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Kinetic energy and fragment mass distributions for Pu(sLj, 'Pu(n, „gj, and ' Pu(y j'j
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Energy correlation measurements were performed for" Pu(s. f.j, "'Pu(n, „f), and the photofission of '"Pu with 12-,
15-, 20-, and 30-MeV bremsstrahlung. The photofission cross section for '"Pu was determined up to 30 MeV, which

permitted the calculation of the average excitation energy (E,„,) of the compound nucleus. The average total kinetic

energy (E„)of the fragments for '"Pu(s. f.j was found to be 1.2 ~0.5 MeV higher than for '"Pu(n, hp. A decrease of
(E„),with (E,„,), d(E, )ld(E,„,) = —0.37 +0.08, is observed in the photofission of" Pu. Fragment shell effects
are present in the kinetic energy and mass distributions for "Pu(s. f.j. Changes in the measured distributions with

increasing excitation energy of the compound nucleus "'Pu are discussed in the framework of the scission point
model of Wilkins et al.

PACS numbers: 25.85. —w, 24.75. + i

RADIOACTIVITY Fission Pu(s. f.).
NUCLEAR REACTIONS Fission Pu(nth, f), Pu(p, f), &ma, =12, 1.5, 20, 30

MeV; measured: photofission yields, fragment energies &&, E2, deduced:
&(v,f), &(u, &g)l (&„,(&,)).

I. INTRODUCTION

A study of the excitation energy dependence of
the total kinetic energy of the fragments for var-
ious mass splits yields information on the de-
crease of the influence of fragment shell effects
and the coupling of fission to the other degrees of
freedom. For the compound system '"Pu, data
on the kinetic energy release are available for
the spontaneous fission from the ground state"
and from the isomeric state at 2.4 MeV (Ref. 3)
and for fission induced in following reactions:
"'Pu(n, f) ' '"Pu(d, pf), ' '"Pu(&, &'f) "and
"'Pu('He, nf}.'

Combining the total fragment kinetic energy re-
sults for spontaneous fission" with those mea-
sured in the resonance around 4.65 MeV observed
in the '~'Pu(d, jf) reaction, Lachkar et a/. ' found

experimental evidence for the existence of a
superfluid mode below the fission barrier, as was
proposed by Swiatecki and Bje(rnholm. ' In this ex-
citation energy range, the excitation energy of the
fissioning nucleus would be converted almost en-
tirely into additional pre-scission kinetic energy
of the fragments for all mass splits. Above the
fission barrier the average fragment kinetic en-
ergy (E,) decreases with increasing excitation
energy E„,of the compound nucleus, the slope
d(E~)/dE„, depends strongly on the used reaction.
Generally, the observed decrease of (E,) is found
to be caused essentially by a decrease of the kin-
etic energies of the fragments for mass splits
with heavy fragments in the mass region 125-140,
due to the diminution of the influence of shell ef-
fects. Recently, from a study of the "'Pu('He, ef}
reaction, Back et al. ' concluded that at near bar-

rier energies the primary reaction mechanism
plays a decisive role and that the angular momen-
tum transfer is not the determining parameter.

Concerning the fission parameters for the photo-
fission of '"Pu, no information is available in
the literature. We performed energy correlation
measurements for the photofission of "'Pu with
12-, 15-, 20-, and 30-MeV bremsstrahlung. As
the photon absorption (in our experiments) is main-
ly E1, predominantly 1 states are excited in the
"Pu nucleus. So in this work the fission of the
compound system "'Pu from essentially 1 states
is studied for average excitation energies vary-
ing from 9.4 to 13.3 MeV. In order to be able to
determine these average excitation energies, a
yield curve was measured for '"Pu and the photo-
fission cross section was determined from it up
to 30 MeV, using the photon difference method
described in Ref. 8. In addition we measured
'"Pu(s. f.) and "'Pu(n, „,f). In "'Pu(s. f.) strong
shell effects are present in the measured distri-
butions. They decrease at higher excitation ener-
gies of the '"Pu compound system. 'The results
are explained in terms of the scission point mo-
del of Wilkins et al. ' In agreement with the con-
clusions of Nifenecker et al."the kinetic energy
data are consistent with a weak coupling of the
fission degree of freedom to quasiparticle excita-
tions and a strong coupling to other, probably
collective, modes.

II. EXPERIMENTAL PROCEDURE

The "'Pu target consisted of a 109 pg/cm' PuF,
layer on a 40 p, g/cm' polyimide backing with
10 pg/cm' gold. The isotopic composition of the
plutonium was 0.68% "'Pu, 98.47/0 "'Pu, 0.48%%ug
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"'Pu, and 0.3770 '"Pu. For this target the con-
tamination of the spontaneous fission data of '"Pu
with '"Pu (s.f.) data was 0.7%. The "'Pu target,
used for the calibration, consisted of a 116 pg/
cm' PuF, layer on an identical backing as the
"'Pu target; it was enriched up to 99.96% "'Pu.
The uncertainties on the thickness of the targets
were of the order of 2%. The diameter of the
active layer was 25 mm in both cases. The tar-
gets were prepared by the evaporation technique
in the Central Bureau for Nuclear Measurements,
Euratom, Geel.

