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Abstract

The fission decay of 238

U -has been measured as function
of excitation energy in inelastic scattering of 120 MeV
a~particles. Total kinetic energies and masses of fission
fragments were measured by the double enérgy-methoﬂb It is
observed that the total kinetic energy EK decreases and

that the valley in the mass distribution is reduced when

the excitation energy of the system is increased. No
indication of‘anbmalous total kinetic energy telease in the
region of the giant quadrupole resonanée has been found.

A qualitative interpretation of the data is given on the

basis of a static scission point model.



One of the long standing questions in fission research
is concerned with the descent from the saddle point to scission.
Whether the available enexrgy is transferred into internal degrees
of freedom or into relative motion of the two nascent fragments
prior to scission iS still largely unknown, since measurements
of final parameters of the reaction do not ditectly address the
question of the dynamical evolution of the fission decay.
However; some success in explaining many of the features
of fission has been obtained with a static model1 of the
scission point configuration, which takes into account theb
shell structure in the nascent fragment. Most prominentlyyA
it appears that the deformed shell for A=138 is responsible for
the strongly asymmetric mass distributions in fission of most
actinide elements. A strong spherical shell closure at
z=50, N=82 is believed to be associated with the decrease
of the total kinetic energy with ex¢itation energy as observed
in several light ion and neutron induced reactions on uranium
and plutonium targets,2“6
To further study this latter correlation, we have measured

the fission decay of 238

U induced by the (a,a') reaction. We
find that the total kinetic energy decreases with excitation
energy at a rate of dEK/dE* = 0.38 £ 0.07 and that the effect

is concentrated in the heavy fragment mass region of MH = 125-135.



@

IT. EBXPERIMENTAL PROCEDURE AND DATA ANALYSIS

P 5 g AL B T 0 AS AS B g P AP A A P e Al U RS S T e M B P e O B B s N M N g T B s o Py B P M

A beam of 120 MeV a-particles from the 88"-cyclotron at
Lawrence Berkeley Laboratory was used to bbmbard a 530 ug’/cm2
thick, self-supporting metallic 2380 target. 1Inelastically
scattered a-particles were identified in a triple telescope of
solid state detectors located at 0=16° out of the horizontal
plane. Two fission detectors were placed at 0=90° and @ = -90°
in the horizontal p;ane, each subtending a solid angle of Qf =
240 msr. Coincident events between the telescope and the two
fission detectors were recorded on magnetic tape for subsequént
analysis.

The eleﬁents of the detector telescope were gain matched
by introducing a calibrated charge pulse on the'éetector side of
“he pre-amplifiers. The energy calibration was obtained from the
elastic peak in the a-spectrum. The fissioﬁ detectors were enerqgy
calibrated with the fission'fragments from a thin 252Cf source.7

The data were analyzed off-line by an event-by-event
reconstruction of the kinematics. Identification of a=-particles
in the telescope was obtained by generating a particle identifica;
tion spectrum from the measured pulse heights in each element
in the detector telescope and selecting events in the peak
corresponding to a-particles. The primary energies and masses
of the fission fragments were calculated by an iterative procedure
taking into account}the emission of neutrons from the fragments
and the mass de?endent pulse height defect of the detector response.

2

The mass dependent neutron emission function measured for 35U(nﬁf)
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was usedeg The excitation energykdeﬁendence of the neutron
emission was ignored in the present analysis. The effects of
this emission on the final results are discussed in a following
paragraph. The main contributions to the mass resolution of the
ex?ezimént came from the intrinsic detector resolution and the
large solid angle of the fission detectors, which combined gave
an estimated mass resolution of AM=5. The experimental mass
spectra have been unfolded assuming this mass resoclution. The
data have been corrected for accidental coincidences, which
amount to ~10% in the energy region above the fission threshold.
Because a metallic self-supporting target was used, we are not
faced with the problem of strong accidental peaks from scattering
off target impurities. Due to the out-of-plane geometry used

in the present experiment, there is no contribution from coinci-

dences with recoil nuclei from light target contaminants.
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ITI. RESULTS AND DISCUSSION

R I T T e T I T e N

The total kingtic energy release; EK’ as a function of
excitation energy in the fissioning nucleus, and the spectrum
of inelastically scattered a-particles in coiﬁcidence with
fission are shown in Fig. 1. We observe a strong increase in
the fission coincidence rate up to the threshold for the neutron
emission Bs beyond which the competition frem_neutron emission
introduces a sharp decrease. The increase in the fission yield
due to second and third chance fission is clearly visible in‘the
data.

