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Abstract

The fission product mass spectrometer "Lohen-
grin" has been used to determine the mass and nu~
clear charge yields of light fission products as a
function of their kinetic erergy in the range
88.5 MeV < E < 112.0 MeV, The proton pairing causes
fine structures in the ylelds even at low kinetic
energy. The large relative yields of nucleil with
N > 60 at high kinetic energy are tentatively ex-
plained by an oblate deformation of these nuclei at

the scission point.

1. Introduction

The nuclear charge and mass distribubion at dif-
ferent fission product kinetlic energies may give im~
portant information about the fission process. By
varying the kinetic energy, the total excitation
energy of the two fragments may be varied. The total
excitation energy is given by the collective excita~
tion at scission {including the deformation energy
of the fragments) and by the intrinsic execitation
energy abt scission. Particularly in the case of ther-
mal-neutron-induced fission of 235U, a fixed kinetic
energy of the light fission products corresponds to
a total excitation energy which is almost independent
of the mass split. Measurements at low kinetic energy
correspording to high excitation energy may indicate
to what extent the system is heated up during its
motion from saddle to scission. As a conseguence, the
pairing correlationswould be destroyed ard as a re-
sult, the fine structure in the nuclear charge and
mass distribution would disappear. On the other hand,
measurements at very high kinetic energies permit
fragments of very low excitation energy to be pro-
duced., Experimentally the total excitation energy
of the two fragments can be reduced to a few MeV.
Neutron emission is then ne longer possible, and the
mass distribution of the original fragments can be
measured directly. Particular attention is drawn to
the fact that in this case the fragments are formed
with energies being only slightly larger than their
grourd state energies. It may therefore be assumed
that the ground state nuclear structure of the frag~

ments, e.g. the ground state deformation, has an im-

portant influence on the fission process.

In the following, measurements of the nuclear
charge and mass distribution will be reported in which
the kinetic energy of the light fission products has
been varied between 88.5 and 112.0 MeV. This corre-
spords to a total fragment excitation energy of about
L to 5 MeV. Measurements of the nuclear charge dis-
tribution at medium kinetic energies have been des-

cribed previous ly1 »2) .

2. Experimental set-up

The measurements were performed at the mass
spectrometer "Lohengr-in"z'} of the Institut Lauve-ILange-

-vin in Grenoble. The fission product source had a

thickness of about 40 ug/cm? U0, (93% 2350). Due to
the energy loss of the fission products in the source,
their initial kinetic energy was smeared out by less
than 1 MeV. Thus the kinetic energy was sufficiently
well defined for the purpose of the present measure-
ments. The size of the source and the exit slit at
"Lohengrin" were chosen to obtaln a msss resolving

power A/sf = K00 (full-width s meximm).

In order to measure mass spectra at specific
ionic charge values, the fission products were detect~
ed with a silicon surface barrier detector at the exit
s1lit of the spectrometeru). The nuclear charge distri-
bution for a given mass mmber A and ionic charge
state g was determined by measuring the fission pro-
duct energy loss in a homogeneous carbon absorberS)
by a time-of-flight technique6)
1y7). As an example, fig. 1 shows time-of-flight spec-
tra behind the carbon absorber for the isobar A = 96

as described previous-

at different initial kinetic energies. The Z resolu-
tion was in all cases sufficient to separate neigh-
bouring elements. In order to determine the intensi-
ties of the lines corresponding to different elements,
the spectra were unfolded by a computer prog;ramg).
Fig. 1 demonstrates the influence of the neutron eva-
poration process on the nuclear charge distribution:
The fission products at low kinetic erergies are the
residues of highly excited primary fission fragments
which have evaporated several neutrons. Therefore the
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Fig. 1 Time-of-flight spectra behind the carbon ab-
sorber for fission products with mass number
A = 96 at different initial kinetic energies

average nuclear charge increases with decreasing ki-
netic energy.

3. Results

3.1 Tonic charge state distributions

The icnic charge state distributions at a given
mass number A were determined for the lipht fission
products at 88.5 and 98,3 MeV kinetic energy. As an
example, fig. 2 shows ionic charge state distributions
for A = 88 and A = 89. An increased width and a shift
to higher g-values for A = 89 when compared to A = 88
is clearly visibie. Fig. 3 shows the average ionic
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Fig., 2 Tonic charge state distributions of fission
products with 4 = 88 and 4 = 89 at 98.% Mev
kinetic energy

charge state g and the square rcot of the second mo-
ment o of the ionic charge distributions as a fune-
tion of A at a kinetic energy of 98.3 MeV. The fine
structure is caused by an increased width Uq and an
simultanecus increase in g for some mass mumbers,
particularly for A = 86, 89, 92 and 99. This is most
probably caused by the internsl conversion of some ex-
cited nuclear states of specific isotopes. If the 1ife-
time of these excited states exceeds w01 g they will
decay behind the fission source layer. The Auger cas-
cade following the internal conversion process then
leads to an increased ionic charge for these isctopes

in the mass spectrometer.