'The bremsstrahlung beam, produced in a 0.1
mm thick gold foil by an analyzed electron beam
of the linac, was cleared of electrons by a clean-
ing magnet and collimated. The beam diameter
at the target position way 15 mm. For the cross
section measurements the photon beam intensity
was measured with a replica of the NBS-P2 quan-
tameter" placed behing the fission chamber.

In the energy correlation measurements two
Ortec F-series heavy ion detectors (CF-090-600-
60) were mounted symmetrically on both sides of
the fission target at an angle of 90' and at a dis-
tance of 7 cm from the beam axis. In this geo-
metry 50 spontaneous fission events per day were
observed. After amplification and shaping, the
pulse heights of coincident (r = 2 ps) events were
recorded by pairs in a 4096 x 4096 channels con-
figuration using a PDP11 system with a Digital
Equipment Corporation CA11C CAMAC interface
and Northern Scientific NS 623 analog-to-digital
converters. During the photofission runs a time
gate of 5 p,s, embracing the linac pulse, was set
and an on-line correction of the fission fragment
pulses for pileup during the linac pulses (y flash)
was performed as described in a previous paper. "
By adjusting the electron current of the linac the
y flash was limited to 1k of the pulse height of the
fission fragments. The spontaneous fission of '"Pu
was measured with the linac shut down.

Each experimental run at a given bremsstrahlung
end-point energy or a spontaneous fission mea-
surement was accompanied by a calibration run
with 20-MeV bremsstrahlung. The stability of
the measuring system was followed continuously
with a precision pulser. At the end of the spon-
taneous fission and photofission measurements
the '"Pu photofission runs with 20-MeV bremss-
trahlung were calibrated with "'Pu(n, „,f) using
the Schmitt et al."calibration procedure and
the parameters of Neiler et al." 'These calibra-
tions were performed with a well-thermalized and
collimated neutron beam of the reactor BR1 of
the SCK/CEN Mol, Belgium. The same experi-
mental setup and geometry as for the "'Pu photo-
fission measurements was used, while the stabil-

ity of the system was checked with a precision
pulser and a '"Cf(s.f.) source. Off line, the data
were sorted in two-dimensional provisional mass
g and total kinetic energy E, arrays, N(p, E,), of
120 x 120 channels.

For the determination of the photofission cross
section of '"Pu, a yield curve was measured with
four heavy ion detectors mounted in a plane in
front of the target. 'The yield curve, deduced
from the pulse height spectra obtained in the four
detectors, was measured for bremsstrahlung
end-point energies between 10 and 32 MeV. The
measuring bin width was 500 keV for bremsstrah-
lung end-point energies between 10 and 20 MeV
and 1 MeV for bremsstrahlung end-point energies
between 20 and 32 MeV. For the behavior of the
yield curve from the threshold up to 7.5 MeV the
cross section data of Rabotnov et al."were used.
In the remaining energy region, from 8 up to 9.5
MeV, an interpolation between the data of Rabot-
nov et al." and our data was performed. For the
derivation of the cross section, the method of
Crawford et al. ,

' containing a decorrelation of
errors of photon difference data, was used. 'The

analysis bin width was 2 MeV. To obtain the ab-
solute values of the cross section, normalization
relative to the photofission of "'U with 12- and
18-MeV end-point bremsstrahlung was performed
using the cross section data of Caldwell et al."
For this purpose the "Pu target was replaced by
a "'U target with the same dimensions.

III. RESULTS AND DISCUSSION

A. Photofission cross section and average excitation
energies

'The cross section for the photofission of "'pu
up to 30 MeV obtained from our experiments is
presented in Fig. 1. Up to 7.5 MeV the cross sec-
tion was adopted from Rabotnov et al. ,"as already
mentioned. The error bars in the figure include
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FIG. 1. Photofission cross section of 4 Pu, including
second and multiple chance fission.
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only the statistical uncertainties on the measured
yields. For an estimation of the absolute uncer-
tainties on the cross section values a systematic
contribution of 10%%up, due to the uncertainties on
the target thicknesses and the reproducibility of
the target detectors and beam geometry, has to
be included.

The photofission cross section shows the typical
giant resonance structure as generally observed
for actinide nuclei. It has a maximum value of
340 mb at 14.5 MeV and a full width at half maxi-
mum of 7.3 MeV. The integrated cross section up
to 20 MeV is 2.6+0.1 MeVb. Above 20 MeV, up
to 30 MeV, the obtained cross section is low and
almost constant (30 mb). Such a behavior was also
found by Katz et al."for the cross section for
asymmetric fission in the photofission of "'U.