In the energy region from 5-12 MeV, where only first chance
fission is allowed, a strong decrease in the average total
kinetic energy Ek is observed. Rather sharp increases in Ek
are also observed above the thresholds for second and even third

chance fission. These increases in E, most likely reflect the

K
fact that a large fraction of the fission events above these’
thresholds come from near barrier fission of 237U and 2360

-4

respectively, which have high total kinetic energies. At
excitation energies above V25 MeV a weak increase in the total
kinetic energy with éxciﬁation energy is seen.

The best fit to the total kinetic energy in the excitation
energy region E* = 5-12 MeV is represented by a solid line with
a.slope of dEK/&E* = ~0.46 *+ 0.07 in Fig. 1. When corrected for
the increase in neutron evaporation with excitation energy, this
result is reduced to dEK/dE* = «0,38 * 0.07. This valﬁe is

significantly lower than the result of David et ales who find a
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slope of dEK/dE* = ~658 + 0.3. The origin of this discrepancy
is not known at presenﬁa Decreasing total kinétic énergies have
been observed in several other uranium5 and pL’l‘.u.‘it.c)rx:i.,umz‘”4 nuclei,
although there is a sizable spread in the values of dE, /dE*
derived from various experiments. Negative slcges dEK/dE* have
also been found in several AC“iSOtO?eS,G héwever, only for the
asymmetric component of the distribution;

A rather strong excitation prcbability of the.giant

quadrupole resonance has been observed in the singles 238

Ula,at)
reactionll under experimental conditions almost identical to the
ones of the present study. Although there is still some question
about the fission probability of the giant quadrupole rescnanca,gwlg
it appears that it is comparable to that of the underlying back-
ground, (which is Pf v 0.2), which indicates that a substantial
fraction of fission events in the energy region E* v 8-12 MeV can
be associated with the giant quadrupole resonance. However, fhis
does.not appear to have any observable effect on the total energy
release, which has a dependence on excitation energy very similar
to what is observed in other reactions where the giant guadrupcle

239Pu(n,f)4 and 239

resonance is not exciﬁed, €.9., Pu(d,pf)g3

The slope dEK/dE* over the excitation energy region E* = 5-12
MeV is plotted as a function of the mass of the heavy fission
fragments in Fig. 2a. A clear mass dependence of the effect is
-apparent, most of the effect being correlated with masses neér
MH = 128~l30. The total kinetic energy averaged over the same
excitation energy region also.aisplays a strong dependence on the

fission fragment mass, with the maximum occurring at M, ~ 130 as
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shown in Fig. 2b. However, the most abundant masses of heavy
fission fragments are found at MH = 138, (see Fig. 2c¢), which is
distinctly different from the peaks in the dEK/dE* and ﬁk data.

The dashed curve in Fig. 2b represents a calculation of the
Coulomb repulsion energy between two coaxial elipsoids each
deformed to a égmiaxis ratio of b/a = 0.6 and separated by d = 2 fm
in order to simulate a neck formatioﬁ between the two fragments.
This comparison was performed only to show the expected dependence
on fragment mass for a fixed shape of the nascent fragments,‘ The
parameters used are chosen only to give an approximaﬁely correct
magnitude of the total kinetic energy and should not be considered
as measured quantitites.

