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The energy and mass distributions and their correlations have been studied for the spontaneous

fission of Pu and the thermal neutron induced fission of 9Pu. A comparison of the Pu(sf) and

the Pu(n, h,f) results shows a narrower mass distribution, a much higher peak yield, a much lower

symmetric fission yield, and a more pronounced fine structure for the spontaneous fission than for
the neutron induced fission. The average total kinetic energy is 1.3 MeV higher for Pu(sf) than

for 239Pu{n,h,f), and also the energy-mass correlations behave differently in both cases. All these re-

sults are discussed and interpreted in the framework of the scission point model of Wilkins et al.
Finally, the damping of the Pu fission mode below the barrier is demonstrated.

INTRODUCTION

The characteristics of the mass and energy distributions
of the fission fragments emitted during the spontaneous
fission of Pu are a controversial problem in the fission
physics field. Indeed, since 1958 several comparative
measurements of the Pu(n, h,f) and the Pu(sf) reac-
tions have been performed yielding quite discrepant re-
sults' for both the energy and the mass characteristics.
The most striking observation was that three of these ex-
periments yielded a higher total fission fragment kinetic
energy for Pu(sf) than for Pu(n, h,f) despite the 6.5
MeV more excitation energy available in the latter case.
Also for the Pu(sf) fragments, mass distribution results
strongly different from those of Pu(n, h,f) were reported
by some of the authors referred to above.

This controversial situation is a serious handicap for a
coherent interpretation of the large variety of experimen-
tal studies of the fissioning system Pu at various excita-
tion energies [e.g., via Pu(y, f ), Pu(n, f), Pu(d, pg,
. . ., reactions], from which a better knowledge of the fis-
sion dynamics is likely to be deduced. A typical example
in this respect is the work of Lachkar et al.

In view of the above considerations, a special effort was
made, from the experimental as well as from the sample
preparation side, to put an end to this puzzling situation.
So a new series of measurements was performed in the
framework of a collaboration between the Central Bureau
for Nuclear Measurements (CBNM), Geel and the SCK-
CEN, Mol to study the spontaneous fission of Pu and
the thermal neutron induced fission of Pu by means of
the so-called double energy method.

II. EXPERIMENTAL PROCEDURE

Preparatory measurements were performed at an 8 m
Aightpath of GELINA, the linear accelerator of the
CBNM at Creel. Thermal neutrons were selected by tlme-
of-fiight out of the broad spectrum of moderated neutrons
produced by GELINA. Spontaneous fission was mea-
sured during the weekends and the maintenance periods of

GELINA. For these measurements, the same experimen-
tal arrangements as described in Ref. 9 were used. A
mixed Pu- Pu target (no. 1) on a transparent backing
was mounted in the center of a vacuum chamber. The
pulse-height spectra of coincident fission fragments were
measured' in a low geometry, with two collinear surface
barrier detectors (area 6 cm ), which were cooled at a con-
stant temperature of 4 C. These data pairs were binary
coded and then stored on a magnetic tape unit via a
Hewlett Packard 1000E computer. This computer was
also used for the data reduction and analysis, which par-
tially proceeded on-line.

The same apparatus was moved to a thermal neutron
beam of the BR1 reactor of the SCK-CEN Nuclear Ener-
gy Center at Mol. This graphite moderated natural urani-
um reactor provides well-thermalized neutron beams with
fluxes of about 10 neutrons/cm sec. The reactor was
operated only during the day and shutdown at night and
during the weekends, which were almost ideal conditions
for the present experiments. Indeed, such an operation al-
lows one to measure a sequence of separate Pu(sf)-

Pu(n, h,f) runs, which can be analyzed individually. So
the spontaneous fission and the thermal fission measure-
ments are alternated almost daily. Since the Pu(n, h,f)
reaction is used for the detector calibration (cf. Sec. III),
such a procedure allows a very careful followup of eventu-
al variations in the calibration of the measuring chains. A
careful calibration is indeed essential when studying high-
ly a-radiating nuclei like Pu (half-life 6550 yr) in view
of the deterioration of the detector resolution caused by
the radiation damage. This phenomenon has been stud-
ied, e.g., by Groh, ' who concluded that an integrated
dose of 3.4)& 10" a's per detector should not be exceeded,
since with such a dose the pulse-height defect about
equals the energy resolution of the detector. Consequent-
ly, the total number of Pu(sf) fragments correctly
detected with a single detector is limited to about 17000.