For fission induced by 12 MeV bremsstrahlung
a value of 0.68+ 0.06 was found for the "'U to
"'Pu fission yield. The study of the photoneutron
and photofission cross sections for "U,
"'U, and "'Th of Caldwell et al."shows that the
total photon-absorption cross sections are roughly
the same and that the neutron-to-fission branching
ratio I'„/I'z remains almost constant above 9 MeV.
Based on these observations and adopting I'„/I'z
= 1.4 for "'U (see Ref. 16), the value I'„/I'~= 0.63
+ 0.15 is deduced for '"Pu from our measured
"'U to "OPu photofission yield ratio. The I'„/1&
values determined by Caldwell et al."show an
exponential decrease with the fissility parameter
Z'/A. Extrapolation of this behavior to the plut-
onium region yields I"„/I'& ——0.25 for '"Pu. The
value of 0.63 obtained from our results is higher
than this expected ratio. However, the I'„/I'z
values in this Z'/A region, determined in other
experiments, are also, in agreement with our re-
sult, higher than expected from the dependence
deduced by Caldwell et al. (see Ref. 16). Our re-
sult also agrees very well with the exponential
dependence of I'„/I'~ versus mass number, deduced
by Vandenbosch and Huizenga. " Following these
authors one would expect I'„/I'&= 0.60 for "'Pu.

Starting from the deduced cross section, the
average excitation energy of the compound nucleus
"'Pu, (E,„,(E,}},corresponding to the different
end-point energies of the bremsstrahlung, was
calculated in the same way as in a previous pa-
per. " Average excitation energy values of 9.4,
11.1, 12.6, and 13.3 MeV, respectively, were ob-
tained for bremsstrahlung end-point energies of
12, 15, 20, and 30 MeV.

Because the separate cross sections o(y,f) and

o(y, nf) are not determined for "OPu, the contribu-
tion of second chance fission in our "'Pu experi-
ments cannot be calculated. From the measured
photofission cross section of '"Pu and adopting,

for the photofission of '"Pu, the first chance to
total photofission cross section ratio of ' U, de-
termined by Caldwell et al. ,

"the second chance
fission contribution in our experiments with 12-,
15-, and 20-MeV bremsstrahlung would be 0%%uo,

6%%, and 20%, respectively. In view of the depen-
dence of 1 „/I'& on Z'/A, the second chance fission
contributions in our photofission experiments on
'"Pu are less than these estimated values.

B. Kinetic energy

I 1 1 'I I I I I I I I

Pu (s.f.)

x
x

x x xx
x

X
x x

~ ~
x x ~I

x ~ ~ X

xx
~ ~

x

X+

x ~

~ ~ xx
~ ~

~0
X
x

~ X

e
1-

cA
I
X
UJ

Uj 0
)
U
O

UJ~ I-
X
Dx

~ x
&x g g, ga

x~
xx x

xx x"

Pu(n+, f )

XX ~ ~
~s ~ ~ ~

X ~

~I

x
X

X

x
x

X

x

x
x

x
x

x
x

X
X

0 1 I I

110 120 130 1I0 150 160 170 180 80 200 210 220 230

Ek(Nevi

FIG. 2. Overall total kinetic energy distributions for
Pu&s. f.) and 3 pu(«„, f) represented by crosses. The

total kinetic energy distributions for fragments with
heavy mass inside and outside the mass interval 130—135
are indicated by triangles and dots, respectively.

In Fig. 2 the obtained overall total kinetic energy
distributions for 2'0Pu(s. f.) and "'Pu(n, „,f}are
compared. In the case of "'Pu(s. f.) the distribution
is asymmetric and shows a significant deviation
from a Gaussian shape. This deviation was al-
ready observed by Toraskar and Melkonian' and
Deruytter and Wegener-Penning, ' but a possible
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explanation for this effect was not indicated by
these authors. In the work of Toraskar and Mel-
konian the possibility that this structure was
caused by a "'Cf(s.f.) contamination was excluded.

A decomposition of the overall total kinetic en-
ergy distribution shows that the total kinetic en-
ergy distribution for the mass splits in the heavy
mass region 130-135 is asymmetric and is strong-
ly different for 240Pu(s. f.} ((E~)», », = 184.16 MeV,
dissymmetry coefficient p, ,/o'= -0.69) and for
'39Pu(n, „,f) ((E~)»0», = 181.90 MeV, p, /o'= -0.41),
while the total kinetic energy distribution for the
other mass splits (m„& 130 and m„& 135), having
a nearly Gaussian shape, remains practically un-
changed in the two cases. This decomposition
shows that for '"Pu(s.f.) the observed important
deviation of the overall total kinetic energy distri-
bution from the Gaussian shape is predominantly
due to the strongly dissymmetric total kinetic en-
ergy distribution for mass splits with heavy mass
in the region 130-135. The observed dissymmetry
can be understood in the scission point model of
Wilkins et al.' by the preferential formation of a
shell-stabilized configuration with small deforma-
tion (P, + P, 0.95-} for mass splits with the heavy
fragments in the region around the N= 82 closed
neutron shell, compared to a second stabilized
scission configuration in the same mass region,
having a larger deformation (P, + P, - 1.4), which
is favored by a liquid drop behavior. The disap-
pearance of the shoulder in the overall kinetic en-
ergy distribution in ~39Pu(n, „,f) can be explained
by a decrease of the shell corrections at higher
intrinsic temperatures.