- 510 -



80 90 100
Oq_ l ' ‘
251 ' ‘ 1
!
201 .
|
WL
q
22+ .
21 1
¥ 2
201 f 1 ke,
| o
i >
19¢ i | | . I h i
80 90 100
A
Fig. 3 Average ionic charge state q and square root

of the secord moment % of the ionic charge
state distribution as a function of the fis-
sion product mass number A for 98.3 MeV ki-

netic energy

3.2 Mass distributions, nuclesr charge distributions,
isotopic yields and element yields

The mass distributions at 88.5 and 98.3 MeV were
obtained by summing up the contributions of the dif-
ferent ionic charge states to each mass rumber. At
108.0 and 112.0 MeV the mass distributions were mea-
sured only at g = 21, The resulting mass distribu-
tions at the various kinetic energies are shown in

fig. 4.

For the nuclear charge distribution measurements,
the ionic charge states g were selected to be within
one unit of the average lonic charge state in almost
all cases. The selected icnic charge states were in
the interval 20 < q < 22 (see table 1 and 2 and ref.e%.
The nuclear charge yields for kinetic energies close
to the most probable kinetic energy published recent-
1y2) were slightly extrapolated to a kinetic energy
of 48.3 MeV so that they may be used together with
the present mass yileld measurements at 98.% MeV. In
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Fig. 4 Mass distributions for the light fissicn pro-

ducts from 235U(ntb,f) at different fission
product kinetic energies. The distributions
at B8.5 MeV and 98.% VeV were obtained by
sunming up the contributions of all ionic
charge states to a specific mass number 4,
while the distributions at 108.0 MeV ard
112.0 MeV correspond to the ionic charge
state q = 21



table 1 new results obtained at 108.0 MeV are pre-
sented, part of which were discussed recentlyS).
Table 2 gives results for some mass mumbers at very
high kinetic energies close to 112 MeV. The analysis
of the measurements at other kinetic energles has
not yet been completed.

In order to calculate isotopie distributions
from the Z-yields, the mass distributions measured
at the same kinetic energy for the ionic charge state

= 21 were used. For this reason the isobopic dis-
tributions shown in fig. 5 correspond to measurements
close to the average ionic charge state g. From our
knowledge of the ionic charge distributions it can be
expected that the yields shown in fig. 5 are in most
cases close to the yields inteprated over all ionic
charge states. Cnly the yields of a small runber of
nuclel, particularly the yield for at least one nu-
cleus in each of the mass chains A = 86, 89, 92 and
99, will probably have to be corrected noticeably
when the recently measured Z-yields for all ionic
charges states will be available.

Fig. 6 shows the element yields as obtained by
summing over the isotopic yields in fig. 5.

4, Diseussion
1,1 Qad-even effect

Fig. 7 shows the width parameter ¢ of the iso-
baric nuclear charge distributions plotted as a
function of the mean nuclear charge Z for 98.3 and
108.0 MeV. In addition results are shown for other
kinetic energies in a restricted mass range
(89 = A < 96). The width parameter 1s seen to oscil-
late regularly as a function of 7. This effect was
previously found for energy-averaged yieldsg) as
well as for the yields at the most probable kinetic
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6 FElement yield distributions for the light
fission products at 98.3 MeV and 108.0 MeV
kinetic energy

Fig.

energy2 )

, and was shown to be mainly due to the pro-
ton pairing effect, If the mean nuclear charge number
is even, there will be two odd Z's on either side
which are strongly suppressed thus resuiting in a
small distribution width. On the other hand, a broad
distribution will be obtained if the mean Z-values is
odd ard the two even charges on beoth sides are en-
hanced by the pairing effect. A certain influence of
the neutron odd-even effect, particularly at high
kinetic energies, is alsc observed. &n important re-
sult seems to be that the proton pairing effect is
quite strong at kinetic energies far below the most
probable values, too. This conclusion is supported
by the fine structure in the low energy mass distri-
bution to be discussed below. The partial preserva-
tion of proton pairing in this case is much more ex-
citing than in the high kinetic energy events where
only a few MeV of excitation energy are availaple. This
10) that the low

kinetic energy events correspond to particularly

may be explained by the assumption

elongated shapes at scission so that most of the ener~
gy is bound in fragment deformation energy.
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Fig. 5 Isotopic yield distributions for the light fission products at 98.3 MeV and 108.0 MeV kinetic energy
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Fig. 7 Ischaric nuclear charge distribution width
parameter ¢ as a function of the mean nuclear
charge % for different kinetic ererpies

411 mass distributions shown in fig., 4 exhibit
fine structure being more pronounced at the higher
kinetic energies. In addition to this, the mass dis-
tribution becomes strongly asymmetric at high kine-
tic energies with an shsolute maximm at the mass
numbers A=102 and A = 103. Below A = 100, the fine
structure can be correlated with the odd-even proton
effect: Even nuclear charge numbers dominate in the
fine structure maxima, while odd nuclear charge num-
bers predominate in the minims. Due to neutron eva-
poration, the maxima are ghifted towards smaller A-
values when the kinetic energy is decreased.