Two independent measurements were peH'ormed at the
BR1 reactor: In the first one a very thin mixed Pu-

Pu target (no. 2) was used sandwiched between two 6
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TABLE I. Target characteristics.

Target Backing
Target thickness Diameter thickness Gold coating

no. (pg Pu/cm ) (mm) (pg polyimide/cm ) (pg/cm )

102

58
19
57

20
20
30

30
29
30 21

07

6

8
98—

'3
Q

I PL

cm surface barrier detectors, resulting in an almost 4'
detection geometry. This "sandwich" was mounted
straight in the neutron beam, which was collimated to a
diameter of 20 mm. In the second measurement a more
classical low geometry configuration was used. Here a
thicker mixed target (no. 3) was viewed by two collinear
20 cm surface barrier detectors placed outside the neu-

tron beam. Under these conditions, a total number of
25 000 coincident spontaneous fission fragments were
recorded (15000 in "4m" and 10000 in low geometry).

The targets used were prepared by the CBNM Sample
Preparation Group. A homogeneous mixture of 24%%uo

PuF3 and 76% PuF3 was evaporated onto very thin
polyimide backings. With such a Pu/ Pu ratio, the

Pu(n, h,f) measurement is not influenced by the Pu(sf)
background. The detailed characteristics of the targets
are summarized in Table I.

III. ANALYSIS

The analysis was based on the mass and momentum
conservation relations and the Schmitt-Neiler" calibration
procedure. The detector calibration constants' deter-
mined from the thermal neutron induced fission of Pu
were used to convert the measured pulse heights into ener-
gies. Using the Pu(n, h,f) fission neutron emission data
as a function of the fragment mass as obtained by Milton
and Fraser, ' the Pu(n, i„f) preneutron emission fission
fragment mass and energy distributions and mass-energy
correlations were obtained via the iterative calculation
described by Schmitt et a/. ' However, no fission neutron
emission data as a function of the fragment mass are
available for the spontaneous fission of Pu. We there-

96
0 50 100 150 200 250 300 350 400 450 500

fore used the Pu(n, h,f) fission neutron data of Milton
and Fraser' multiplied by the ratio

v[ Pu(sf)]/v[ Pu(n, h,f)]

as given by Mughabghab and Garber. ' This is a very ac-
ceptable approximation since it is well established that the
shape of the v(m") distribution is very similar for all fis-
sioning isotopes.

Figure 1 shows the evolution of the average light and
heavy fragments's pulse height for the Pu(n, h,f) calibra-
tion runs during the low-geometry experiment. The small
fluctuations around the linear decrease due to the radia-
tion damage are of statistical nature and/or a consequence
of the adjustments of the detector bias to compensate for
the increased leakage current. In the measurements
shown in Fig. 1, 15 Pu(sf) runs have been performed.
To make their calibration as accurate as possible, each of
these runs has been analyzed separately with calibration
constants determined from the Pu(n, h,f) run preceding
and following the spontaneous fission run. All these indi-
vidual analyses were summed up afterwards. The same
procedure was also followed for the "4n" geometry exper-
iment.

Tice (h)

FIG. 1. Time dependency of the average light (PL) and heavy
(PH) fragments pulse height for the Pu(n, h,f ) calibration runs
during the low-geometry experiment.

TABLE II. Main characteristics of the 2~Pu(sf) and the 239Pu(n, q,f ) fragment mass and energy distributions. The errors are only
statistical.