Some important quantities of the overall kinetic

energy and mass distributions are summarized in
'Table I. 'The average value of the measured post-
and pre-neutron total kinetic energy of the frag-
ments and its standard deviation are indicated by
(E~), (E,*), and crE, . The number of measured
fission events is indicated by NEV. In addition
the average mass of the light and heavy fragment
peaks of the overall provisional and pre-neutron
mass distributions are given in this table. They
are denoted by (p~), (p„) and Q~), (ms'); the cor-
responding standard deviations are denoted by
o(pl, ) and o(p„). The uncertainties on the values
given in the table are the root-mean-square de-
viations for at least seven experimental runs. The
values for the peak-to-valley ratios of the provi-
sional mass distributions P/V together with their
statistical uncertainties are also given in Table I.
For the calculation of the average total pre-neu-
tron kinetic energies (E,*) from the corresponding
(E,) values we used the measured values 2.15
a 0.06 (Ref. 20) and 2.892+ 0.027 (Ref. 18) of the
average number of emitted neutrons, (pr), for

Pu(s. f.} and 2'9Pu(n, „,f), respectively. In photo-
fission of '"Pu, however, no information on the
dependence of the neutron emission on the excita-
tion energy is available. For the neutron emission
correction of the photofission (E~) values, the li-
near dependence of (vr) on the excitation energy,
with a slope 0.134 n/MeV, found in fast neutron
induced fission, "was adopted. In comparing the
kinetic energy results for the photofission and the
spontaneous fission of '"Pu with "'Pu(n, „,f) an
additional systematic error of 200 keV, due to the
uncertainties in the thickness of the targets has
to be added to the errors given in the table.

TABLE I. Parameters of the overall kinetic energy and mass distributions for Pu(s. f.), 3 Pu(n, h,f), and the
photofission of +OPu.

NEV

(E~) (MeV)

(E,*) (MeV)

oz (MeV)

(&L) (u)

(~H) ( )

o'& =o& (u)
L H

(m ) (u)

(mH) (u)

s/v

"'Pu(s. f)

7262

177.25 + 0.30

178.85 + 0.30

11.99 + 0.20

101.53 + 0.20

138.47 + 0.20

5.70 + 0.12

101.26 + 0.20

138.74 + 0.20

400 + 180

239PU(n, f)

101x10
175.57

177.69

11.84

100.68

139.32

100.33

139.67

100 +9

Ee 12 MeV

12x10

Pu(y f)
e 5 MeV e 20 MeV

51 x10' 355 x 103

Ee =30 MeV

113x 103

173.99 + 0.24 173.25 + 0.24 172.46 + 0.20 172.22 + 0.31

176.39 + 0.24 175.80 + 0.24 175.15 + 0.20 174.98 + 0.31

11.86 + 0.14 11.94 + 0.15 12.22 + 0.12 12.37 + 0.10

7.16 + 0.10 7.36 + 0.08 7.64 + 0.06 7.82 + 0.08

100.12 + 0.14 100.08 + 0.09 100.16 + 0.08 100.29 + 0.14

139.88 + 0.14 139.92 + 0.09 139.84 + 0.08 139.71 + 0.14

27 +3 20.6 + 1.3 13.1 + 0.4 9.3 + 0.3

100.50 + 0.14 100.48 + 0.09 100.57 + 0.08 100.72 + 0.14

139.50 + 0.14 139.52 + 0.09 139.43 + 0.08 139.28 + 0.14

E~c (MeV) 6.5 9.4 12.6 13.3
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The (E,*) value for "'Pu(s.f.) is 1.2 + 0.5 MeV
higher than for 23'Pu(n, „,f}. The difference was
already determined by 'Toraskar and Melkonian, '
by Deruytter and Wegener-Penning, ' and recently
by Wagemans et al." Toraskar and Melkonian
reported 3.7+3.0 MeV for the difference in (E,*)
between "'Pu(s.f.) and 23'Pu(n, „,f). Because they
used different calibration targets during their ex-
periments and because the (E;) value for "'Pu
(n,„,f) from their measurements, 175.2 MeV, is
about 2.5 MeV too low, these (E,*) values are not
reliable. Using a target with a mixed composition
of "'Pu and ' Pu, Deruytter and Wegener-Penn-
ing' found for '4'Pu(s. f.) an (E,*) value 1.1 a 0.2
MeV lower than for "QPu(n, „,f}. The discrepancy
between this and our result is difficult to explain.
Possible reasons are perhaps the instability of the
measuring system during the experiments of Der-
uytter and Wegener-Penning, leading to the use of
time dependent calibration constants, or inhomo-
geneties in the electrosprayed target, yielding a
bad resolution.

