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Elemental yields in the fission of 232Th induced by reactor neutrons were measured and found to disclose a
pronounced odd-even effect. Independent and cumulative yields of isotopes of Kr, Xe, Sn, and Sb were mea-
sured and the independent yields of isotopes of Rb, Cs, and Sb were subsequently derived. A comparison of the
yield values obtained with the calculated “normal” yields reveals a constant enhancement of products with an
even number of protons, relative to those with an odd number. An average amplitude of 30(x12)% in the
fluctuation of proton pairing was established for all isotopes measured, except for the doubly magic 1328y,
which shows an extreme effect, apparently due to its closed neutron shell. The odd-even effect is discussed in
connection with the mass distribution, excitation, and total kinetic energies. The neutron shell effect on the
yields is discussed with regard to the primary mass split and the neutron emission probabilities.

odd-even effect, calculated neutron closed shell effect.

E\IUCLEAR REACTIONS, FISSION Fission yields 22Th¢, f), calculated proton]

I. INTRODUCTION

Detailed cumulative and independent yields are
available only for thermal neutron fission of 2*U,
which were found to disclose a substantial odd-
even effect''? (viz., enhancement of paired nuclear
configurations). As there is a paucity of informa-
tion on elemental yields of other even-Z fission
nuclides, an attempt was made to measure the
independent yields in neutron-induced fission of
232Th, Most of the available experimental data on
232Th deal with chain yields, while very little is
available on the yields of individual species. The
only independent yields that have been measured so
far are of '*I and '*1.3

Thorium, a light fissionable nuclide, is of in-
terest since comparison of its fission yield dis-
tribution and the extent of odd-even fluctuation
with similar data from heavier fissionable nu-
clides may contribute to the understanding of fac-
tors affecting the mass and charge distribution in
low energy fission of even-Z nuclides.

II. EXPERIMENTAL

Samples of 2 g of 2*2Th in the form of thorium nitrate
were irradiated for periods of 10-40 sec in the Israel
research reactor IRR-1 at a fast neutron flux
of 4x10*! neutrons/cm?sec. The plastic capsule con-
taining the sample was covered with a Cd shield
to minimize thermal neutron capture in thorium
which results in a very radioactive sample due
to 23 min 233Th,

The fission-produced Kr and Xe were separated
from the other elements by sweeping with a stream
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of helium. Sweeping started 5 sec after the end of
irradiation and lasted for 1 sec. The y ray spec-
tra of the noble gases and their daughters were
followed from 20 sec after the end of irradiation
to up to a few hours. From these y ray activities
and the known absolute y ray abundances, the cor-
responding cumulative and independent yields were
calculated. The yields of the isotopes of Cs and
Rb were derived from the measured yields of the
corresponding isobaric members Xe and Kr and
from the respective chain yields. More details
are given elsewhere.*

Fission-produced tin and antimony were chemi-
cally separated as hydrides (using NaBH,) from
the other fission products in a separation time of
10 sec, which started 10 sec after the end of irra-
diation. Their y ray spectra were followed for
several hours, starting 30 sec after the end of
irradiation. The independent yield of '32Sn was
calculated from the y activities, peak energies,
and the known absolute y ray intensities. The yield
of 13'Sn cannot be determined in the same way,
since the absolute y ray intensities of *Sn are
unknown. Therefore, tin was also isolated from
thermal fission of 23U under the same conditions,
and from the two measured ¥ spectra of tin from
232Th and from 23U and the known 13°'13'gp yields
in 23U, the independent yield of *'Sn from 2%?Th
fission was obtained. The independent fission
yields of 3!'1328h were derived from the mea-
sured yields of the corresponding isobaric mem-
bers 131'132gp and from the respective chain yields.
The independent yield of 32Sb was also obtained
directly from the growth and decay of the mea-
sured spectra of this isotope. More details are
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given elsewhere,®

The above procedures were verified by remea-
suring the yields of the corresponding isotopes
from thermal fission of 2*¥U and good agreement
with published values was obtained.**

III. RESULTS

The fractional independent yields were calculated
by dividing the measured independent yields by the
respective chain yields.5™1® (All the data available
for each mass chain were averaged.) Whenever
the cumulative yields were measured and the
parent contributions were relatively low, the in-
dependent yields were derived by subtraction and
iteration of the parent contributions. The odd-even
effect in the yield distributions of the isotopes
studied here was revealed by comparing the mea-
sured fractional independent yields (FIY) with the
calculated “normal” yields.!” The normal FIY
were calculated from the Z,, the most probable
charge of the isobaric chains, and a constant
width of the charge distributions. As the widths
of the charge distribution are the same for all
fission nuclides in low energy fission!® the width
of this Gaussian was taken to be 0.56 +0.06 as was
established for 2%°U.!" The width for the thermal
fission of 235U has been shown!® to be Z dependent
but since the main variation of the width in the
nuclear charge distribution is due to the proton
pairing’® (i.e., the width variation and the odd-even
fluctuation both result from even-proton yield en-
hancement) a constant width has to be taken in
order to establish the proton odd-even effect.