Low geometry measurement
3 Pu(n, h,f) '~Pu(sf)

"4m" geometry measurement
' Pu(n, h,f) 240P (s Pu(sf) total

s~ (Mev)
E~ (Mev)
~a~ (Mev)
E*, (Mev)
E~ (Mev)
m L (u)
077ll =C7mH

m H (u)
Peak yield (%)
Peak/valley (5 pts)
1V

175.38+0.01
177.65+0.01

12.14
103.29+0.01
74.36+0.01

100.30+0.01
6.64

139.70+0.01
6.08

114 +2
4.2 X 10'

177.04+0. 12
178.76+0. 12

12. 15
103.18+0.09
75.56+0.09

101.32+0.06
S.74

138.68+0.06
7.57

S77 +280
104

175.40+0.01
177.67+0.01

12.50
103.32+0.01
74.35+0.01

100.27+0.01
6.63

139.73+0.01
6.01

119 +3
1.9X 10'

177.44+0. 10
179.16+0.10

12.51
103.43+0.07
75.73+0.07

101.31+0.05
5.74

138.69+0.05
7.49

559 +230
1.5X104

177.28 +0.08
179.00+0.08

12.37
103.33+0.06
75.67+0.06

101.31+0.04
5.74

138.69+0.04
7.52

S66 +190
2.5X 104



220 C. ~AGEMANS et al 30

IV. RESULTS

As explained in the Introduction, the primary goal of
the present experiments was to obtain an accurate corn-

f th '~Pu(sf) and the 23'Pu(n, „,f) mass and en-

ergy characteristics. The requested accuracy cou e a-
tained by using mixed Pu- " Pu targets, which strongly
reduces the error on the intercom parison since the

Pu(n, z,f) and the Pu(sf) fragments are emitted from
she same sample.

In the following subsections we will report on the re-
sults of the measurements performed at the BR1 reactor,
since these have the highest statistical accuracy. Within
their lower statistical accuracy, the results of the measure-
ment done at GEI.INA completely agree with the BR1
data.

A. Mass distributions

Table II summarizes the main characteristics of the
Pu(sf) and the Pu(n, h,f) fragment energy and mass

distributions obtained in the present work. This table
clearly shows that the Pu(sf) mass characteristics de-
duced from the low and the "4~"geometry measurements
are in perfect agreement. The (preneutron emission) mass
yield distributions for Pu(sf) and Pu(n, z,f) fragments
are compared in Fig. 2. Both the table and the curves in
the figure demonstrate a few striking differences between
the (sf) and the (n,h,f) mass characteristics: The peak
yield is higher, the width is smaller, and the peak-to-
valley ratio is much larger in the Pu(sf) case. For the
same reaction, the average light and heavy fragment
masses are shifted by 1 u towards symmetry compared to

Pu(n, h,f). Also the fine structure at masses —135 and
—143 is more obvious for Pu(sf). For the peak-to-
valley ratio in the Pu(sf) mass distribution we obtain a
value of 566+ 190, in agreement with the results of
Thierens et al (400+ 180) and Laidler and Brown'
(&270). This value is about five times larger than the

239corresponding value for Pu(n, h,f ), whichich illustrates
again that the yield of symmetric fission fragments in-
creases with increasing excitation energy.

TABLE III Comparison of the expenmental values for
2&E» =E»(sf)—E»(n,h,f ) for the spontaneous fission of u

239and the thermal neutron induced fission of Pu.

—1.5+0.5

+3.7+2. 1

—1.1+0.2

+0.7+0.4

—0.8+0.3

+ 1.2+0.5

—0.7+0.3

+1.3+0.1

Ref.