Also for the fissioning system '4'Pu, (E~*) was
found to be higher in spontaneous fission than in
thermal neutron induced fission. Dyatchenko et
al."reported a value of 2.6+0.3 MeV for the dif-
ference in (E~*). By comparing the measured (vr)
value of 2.16+ 0.06 (Ref. 20) for '"Pu(s.f.) with an
extrapolation to zero excitation energy of (E~*)
and (vr) for the compound nucleus '"Pu, and using
the dependence of (E,*) and (I r) on the excitation
energy deduced in fast neutron fission, '" an ex-
pectation value for the kinetic energy in the spon-
taneous fission can be obtained, based on energy
balance considerations. Following Patin et al."
the extrapolated values for (E~*) and (vr) at zero
excitation energy are 180.3 MeV and 1.98. Be-
cause the average & energy released per fission
event is the same in "'Pu(s. f.) as in "'Pu(n, „,f)
(Ref. 25) and adopting from Nifenecker et al."
that the energy needed to emit an additional neu-
tron is about 8.6 MeV, the obtained expectation
value for (E,*) in "'Pu(s.f.) is 178.8 MeV. Finally,
after correction for the important differences in
the mass distribution (see Sec. IIIC}, by adopting
the (Q) (m*) values from Ref. 14 for the compound
system "'Pu and by using the mass distributions
determined in this work, the expectation value
for (E~~) in the spontaneous fission of '"Pu is
179.4 MeV, in good agreement with our experi-
mentally determined value.

In Fig. 3 the (E~*) values deduced from the
23'Pu(d, pf} reaction data by Lachkar et al. ' and
from the "9Pu(n,f}reaction data by Akimov et al.'
are compared with the (E,*) values of Weber et al.'
for isomeric fission and with the data obtained in
this work. The (E~*) value, 179.5~", MeV, in the
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spontaneous fission from the isomeric state at
2.4 MeV lies very close to the spontaneous fission
value from the ground state determined in this
work. By combining the spontaneous fission data
of Deruytter et al. ' and the isomeric fission data
of Weber et al. ' with the kinetic energy value in
the "resonance" around 4.65 MeV, observed in
their 239Pu(d, Pf} reaction work, Lachkar et al. '
concluded that in the fissioning system '"Pu below
the barrier the additional excitation energy is
transformed totally into kinetic energy of the frag-
ments, resulting in d(E~)/dE, „,=+1. This would
indicate that the fission degree of freedom is very
weakly coupled to other (collective or intrinsic)
degrees of freedom in this excitation energy region
(superfluid mode). Using our value for (E~~) in
'4'Pu(s. f.), the slope d(E~~)/dE„„obtained by a
least squares fit, is reduced to a value of +0.47
*0.18. Thus, for the fissioning system "'Pu be-
low the fission barrier, the superfluid fission
mode as proposed by Lachkar et al. ' does not
exist. 'This is in agreement with the results ob-
tained in other fissioning systems, where a strong
coupling of the fission degree of freedom to other
degrees of freedom (especially collective) is ob-
served. "

The full line in Fig. 3, having a slope d(E~*)/
d(E,„,(E,})= -0.37 + 0.08, represents a linear fit
to our photofission data, using a weighted least
squares procedure. For the excitation energy of
the compound nucleus the average excitation en-
ergy (E„,(E,}), calculated in Sec. IIIA, was
adopted. 'The fit to the results of Akomov et al. ,

'
obtained by fast neutron induced fission of "'Pu
in the excitation energy region 6.6-10 MeV, is
indicated in Fig. 3 by the dashed line. 'The value
d(E~*)/dE„, = -0.35 + 0.05 is, within the uncer-
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FIG. 3. (E&*) values as a function of the excitation en-
ergy of the compound nucleus Pu. The values obtained
by the Pu(d, pf ) reaction (Ref. 5) and by the Pu(n, f )

reaction (Ref. 4) are given in the figure together with
our results and the value for the spontaneous fission
from the isomeric state (Ref. 3). They are represented
by open circles, a dashed line, crosses, and a triangle,
respectively.
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tainties, the same as obtained in our photofission
experiments at higher excitation energies. Also
in the "'Pu(d, Pj) reaction, Lachkar et al.27 found
for the slope d(E~*)/dE„„ in the excitation energy
range 4.5-9.5 MeV, values which are in very good
agreement with our photofission results. Not only
the variation of the kinetic energy with excitation
energy, but also the absolute value of the average
total fragment kinetic energy for the photofission
of '"Pu with 12-MeV bremsstrahlung (correspond-
ing to an average excitation energy of 9.4 MeV)
agrees with the data from the "'Pu(n, j) and
"'Pu(d, pj) reactions, taking into account the
mentioned additional 200 keV contribution in the
uncertainty on the (E,*) values. This similar be-
havior of (E~) in photofission and neutron induced
fission supports the adoption of the excitation en-
ergy dependence of (vr) from "'Pu(n, j) in our
photofission studies for the determination of the
pre-neutron kinetic energies from the measured
ones.

In the '~opu(n, u'j) reaction, however, as re-
ported by Back et al. ,

' Wolf et al."observed a
stronger decrease of (E~~) with increasing E,„,
They found d(E;)/dE„, = -1.1+0.1. Back et al. '
found for the '4'pu('He, nj) reaction a change of
this slope around 9 MeV: below 9 MeV, d(E~)/
dE,„,= -0.05+0.10; in the energy region 9-13
MeV, d(E,*)/dE„,= -0.65+0.04. In the "'Pu(r, j},
"9pu(n, j), and "'Pu(d, pj) reactions, yielding
about the same value for d(E,*)/dE„„ the angular
momentum transfer to the compound system is
small [I-IK in El absorption, 1- I-2g in neutron
capture, and 1-2-II in the (d, pf} reaction]. In
the '4'Pu(n, o. 'j) and '"Pu('He, uj) reactions higher
spin states (6-75) are populated. This would lead
to the conclusion that the slope d(E~)/dE„, de-
pends on the angular momentum transfer in the re-
action. However, from the results of the study
of the "'Pu(n, ct'j) and "'Pu('He, ctj) reactions
Back et al. ' concluded that not the angular mo-
mentum transfer, but the reaction mechanism is
the decisive parameter, determining the depen-
dence of the kinetic energy of the fragments on
the excitation energy of the compound system.