Some qualitative insight into thesekshell effects may be
obtained from a simple static model of the scission point configura-
tions, which includes the effects of nuclear shells in the nascent
fragments as proposed by Wilkins et al.l It appears that the 1argé

values of EK and dﬁk/&E* found in the region MH = 130, are correlated
with the doubly magic shell for spherical shapes at 2Z=50 and N=82.
Spherical fragment shapes at scission_lead to large kinetic

energies due to increased Coulomb repulsion. Although this

minimum in the shell energy is quite deep, it is not the main

factor in determ;ning the fission mass distribution, which peaks
around MH x 1385 As is the case for most actinide nuclei in the
region from Th to Cf, the mass distribution can be explained

at least qualitatively by the occurrence of a strong de-

formed neutron shell at N=88. The strong Coulomb repulsion

between the two nascent fission fragments at scission clearly



favors the somewhat weaker minimum in the shell enerqy
surface at large deformation over the strong spherical
minimum for the heavy fragment. Studying the §K‘

dependence on the excitation energy E*, we see that the
A=138 shell is very stable, whereas the A=132 spherical

shell rapidly disappears with excitation energy; A possible
explanation of this phenomenon is that as the excitation
energy is raised above the fission barrier, breaking of

pairs occurs, which incréases the viscous heating during

the descent towards scission. Because thekspherical minimum
in the shell energy occurring at N=82 is superimposed on a
steep slope of the liquid drop potential energy surface, this
minimum is rapidly destroyed with excitation energy. Contrasting
this, the deformed shell at ﬁ=88 has a substantial stability
against excitation energy because it coincideé in deformation
with the minimum in the liquid drop potential energy surface
(see Ref. 1).

This stability of the A=138 deformed shell is also apparent
in Fig. 3, where the fission fragment mass distributions are shown
for several excitation energy bins. The strongly asymmetric
character is preserved at least up to apparent excitation
energies of 50 MeV. However, the excitation energy may not
be as high as the'energy of the outgoih§ o-particle would
indicate, because of 1) pre~fission neutron emission and
2} contribution from the (a,SHe) reaction, which is identified

as a {(a,a)-reaction, due to break-up of the SHeﬂejectilesl3
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This interpretation is supported by the comparison with mass

distribution data obtained in the 238U(a,f) reacticn,l4 as

illustrated in Fig. 4. For the 238(a,af) reaction we observe an
increasing abundance of symmetric mass‘splits‘with increasing

excitation energy to E* ~ 30 MeV, beyond whichvpoint the peak-to-
valley ratio remains almost constant. This saturation effect is

242Pu induced by the ngu(aif) reaction,l4

not observed in fission of
where the fusion-fission process clearly dominates.

The standard deviations oE, of the total kinetic energy dis-

K
tributions are shown in Fig. 5 as a function of mass for different

excitation energy intervals. A strong decrease in oE, 1is observed -

K
for increasing mass of therheavy fragment, especially in the lower
excitation energy bins. The large widths of the By distribution
at MH = 120-125 is correlated with coexistence of three éompeting
neutron shells for N n 80 with very different deformations of
s = 0.1, 0.5, 0.85, respectively,l In the region of'heavy fragment
masses from MH = 138-160 a strong neutron shell at N=88 with‘a
ceformation of B=0.65 is dominating the scission point shapes and
resulting in narrower total kinetic énergy distributions, whicﬁ is
also observed in the data. Again we observe that these shell
effects are somewhat reduced with excitation energy.

A static description of the scission point configufation
as implied in the above discussion is certainly an over-
simplificatioﬁ, However, even a dynamical description of the
descent from saddle to scission must include the shell effects
in the nascent fragments, and we therefore expect that such a
caleculation would lead to conclusions gqualitatively similar to

the ones presented here.
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IV. CONCLUSIONS

o s e s e A P s T e e A me e e

238U induced by

From the present study of fission of
inelastic scattering of o~particles we conclude that the
effect of nuclearrshells in the nascent fragments at the -
scission point are of major importance for both the ki;etic
energy release and the mass division in fissicn. Although
a strong deformed neutron shell at N=88 forces the nucleus to
split preferentially into fragments of mass A=138 and A=100, we
observe that the disappearance of a.somewhat weaker {when imposed
on the.repulsive Coulomb potential) spherical shell at A=132 lead
to a strong decrease of the total kinetic energy, when the
nucleus is excited above the fission threshold._