The isotopic yield distributions (fig. 5) as
well as the element distributions (fig. 6) clearly
demonstrate the preferential formaticn of even~7
elements, In ordger to obtain a quantitative measure
of the odd-even proton effect, the ratio of the sum-
sd yields of even-Z elements to the average summed
yields 2 ze/(ze + XO) can be calculated, Thus an ef-
fect of (2121)% for 98.3 MeV and (33:2)% for 108.0
MeV is obtained.

Fig., 5 reveals a distinet odd-even effect also
for neutrons which is however much smaller than in
the proton case. Due to neutron evaporation, the con-
tribution of the fission process itself to the ob-
served effect is difficult to assess.

4,2 The influence of shell effects at high kinetie

energies

We now turn to a discussion of the erhancement
of masses near A = 102 in the high energy mass dis-
tributions. A similar effect was found previously by
Fraser et al.ii) and Reisdorf et a1.12). This enhance-

ment cannot be explained by the odd-even proton effect.

4 comparison of the isotopic distributions (fig. 5) or
the Z-distributions (fig. 6) at 98.3 and 108.0 MeV
reveals that the relative yield of Nb (% = §1) is
about a factor of two larger at 108.0 MeV than at

98.3 MeV, while all other odd-Z yields at 108.0 MeV
are smaller than at 98.3 MeV. If looked at more close-
iy, Tig. 5 shows furthermore that the relative yield
of almost all nuclei with N > 60 is larger at 108.0
MeV than at 98.3 MeV.

At 112 MeV, the mass numbers A = 102 and A = 10%
have the largest yields which is mainly due to the
ruclei 133 r62 arxd 182Nb62 (see table 2), Since neu-
tron evapcration can be excluded at this high kine-
tic energy, the observed fission products are identi-
cal with the original fission fragments. Thus it seems
that at high kinetic energles a division into a pair
of fragments with 62 ard 82 neutrons is preferred.

In the thermal-neutron induced fission of 2331)
no erhancement of fragments near A = 102 at high ki~
netic energies was foundig). This may be explained
by the fact that in the fissioning system 22°U with
two neutrons less than 23 U, N = 62 and 82 carmot be

attained simultanecusly.

In fig. & the total execitation energy of the two
fragments as calculated from recent mass tablesﬁ) is
plotted for a kinetic energy of the light fragment of
112.0 MeV, For even A-values, the @-value for even-
even fragments was taken, and for cdd A-values the
larger of the two Q-values for even-odd and odd-even
fragments was taken. Fig, 8 shows that the asymmetric
mass distribution at 112.0 MeV is not caused by the
Q-value, since Et ot decreases with increasing light
fragment mass. In the mass region near A = 102, the
total excitation energy of the two fragments is only
about 5 MeV.

For the ground states of the muelei in this 2-
region, a large oblate deformation (B % 0.3) was pre-

dicted™ %) for the muclei with ¥ > 60, Experimentally

- 514 -



Table 2. Independent yields (%) ard the nuclear charge distribution parameters 7 and ¢ at very high kinetic

energies
Alq /MeV Z = Ho 41 y2 7z 3
102/22 > 113 87.042.2 13.0%1.3 40.13+.02 .34:.02
i0%/22 > 113 9.5+1,1 81.6+3.0 8.9x2.14 40.99+,0%3 L 43+.0%
10k/22 120 2.5:1.3 41.3+2.3 56.2+2.8 L1.54+.0% .55+ ,03

a sudden onset of deformaticon was found from the

energy of the first 2t state in the even-A isotbopes
of Sy, Zr ard Mo when increasing the neutron rumber
from 58 to 60 16). Since the excitation energy of

the fragments is of the same magnitude as the shell
correction leading to the deformed shape, the defor—
mation of the ground state may be of decisive impor-

tance for the fission process at high kinetic energy.

It seems possible that the scission configuration
has a very conpact shape consisting of a stiff sphe-
rical heavy fragment and an coblately deformed light
fragment. This configuration corresponds to a high
Coulomb energy and consequently results in a high
fission fragment kinetic energy. The absclute value
of the observed kinetic energy is compatible with
the scission shape found from Hartree-Fock caleula-

tionsiS) .
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E=1120MeV _
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Fig. 8 Total excitation erergy Ezot for the two
frapments as a function of the light fission
fragment mass rumber A at a fixed light fis-
sion fragment kinetic energy of 112.0 MeV.

13) were used in the

The mass tables of ref.
calculation. :

In conclusion it may be stated that the EBSU(nth’f)

yields are strongly influenced by the proton pairing
effect at all kinetic energies. At high kinetic ener-
gies, the yield seems to be determined by shell ef-
fects for N > 60 and the compiementary neutren shell
at N = 82. The instabllity of the light rragments
against oblate deformation for N Z 60 may result in
a particularly large relative yield of these nuclei
at high kinetic energy.

The authors wish to acknowledge fruitful dis-

cussions with P, Armbruster and W.N. Reisdorf. -
This work was supported in part by GSI Darmstadt.
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