For the interpretation of the changes in the av-
erage kinetic energy with the excitation energy,
observed in our experiments, the dependence of
the kinetic energy on the fragment mass and the
excitation energy of the compound nucleus was
studied. In Fig. 4 a comparison is made between
the variation of the average pre-neutron kinetic
energy with the heavy fragment mass for the spon-
taneous fission of "Pu, the thermal neutron in-
duced fission of "'Pu, and the photofission of
'"Pu with 20-MeV bremsstrahlung, corresponding
to an average excitation energy of 12.6 MeV. For
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FIG. 4. Average pre-neutron kinetic energy (E& ) (m*)
as a function of the heavy fragment mass for Pu(s. f.),

Pu(n th, f), and Pu photofission with 20-MeV brems-
strahlung. The Pu(s. f.) results are represented by
crosses, the Pu(n th, f) results by dots and the photo-
fission result by triangles.
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the calculation of these functions from the N(p, E~}
arrays, the neutron emission curve v(m*) of
Milton and Fraser" for 23'Pu(n, „,j) was used,
multiplied with an appropriate ratio to obtain the
correct average number of emitted neutrons.
This procedure was necessary due to the lack of
experimental information on the spontaneous fis-
sion and photofission of '"Pu. The variation of the
average measured kinetic energy as a function of
the heavy provisional mass shows the same be-
havior as presented in Fig. 4. Except in the cases
where the error bars are given in the figure, the
uncertainties have the sizes of the points.

The differences between '"Pu(s.f.) and 2s'Pu(n, „,j)
are negligible except in the mass region 132-136,
where the kinetic energy is higher for the spon-
taneous fission, and above heavy mass 146,
where the kinetic energy is increased for' 39Pu(n, hj) The .decrease in "~pu(n, h,j) in the
mass region around the closed W = 82 neutron
shell can be explained in the scission point model
of Wilkins et al. by a diminution of the shell cor-
rections at higher intrinsic temperatures, leading
to scission configurations with larger deforma-
tions, as mentioned in the beginning of this sec-
tion. In the comparative studies of Unik et al.'
of the fissioning systems "'Cm(s. f.}, '"Cm(n, „,j),
"'Cf(s.f.), a.nd 24'Cf(n„, j) it also appears that
the kinetic energy remains practically constant in
the mass region 140-145, while at higher fragment
mass the kinetic energy is higher in neutron in-
duced fission. However, below heavy mass 140 the
total fragment kinetic energy is also higher for the
thermal neutron induced fission of "Cf than for
"'Cf(s.f.). For the fissioning system "'Cm the
kinetic energy is only slightly higher in the ther-
mal neutron induced fission in this mass region,
so that "'Cm takes an intermediary place between
'"Pu and "'Cf. Although the intrinsic tempera-
ture depends on the compound nucleus and shell
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FIG. 5. Variation of (E~ }(m*)with (E, ,(E~)} for the
photofission of Pu.

corrections increase at low intrinsic tempera-
tures, ' the observed behavior in the three cases
is difficult to explain.

The differences between the behavior of (E,*)
(m *) for "'Pu(n«, f) and the photofission of "'Pu
with 20 MeV bremsstrahlung in the mass region
above the heavy mass 140 are completely negli-
gible, as can be seen in Fig. 4. In the symmetric
mass region the kinetic energy is slightly higher
for photofission (a tendency also present in the
provisional mass distributions). In the mass re-
gion around mass 130 a strong decrease of the
kinetic energy in photofission compared to "'Pu
(n,h,f) and '"Pu(s. f.) is observed, that accounts
almost totally for the decrease of the average
total fragment kinetic energy.

A study of the variation of (E««) (m*) with the
average excitation energy in the photofission of
"'Pu shows completely the same behavior as can
be seen in Fig. 5, where the coefficientd(E, *)(m*)/
d(E„,(E,)), obtained from our photofission re
suits, is given. For strongly asymmetric mass
splits, the region where shell effects are of min-
or importance, this coefficient practically van-
ishes, indicating that the fission degree of free-
dom is very weakly coupled to quasiparticle exci-
tations. In the symmetric fission region the co-
efficient is slightly positive, although no definite
conclusions can be drawn in view of the large ex-
perimenta. l uncertainties. In the transitional re-

gion from symmetric-to-asymmetric fission the
slope d(E~«) (m «)/d(E„, (E,)) shows a strong dip
with a minimum value of -1.0 around mass 129-
130. The dependence of (E,) (p) on the excitation
energy has completely the same behavior as
(E~«)(m*), given in Fig. 5, indicating that the
choice of the neutron emission curve does not
seriously influence our results. 'The behavior of
d(E,*)(m '}/d(E„,(E,}), deduced in this work for
the photofission of '"Pu is in very good agreement
with the results obtained from fission induced by
other reactions (see, e.g. , Ref. 30}. The variation
of (E~«) (m*) and (E~*) with E„,(E,), observed in
the photofission of '"Pu, can be explained by the
model of Wilkins et al.' The changes in the kinetic
energy can be attributed to the decrease, at higher
intrinsic temperatures, of shell corrections,
which are especially prominent in the mass region
around mass 130. Around mass 130 a secondary
configuration with larger deformation, competing
with the shell-stabilized configuration, becomes
of more importance at higher intrinsic tempera-
tures.