The Z, of each isobaric chain in the fission of Th
was calculated from the equation?®'?;

ZP'—"Z;R{) +AZy,

where Z§*” is the Z, of 2®U.!” AZ, of 22Th was
obtained semiempirically,2°'?! using the equation
of Coryell, Kaplan, and Fink??:

AZ,=a(Z .- 92)+b(A .- 236) +C(E* - 6.52),

where Z, and A, are the nuclear charge and mass
of thorium and E* is the energy of the compound
nucleus 233Th, It seems more accurate to use dif-
ferent AZ, values for products in the light and
heavy peaks of the mass yield curve than to take
the same value, since the shift of the respective
light and heavy mass peaks is incoherent. This
was done by Nethaway and Barton?® while Wolfs-
berg® used a constant AZ,. We calculated two sets
of “normal” yields, one based on a variable AZ,
and the other based on a constant AZ,. The “nor-.
mal” FIY, the measured FIY, and the odd-even
fluctuations in the yields in fast fission of 232Th
can be seen in Table I. The odd-even fluctuations

for the various fission products are shown graphi-
cally in Figs. 1(a) and 1(b). These average odd-
even effects are seen to be about 30% and do not
depend on the distance from Z,, within the exam-
ined interval of plus or minus one charge unit,
Though the statistical dispersion is rather broad
(one standard deviation from the average is marked
by a broken line), the effect is clearly demon-
strated and the mean value is easily derived. An
enhancement of +28(x10)% in the fission yields of
products with an even number of protons, and a
corresponding decrease of —32(+12)% for products
with an odd number of protons was observed by
comparing the experimental results with the set of
calculated data, based on a variable AZ, [Fig.
1(a)l. Using a constant AZ,, an effect of +29(x13)%
and -35(£13)% was obtained [Fig. 1(b)]. A weighted
mean effect of +30(+12)% can be established for

the reactor neutron fission of 23*Th, using either

or both approaches.

The systematic enhancement of the yields of
nuclides with paired proton numbers is clearly
demonstrated in Fig. 2, which shows the isotopic
distribution of several elements. A proton-pairing
effect of ~30% is apparent, as the measured yield
fits well with the curves obtained by multiplying
the “normal” distribution by a factor of 1.3 or 0.7
for even- and odd-proton numbers, respectively.
Figure 3 presents the charge dispersion in several
isobaric chains where the experimental yields
show a sawtooth structure superimposed on the
“normal” distribution,

A high effect of +71(+26)% (when AZ, is variable)
or+91(+30)% (when AZ is constant) was obtained
for the doubly “magic” nucleus '*2Sn, It was men-
tioned above, that it seems to be more accurate
to use different AZ, values for products in the light
and heavy peaks of the mass yield curve. Since
the effects obtained for the two sets of normal data
are quite different, it is preferable to take the
lower value based ona variable AZ,. The net shell ef-
fect is therefore: 71(+26)% - 30(x12)% =41(x28)%.
The other N =82 isotones do not show any significant
deviation from the common odd-even effect.

IV. DISCUSSION
A. Odd-even effect

The odd-even effect found in reactor neutron
fission of 2**Th indicates that some of the proton-
paired structure is preserved, since the even
fragments are considerably more abundant than
the unpaired configurations. The proton-pairing
energy at the saddle configuration is 2.6 MeV *
and if energy in excess of this pairing gap is avail-
able by excitation, particle-hole excited states
may be filled by single nucleons. Then, one can
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assume that there will be an equal probability for
formation of odd- or even-proton number frag-
ments, due to random pairing of nucleons upon

scission.

232Th, as shown in Fig. 4, can fission only with
neutrons which possess energies above 1.4 MeV.
The energy distribution of the neutrons responsible
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for the fission reactions was obtained by multi-
plying the fission neutron spectrum ¢(E), de-

scribed by the equation® ¢(E)=0.T7TEe™""¢E by
the fission cross section (0) of 2*2Th.2® It can be

"seen (in Fig. 4) that 22 % of the fission reactions

occur with more energy that is needed to reach
the particle-hole state. Consequently, only fis-

TABLE I. Fractional independent yields (FIY) and odd-even effect in fast fission of 22Th.