Although it is known that a substantial fraction of the
inelastic cross section at E* ~ 10 MeV goes into excitation
of the giant guadrupole resenance,lz we have no evidence .
of anomalous kinetic energy release'in this region. On
the contrary, the observed slope of dﬁK/dE* is in very close
agreement with measureﬁents of neighboring nuclei using

(d,p)-reactions at lower bombarding energies, where the

giant quadrupole is not excited to any degree.
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FIGURE CAPTIONS
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Fig. '1: The average total kinetic energj {a) an@ the
fission coincidence spectrum (b) are shown as a function

of the excitation energy. The néutron binding energy and
Ehresholds for second and third chance fission are indicated

by arrows.

Fig. 2: Fragment mass dependence of the slope dEK/aE* (a)
and the average total kinetic energy EK (b) in the excitation
energy region from 5-12 MeV. The mass spectrum of heavy

fragments is also shown (c).

Fig. 3: Fission fragment mass distributions are shown for

"different excitation energy bins.

Fig, 4: Peak to valley ratios for the measured fission

fragment distributions (closed circles) are compared to
238

results obtained in the U{a,£)* reactionl4 {(open circles).

Fig. 5: The standard deviations of the total kinetic energy
distributions are shown as a function of heavy fragment mass

for different excitation energy bins.



180

i

[78-

I76
174

[re

COUNTS/200keV

] | i

238“(@, &iﬂ
Eg=120 MeV

By =16°

(a,anf) {a,a’2nf)

| - |

I

| | i ] !

U P,

20

25

30

EXCITATION ENERGY (MeV)

FPig.

1



Ey (MeV) SLOPE dE,/dE"

COUNTS

=17=

LIGHT FRAGMENT MASS "M,

| !%O 1o 100 90 8‘0
- { 1 { | | !
O ] e,,_:;E II {w
\ [ [}
RN q o
-1 _L.\" ' QL - —
- \ﬁ/’" dEG/EY - {a)
P S .
T EK (b)'ﬁ
180} §E == .
170 T~ . .
\\\ .
. \\€§E
- ~ .
160 E I‘E\‘;};\; ‘
}50“9 A
1000 -]
500 -
0 T L. | | P ]
120 130 140 150 160

HEAVY FRAGMENT MASS My

Fig. 2



COUNTS /CHANNEL

10

-18-

T BiEHHa

11 ‘H”\‘i

N E%25-30
M* 2025 mﬁ*%ﬁo ]

Lo b L bl

E 4120 MeV
Q: !60

| T TN N T S T

e =
B =
= “

b o

£ > 4

N E45-20 T E4045
!02/77 ,}23 o ;
- -5 + £*:35-40 -

| | = | | | Z

T ME* 30‘35 e

]

1Ny

AR

\&

80 - 100 120 140 160

80 100 120 M40 160

FRAGMENT MASS
Fig. 3



251

20

PEAK TO VALLEY RATIO

15

10

~19~

a,a f)

=00
| 1 | 1 l 1 i

10 20 30 40

EXCITATION ENERGY (MeV)

Fig. 4

50



.0% (MeV)

=20~

18 -
4 ] -
EE e Esarmy
0 T d ol
18 -
= § g
ol CEREI3-15 MeV
- 2 & -
" ¢
% s ¢ r
I8t -
14}~ ? 3 . - -
I . E*=1-13 Mev
10} g g .
18- -
R i
14 3 -
- s E=9-liMev 4
10~ IR y
t .:
18 -
- § o
14+ . -
i 8 E=7-9 Mev
R i3 3
d 1 i
: - _
14} ' ~ a-
i 8 E*<5-7 Mev
10~ " s 5 ¢ ~
i 1 ] ] L1 I |
120 130 140 150 160 180

[£4

HEAVY FRAGMENT MASS

Fig. 5