The mass dependence of the width of the kinetic
energy distribution os (p) for the studied fission-
ing systems is presented in Fig. 6. For '"Pu(s f ), . .
"'Pu(n, „,f), and the photofission of "'Pu with
12-MeV bremsstrahlung the oe (p) values were
averaged over three masses in the symmetric
mass region, because of the poor statistics. The
dashed line in the figure for "'Pu(s.f.) represents
the os,(p) behavior for '«OPu(n, h,f), to compare
the two fissioning systems. 'The differences are
within the error bars although there is a tendency
for an increase of the width for strongly asym-
metric mass splits in the case of "9Pu(n, „,f).

To ease the comparison between the curves for
"'Pu(n, „,f) and for the photofission of '"Pu with
bremsstrahlung with different end-point energies,
the smooth curve drawn through the data points
for 20-MeV bremsstrahlung is reproduced in the
other cases, but shifted over a constant amount:
-0.6 MeV in the case of '3«Pu(n, h,f) and

Pu2«(y»„, f),v-0.4 MeV for "'Pu(y»„,v,f), and
+0.2 MeV for '"Pu(y„„,v,f). Figure 6 shows
that, except for the mass independent shift, the
mass dependence of gz (p, ) is the same for each
bremsstrahlung end-point energy. The maxima
of os (g) in photofission are reached in the mass
region 126-127. The differences of 23'Pu(n)h, f)
with photofission are also small for mass splits
with the heavy fragment in the mass region above
mass 135. From the work of Asghar eI; al. ,

"who
performed a detailed study of "'Pu(n, „,f) with suf-
ficient statistics (3.6 x 10' counts), follows that
os (p, ) reaches a sharp maximum of 12.4 MeV
for mass 123. 'The maximum present at mass
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increase of the width of the E~(p) distribution for
the photofission of "'Pu compared to "'Pu(n, h,f)
in the mass region around mass 130 can be under-
stood in the same way as the dip in the d(E~") (m*)/
d(E, ) behavior. Due to the diminution of shell
effects at higher excitation energies the distribu-
tion of the distances between the charge centers is
broadened by the enhanced production of a secon-
dary scission configuration with a total deformation
P, + P,-1.40, competing with the shell stabilized
configuration with a total deformation P, + P,- 0.95.
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FIG. 6. Variance cd@I,(p) of the total, kinetic energy dis-

tributions, as a function of the provisional fragment
mass for +Pu(s.f.), Pu(n &h,f), and the photofission of

Pu. The end-point energy of the bremsstrahlung is
indicated by E~.

123 for low excitation energy of the compound
system, originates in the framework of the model
of Wilkins et al.' from a competition between com-
parable shell corrections for neutron numbers
around N = 75, resulting in different possible
stable scission configurations with different de-
formations and thus resulting in a broad distribu-
tion of the distances between the charge centers
of the fragments at the moment of scission. The

The parameters of the mass distributions for
'"Pu(s.f.), "'Pu(n, h,f), and the photofission of
"Pu with 12-, 15-, 20-, and 30-MeV bremsstrah-
lung are given in 'Table I. As generally observed,
a decrease of P/V with increasing excitation en-
ergy of the compound nucleus is found. The P/V
ratio, 150, obtained in radiochemical measure-
ments for "'Pu(n, h,f) (see Ref. 18) is significantly
higher than the value that we deduced for the pro-
visional mass distributions. This is due to the
mass resolution inherent in the method, the neu-
tron emission, and the geometry in our experi-
mental setup. The P/V values 100+35 and 27+4
obtained by Wagemans et al 22 for ".'Pu(s. f.}and
"'Pu(n, h,f), respectively, indicate a much poorer
(mass) resolution in their experiments, compared
to ours. For the photon induced fission of "'Pu,
a comparison with other authors is not possible,
as no information on this subject is available.