Mostovaya
(Ref. 1)
Toraskar and Melkonian
(Ref. 2)
Deruytter and %egener-Penning
(Ref. 3)
Basova et al.
(Ref. 4)
Wagemans et al.
(Ref. 5)
Thierens et al.
(Ref. 6)
Trochon
(Ref. 7)
This work

B. Kinetic energy distributions

Detailed characteristics of the energy distributions are
summarized in Table II. In Fig. 3 the total kinetic energy
distributions of the Pu(n, h,f) and the Pu(sf) frag-
ments are compared. This figure illustrates the difference
between both results: The total kinetic energy distribution
for Pu(n, h,f) is compatible with a Gaussian distribu-
tion, which is clearly not so in the spontaneous fission
case. Moreover, the Pu(sf) distribution is shifted to-
wards higher kinetic energies, which is also reflected in
the higher E & values listed in Table II. Numerically, this
results in a 1.3+0.1 MeV higher average total kinetic en-
ergy for the Pu(sf) reaction than for the Pu(n, h,f re-
action. A survey of the experimental values obtained so
far for this quantity is given in Table III. The present re-
sults are in agreement with those of Thierens et al. ,
Basova et al. , and Toraskar and Melkonian. They con-
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FIG. 2. Comparison of the (preneutron emission) mass yield
distribution for the thermal neutron induced fission of Pu
(stars) and the spontaneous fission of Pu (circles).
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FIG. 3. Comparison of the total kinetic energy distribution
("4~" measurement) for the thermal neutron induced fission of

Pu (stars) and the spontaneous fission of Pu (circles).240
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FIG. 4. Total kinetic energy distributions ("4m" measure-
ment) for several mass intervals for the spontaneous fission of

Pu (a) and the thermal neutron induced fission of Pu (b).

tradict our previous result and those of Trochon,
Deruytter and %egener-Penning, and Mostovaya. ' The
important differences between the hE x values reported in
Table III are probably a consequence of inaccuracies in
the calibration procedure. As a consequence, some of the
errors quoted (which, in most cases, are only statistical er-
rors) might be underestimated. Furthermore, one should
take into account that AE ~ is a rather small quantity cor-
responding only to 0.5%—1% of the measured E x value.

C. Energy-mass correlations

In Fig. 4 the total kinetic energy distributions are split
up into two parts, corresponding to the mass intervals
130& mlt & 135 (containing the doubly magic shell
N =82, Z =50) and 120 & mls & 130 plus 135 & m~ & 174.
The average energies in both mass intervals are very dif-
ferent: 186.1 MeV for Pu(sf) and 184.7 MeV for

Pu(n, h,f) in the interval 130—135, compared to 176.0
MeV and 175.4 MeV, respectively, in the other interval.

In Fig. 5 the single fragment kinetic energy as a func-
tion of the fragment mass is shown for Pu(sf) and

Pu(n, h,f). These curves show the typical almost con-
stant behavior for the light fragments, the dip in the sym-
metric mass region, and the strong decrease with increas-

ing heavy fragment mass.
Figure 6 finally gives the Ez (mH) curves with the

typical maximum at mass —132. Furthermore, the
Pu(n, h,f) and the Pu(sf) curves cross each other at

IH -140.

V. DISCUSSION
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FIG. 6. Total fission fragment kinetic energy for ~Pu(sf)
(circles) and Pu(n, h,f ) (stars) as a function of the heavy frag-
rnent mass.

The present results can be interpreted in terms of the
nuclear shell effects presented in the scission point model
of Wilkins et a/. ' The asymmetry of the total kinetic en-