FIY “normal” A% 2
AZ, AZ, AZ, Az,
Mass Chain yields Element FIY measured (Ref. 20) (Ref. 21) (Ref. 20) (Ref. 21)
90 7.20+0.21% Kr 0.762+0.114 P 0.567 0.550 +35.8% +37.4%
£20.8% +20.7%
91 6.80+0.30% Kr 0.740£0.064 P 0.619 0.624 +20.6% +17.5%
£7.7% +7.4%
Rb 0.163+0.066 © 0.230 0.216 -27.0% -25.9%
+24.2% +22.5%
131 1.73+0.08% Sn 0.710+0.202° 0.546 0.512 +30.7% +38.2%
£37.1% +38.6%
Sb 0.221+0.2029 0.368 0.410 -39.8% -43.9%
0.230+0.206 ¢ £52.7% +48.0%
132 2.87+0.14% Sn 0.529+0.085" 0.315 0.275 +67.8% +92.0%
0.550+0.139 9 +27.4% +31.4%
0.524+0.14049 +74.6% +90.5%
+43.6% +50.2%
Mean+70.8%  Mean+91.3%
+25.7% +29.6%
Sb 0.330+0.132° 0.582 0.604 -43.3% —45.3%
0.345+0.096 ¢ +22.7% +21.8%
0.319+0.0979 -40.7% -47.1%
+16.5% +16.4%
Mean-42.0% Mean—46.2%
+14.8% +14 4%
134 5.28+0,10% I 0.03+0.03¢ 0.066 0.084 —54.0% -64.0%
£29.0% +24.0%
Te 0.722+0.074 f 0.575 0.546 +27.0% +25.9%
0.688+0.078 +12.8% +£11.6%
135 5.09+0.31% I 0.15+0.03 ¢ 0.231 0.269 -35.0% —44.0%
£13.0% +11.0%
Te 0.754%0.048 0.620 0.606 +21.7% +25.4%
0.760+0.045f +8.3% +8.4%
139 6.99=0.27% Xe 0.755+0.078 ® 0.575 0.598 +31.8% +26.1%
+13.9% +12.6%
140 7.76+0.36% Xe 0.773%0.056 P 0.615 0.598 +24.3% +31.0%
+9.1% +9.3%
Cs 0.146+0.068 © 0.247 0.286 -39.8% —48.8%
+27.8% +23.7%
a A(%)= FIY measured — FIY pormal +100.

b This work.

¢ This work, derived from the measured FIY of the parent.

FIYnormal

4 Derived from the measured FIY of the parent, but the daughter contributes a few percent and its yield, estimated
as the (1.0+0.3) normal yield (Refs. 20 and 21) was subtracted, respectively.
¢ Denschlag and Qaim (Ref. 3).

f Denschlag and Qaim as per footnote d.
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FIG. 1. (a) Odd-even effect as a function of the distance from Z, [AZ, variable (Ref. 20)l. One standard deviation
from the average is marked by a broken line. (b) Odd-even effect as a function of the distance from Z, Az, constant
(Ref. 21)]. One standard deviation from the average is marked by a broken line.

sion reactions taking place at excitation below the
particle-hole state (i.e., 78 % of the reactions) are
responsible for preservation of proton pairs in the
fission of the even-Z thorium. If the thorium fis-
sion would have been induced by neutrons of energy
lower than required to exceed the particle-hole
state, one can assume that the odd-even effect
would be higher: [30(x12)%]x %% =38(x13)%. The
validity of this treatment can be further substan-
tiated by the observed drop in the experimentally
determined odd-even effect of the fast-neutron
fission of #3°U, in which 35% of the fission reac-
tions possess energies above the particle-hole
state, as compared with the thermal fission of the
same nuclide. The calculated odd-even effect of
the fast-neutron fission of 2**U (based on that of
the thermal neutron fission? is [22(z7) %] &
=14.5(+10) %, while the value based on measured
yields is 10(+10) %.?® Despite the high errors, the
trend and the extent of drop in the odd-even effect
can be adequately derived.

If only the excitation energy at the saddle point
determined the, magnitude of the odd-even effect,
one would expect to observe 89% even product
nuclides corresponding to an odd-even effect of
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FIG. 2. Isotopic yield distributions in fast fission of

232Th.
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FIG. 3. Fractional independent yields of isobars in fast fission of **Th [normal based on AZ, (Ref.20)]. @, FIY
measured directly; @, FCY measured directly; ®, FIY derived from the measured FCY; B, FIY derived from the
measured FCY of its isobar; O, ‘“normal” FIY multiplied by 1.30 for even-Z elements and by 0.7 for odd-Z elements.

78%. Since the effects in **>Th and in other fission
nuclides® are much smaller, another excitation
process must be considered. One possibility is
the conversion of the kinetic energy of the de-
forming system before scission. This energy may
be partly converted into single particle excitations
if the mass flow of the deformed nucleus is not
completely adiabatic. Direct experimental evi-
dence in support of this assumption is found in the
observed fluctuations in the total kinetic energy
(TKE) as a function of mass, in fast-neutron fis-
sion of #*2Th.?” At the lowest neutron energy which
induces fission (1.38 MeV) the fine structure is
very pronounced, but even in fission by 5.6 MeV
neutrons, some fine structure is still observed.