The parameters (p~) and (pH) have almost the
same value in photofission of '"Pu as in "'Pu
(n,h,f), and remain practically constant for differ-
ent end-point energies of the bremsstrahlung.
Only a slight shift towards symmetry at higher
excitation energies, due to the increase of the
symmetric fission yield, is observed. On the con-
trary, the values for '"Pu(s.f.} are shifted about
one mass unit towards symmetry compared to
"'Pu(n, h,f}. The average preneutron mass of the
light and heavy fragment peaks, Q~) and Qz~),
calculated as mentioned in Sec. GIB, show com-
pletely the same behavior as the average provi-
sional masses (p~) and (p„}. The (m~*) and (mg)
values for '9Pu(n~„, f}are in perfect agreement
with the results of Neiler et a/. ,"who obtained
the values 100.34 and 139.66 u, respectively. Our
results for the spontaneous fission of Pu agree
also within the uncertainties with the values Qz )
=101.55+0.14 u and Qz)=138.45+0.14 u deter-
mined by Deruytter and Wegener-Penning. ' These
authors also observed the shift of the average
light and heavy fragment mass towards symmetry
for '~Pu(s. f.) compared to "'Pu(n, h,f). This is
in disagreement with the results of Wagemans et
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af.~~ who found no difference between the Q~)
and (m„*) values for "'Pu(n, „,f}and "'Pu(s. f.).
In the ~'9Pu(d, pf} reaction the average light and
heavy fragment mass was also found to be constant
above the resonance at 4.65 MeV (Q~)= 100.3 u
and (mg)=139.7 u; see Ref. 5). As can be seen
from 'Table I, the width of the mass peaks a„
= 0„ increases with the excitation energy of the
fissioning nucleus.

The provisional mass distributions for '"Pu
(s.f.), '"Pu(n, „,f), and the photofission of '4'Pu

with 20-MeV bremsstrahlung are presented in
Fig. 7. In the mass distribution for '4'Pu(s. f.)
a prominent shoulder around mass 142 and com-
plementary mass is present. 'The mass distribu-
tion has also a very high peak yield (more than
7%) around mass 134. These structures were also
observed in the work of Toraskar and Melkonian. '
They have practically disappeared in '9Pu(n, „,f)
and already completely in the photofission of
'"Pu with 12-MeV bremsstrahlung. The largest
differences between the mass distributions of

"'Pu(s.f.) and "'Pu(n, „,f) appear in the mass re-
gion 133-134, where the mass distribution is
strongly influenced by the spherical N = 82 neutron
shell. As could be seen on Fig. 2, the difference
in the kinetic energy distribution of the fragments
in the mass region 130-135 between "'Pu(s.f.)
and "'Pu(n, „,f) is only caused by fission events
with high kinetic energy. So the high yield around
mass 134 can be attributed to an enhanced produc-
tion of the shell-stabilized scission configuration
with low deformation in the mass region around
the N= 82 shell in "'Pu(s.f.), compared to "'Pu
(n,„,f). The shoulder in the mass distribution
around mass 142 can be attributed to the strong
shell correction for the deformed N= 88 neutron
shell. 'The disappearance of these shell effects in
the mass distribution for "'Pu(n, „,f}can easily be
understood, in the model of Wilkins et al. ,

' by a
slight increase of the intrinsic temperature in
this case. These authors showed that for the fis-
sioning system "'U the structure in the mass dis-
tribution decreases rapidly, increasing the in-
trinsic temperature from 0.75 to 0.85 MeV. 'The

observed shift towards asymmetry of the average
light and heavy fragment mass in "'Pu(n, „,f)
compared to '"Pu(s. f.) is, at least for a large
part, due to the decrease of the strong influence
of the N=82 neutron shell.

IV. CONCLUSIONS

p I -~' I I ' I ~ I

5-
~4
O
U 3
UJ

~0
~ 4 ~

~0

~ ~ +

239
Pu (n, h,f)

p Jw I I I ~~L

~~i~ ~
0

~ ~

240
2OV V'

~ ~

0

0 I I I I

70 80 90 100 110 120 130

glu)

I I

QO 150 160 170

FIG. 7. Provisional mass distribution for Pu(s. f.),
Pu(n th, f) and the photofission of Pu with 20-MeV

bremsstrahlung.

From our experiments we determined that the
(E„*)value in '"Pu(s. f.) is 1.2+ 0.5 MeV higher
than for "'Pu(n, „,f) In view .of this result, the
hypothesis of a superfluid fission mode below the
fission barrier in the fissioning system "'Pu, as
proposed by Lachkar et al. ,

' is questionable.
From the excitation energy dependence of {E~*)

in the photofission of '"Pu, a slope d(E;)/
d(E„,(E,))= -0.37+ 0.08 is deduced. This value
is in very good agreement with the values of d(E;)1
dE,„„reported in the literature for the compound
system "'Pu, produced in other reactions with
small angular momentum transfer. The depen-
dence of E~"(m *) on the excitation energy of the
compound system shows that the observed changes
in the kinetic energy release in photofission are
due to the diminution of shell corrections at
higher intrinsic temperatures, in agreement with
the scission point model of Wilkins et al.' The
behavior of (E~*)(ng ~) in our experiments shows
also that, as generally observed, the fission de-
gree of freedom is very weakly coupled to quasi-
particle excitations.

Structures in the overall kinetic energy and pro-
visional mass distributions, which can be attri-
buted to the strong influence of the spherical
N= 82 neutron shell and the deformed N= 88 neu-
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tron shell are present for "OPu(s.f.). These struc-
tures have already practically disappeared in
23'Pu(n, h,f), which is explained in the framework
of the model of Wilkins et al.' by the increase of
the intrinsic temperature.
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