ergy distribution for Pu(sf) and, partly, also its higher
E z value, can be accounted for by the spherical N =82
shell. This shell will have its maximum influence for
heavy fragments in the mass region 132—134, where the
N =82 shell is enhanced by the Z=50 shell. This influ-
ence can be demonstrated by a decomposition of the total
fission fragment kinetic energy distribution for different
mass splits. Figure 4(a) shows that the asymmetry in the
total kinetic energy distribution for " Pu(sf) is mainly due
to mass splits with 130& mH & 135, for which the energy
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distribution is strongly asymmetric. This is not so for the
corresponding Pu(n, h,f ) decomposite spectrum [Fig.
4(b)], which follows about a Gaussian distribution. More-
over, the corresponding average energy is about 1,4 MeV
higher in the (sfl case. This can be understood in terms of
the Wilkins model ' by the preferential formation of an
almost spherical (Pi+P2-0. 95) shell-stabilized configu-
ration for mass splits with the heavy mass in the region of
the closed neutron shell with N=82, compared to a
second stable —but more deformed (Pi+ P2 —1.4}—
configuration in the same region, which is favored by a
liquid drop behavior. The disappearance of the asym-
metry in the energy distribution (which goes along with a
lower average energy) for the thermal neutron induced fis-
sion of Pu can be explained by a decrease of the shell
corrections due to the 6.5 MeV increase of the excitation
energy. This phenomenon can also be observed in Fig. 6,
where the higher Ett (mH) values for Pu(sf) in the
mass region 130—135 are also due to the nearly spherical
shell-stabilized configuration with X=82. The same
%=82 shell, enhanced by the deformed but stable N =64
shell in the light fragment, is also responsible for the
enhanced yield in the Pu(sf) mass distribution for
masses around 132—134 (see Fig. 2). On the same curve,
the enhanced yield in the heavy fragment mass region
142—144 can be explained by the combined influences of
the broad deformed tV=88 shell in the heavy fragment
and the narrow N =58 shell in the light fragment.

The present results also yield information on the viscos-
ity of the fissioning system Pu. By combining the E~
values of Deruytter and Wegener-Penning for Pu(sf)
with the isomeric fission data of Weber et al. ' and their
own Pu(d, pf) results, Lachkar et al. concluded that
the fissioning system Pu is superfluid below the fission
barrier. So all the additional excitation energy is
transformed into kinetic energy, resulting in a slope
dEz/dE, „,=+1. This conclusion, however, was strong-
ly influenced by the Pu(sf) data, which are more than 2
MeV lower than the present value, which has been ob-
tained under almost ideal conditions. In Fig. 7 the
relevant E tr data for the fissioning system Pu are plot-
ted as a function of the excitation energy. Together with
the present result for Pu(sf), the isomeric fission value
of Weber et al. ,

' the 9Pu(d, pf) data of Lachkar et al. ,
and the Pu(n, f) data of Akimov et al. ' are given.
With these data, the slope dE&ldE, „, is only —+0.45
below the barrier, indicating a strong damping of the fis-
sion mode.

One should, however, be very cautious when interpret-
ing the data shown on Fig. 7. First, the data have been
obtained in completely independent measurements, so ab-
solute uncertainties have to be considered when intercom-
paring them. Second, one could wonder whether one
should not make a distinction between the pure (liquid
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FIG. 7. Comparison of the present E & value for Pu(sf)
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(cross), the '9Pu(d, pf) data of Lachkar et al. (Ref. 8) (plus

signs), and the Pu(n, f) results of Akitnov et al. (Ref. 19) (cir-
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drop) damping of the fission mode and the shell effects.
If we do such a calculation, e.g. , for Pu(sf) and

Pu(n, „,f ), we obtain that 1.6 MeV of the difference in
E~ between both reactions is due to the difference in
shell effects.

Anyhow, the present results make clear that for the fis-
sioning system Pu the fission mode below the barrier is
damped and not superfluid as proposed by Lachkar
et al. This conclusion is in agreement with that of
Thierens et al. It is also endorsed by the very similar re-
sults which we obtained recently for the fissioning system
242p
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In the present paper new and accurate results are re-
ported on the Pu(sf) fragment mass and energy charac-
teristics, with a 25000 events counting statistic. Striking
differences between the Pu(sf) and the Pu(n, h,f)
characteristics could be explained in terms of the scission
point model of Wilkins et al. ,

' and the damping of the
fission mode below the barrier could be demonstrated.
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