If the energy required to break a proton pair, i.e.,
filling the particle-hole excited states by single
nucleons, comes exclusively at the expense of
TKE, then one would expect the even-Z fragments
to possess ~2.6 MeV more than odd-Z fragments.
The fluctuations of the fine structure in the TKE
as a function of mass are in the range of 0.5-1
MeV. This indicates that a substantial part of the

VAN £r0
4—J\/

deformation

FIG. 4. Fission barrier and particle-hole state of
22Th, EY!'¥ is the energy induced by the absorbed neu-
tron, thermal, and mean neutron energy 1.9 MeV, re-
spectively. Eqp is the energy of the particle-hole state.
——: The fission barrier. The height was taken from
Vandenbosch and Huizenga (Ref. 31). —: ¢ (Ref. 24)
X o (Ref. 25).
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energy required to fill the particle-hole states
originates from conversion of TKE into internal
degrees of freedom by sort of partially viscous
flow of the rapidly deforming nucleus before scis-
sion.

Additional proton-pair breakings can result from
either a reduction in the pairing gap or even level
crossings at deformations between saddle and
scission points. These can reduce the excitation
needed to populate the particle-hole states and
possibly explain the quantitative disagreement be-
tween the odd-even fluctuation in the TKE and the
energy required (viz. 2.6 MeV) for proton-pair
breaking at the saddle point.

A great deal of fine structure was already found
to exist in the mass distribution curve of 2*2Th,
based on the individual chain yields.®"!* One can
observe good agreement between the average
product masses of the even-Z elements Kr, Xe,
Te, and Sr (complementary to Te) measured in
this work, and the masses corresponding to the
peaks in the fine structure of the mass distribution
curve. This is consistent with the observation in
the fission of another thorium isotope, #**Th?® in
which a very pronounced fine structure indicates
a substantial enhancement of even configurations.
One can expect that the amplitude of the elemental
fission yields in thermal fission of different Th
nuclides would be almost identical or very similar
as is seen in the various uranium fission reac-
tions.?® It should be noted however, that the mag-
nitude of the amplitude in the odd-even fluctuation
cannot be calculated quantitatively from mass mea-
surements, primarily because of the unknown rela-
tive contribution to each mass of the even- and
odd-proton configurations and because of poor
mass resolution.

B. Closed shell effect

The influence of the closed shell in the fission
of 232Th (by fission spectrum neutrons) is very
pronounced in '**Sn; its yield is enhanced by ~70%,
i.e., the net shell effect is ~40%. Since the other
measured isotope with the same closed proton
shell (**'Sn) does not reveal an enhanced effect,
the high yield of *2Sn may be due to the closed
shell of neutrons N=282. In the fissioning system

of #2Th, which has an odd number of neutrons,
every fragment with an odd number of neutrons
is complemented by a fragment with an even num-
ber of neutrons. Therefore, the enhancement of
the '28n yield cannot result only from the stability
of primary paired neutron configurations. On the
other hand, the exceptionally high yield of *3Sn
can result from the contributions of the tin iso-
topes with N =83 and 84, which have substantially
high prompt neutron emission probabilities, un-
like 1328n, and relatively quite high “normal”
yields (*33Sn=0.418% and '**Sn=0.102%) compared
with the '32Sn yield (0.904%). An indication of the
validity of this explanation can be found from the
measured yield of **Te in thermal fission of 25U
as a function of kinetic energy.?*® The yield of
134Te was observed to decrease with increasing
kinetic energy, i.e., the lower excitation energy
makes prompt neutron emission less likely and
therefore further contribution of '35:13Te to the
134Te yield diminishes.

The other isotones !**Te and !*°I do not have
such a pronounced neutron shell effect. Since the
yield of 3] is low compared with that of 1331
(N =82), the 3¢ cannot contribute significantly to
the yield of the !3°I and the expected effect should
be low, which is indeed the case. On the other
hand, one would expect a high shell effect for
134Te, since the isotope with an additional neutron
has a high yield. It might be that the independent
yield of *Te is slightly increased, but this yield
was only derived from the measured cumulative
yield and carries a significant error, which even-
tually masks the shell effect.

In the thermal neutron fission of #3°U, the rela-
tive yield of *3Sn compared with that of '32Sn is
low and the yield of !3Sn is negligible. In this case
one would expect only a low net shell effect which
results mainly from the primary neutron odd-even
effect in the U even neutron system and indeed
an effect of only ~12% was observed experimental -
ly.3° A careful examination of the net neutron shell
effect of *3Sb, !**Te, and '3l in thermal fission of
23323517 5 reveals that the effect is high when the
yields of the corresponding isotopes with N =83 and
84 are relatively high, viz., when they are near
the top of the isobaric dispersion.
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