
to heavy fragments belonging to the strong de-
formed neutron shell at X=88.

The provisional mass distributions for the photo-
fission of Pu and Pu with 20-MeV bremsstrah-
lung are compared in Fig. 9. This figure shows also
that the increase of the neutron number of the fis-
sioning nucleus results mainly in a shift of the light
fragment peak. The difference between spontaneous
fission and photon induced fission is only 1 mass
unit for the fissioning system Pu (see Ref. 2,
Table I), while this difference is 3 mass units for the
fissioning system Pu. Scission point model calcu-
lations for different intrinsic temperatures do not
reveal this difference between the fissioning systems
40Pu and "'Pu.

IV. CONCLUSIONS

The performed energy correlation measurements
for the photon induced fission of Pu at different
bremsstrahlung end-point energies showed that
changes in the kinetic energy release with the com-
pound nucleus excitation energy are mainly due to a
diminution of the shell corrections in the mass re-
gion of the spherical N =82 neutron shell, and that
the fission degree of freedom is very weakly coupled
to quasiparticle excitations. The comparison of the
(Ek)(m*) behavior for the spontaneous and 20-
MeV bremsstrahlung induced fission also reveals
changes in the deformation of the fragments in the
N =82 mass region, but the observed increase of the
kinetic energy in photofission for strongly asym-
metric mass splits is difficult to attribute to changes
in the shell corrections at higher intrinsic tempera-
tures. The (EI*, )(mH) values for the spontaneous
fission of Pu lie about 3 MeV above the curve for
the spontaneous fission of Pu. This difference
would suggest more compact scission shapes or/and
a higher prescission kinetic energy in the case of

Pu. It cannot be explained in a scission point
model based on deformed-shell effects. Comparing
the photofission results for the two fissioning sys-
tems Pu and Pu, the systematic difference in
the (Ek )(mH ) values is reduced to 1 MeV.

Concerning the mass distribution in photofission
compared to spontaneous fission, a decreased peak
yield, a broadening of the mass distribution peaks,
and a shift over 3 mass units towards asymmetry are
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observed. This behavior can partially be explained
by a diminution of shell corrections in the N=82
mass region. For both the spontaneous and photon
induced fission of Pu and Pu, the heavy frag-
ment peak remains practically constant in position.
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