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Search for low-yield products in the neutron-induced highly asymmetric fission of uranium
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The results of investigations aimed at defining the nature of mass distribution in the reactor
neutron-induced highly asymmetric binary fission of natural, depleted, and enriched uranium are
presented. Fission yields of mass chains 66, 67, 72, 77, 161, 172, 175, 177 were determined relative to
%Mo using radiochemical methods. Upper limits for the yields of '**Ta and !'*’Au were also set to see
the trend of mass distribution beyond 4 = 177. As expected the yields of highly asymmetric products
in the region 4 < 70 and A > 161 are sensitive to the excitation energy of the fissioning nucleus, a
trend observed in symmetric fission. Computer extrapolation of the yields up to 4 = 180 on the
heavier side and 4 = 60 on the lighter side indicates that both wings of the mass-yield curve cannot
be represented by a single Gaussian, thereby disturbing the complementarity of the mass-yield curve in
the highly asymmetric region. The relatively higher yields for mass regions around 4 = 67 and 177,
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together with the upper limits for 4 = 183 and 199 in the reactor neutron fission of ***U, tend to
suggest the possibility of shoulders in the low-yield wings of the mass-yield curve.

INTRODUCTION

The mass-yield curves for neutron-induced bi-
nary fission of 2U, 2%V, and other heavy-ele-
ment isotopes have been well characterized in the
region of high fission yields. However, not much
experimental data are available along the low mass
and high mass branches of the mass yield curves
(especially for A<"70 and A>161), except for the
recent results of Nethaway et al.'* 2 on the 14.8-
MeV neutron-induced fission of some heavy-ele-
ment isotopes. Thus, it was of interest to mea-
sure some additional yields in order to define
precisely the nature and trend of mass distribu-
tion in the highly asymmetric region in the ther-
mal and fast-neutron-induced fission of heavy ele-
ments. It was also of interest to extend the yield
data in low-energy fission in view of the recent
discovery of ternary fission and the consequent
reckoning of three distinct modes of mass distri-
butions, viz., asymmetric ternary, asymmetric
binary, and symmetric binary modes in the fis-
sion of heavy elements at moderate excitation en-
ergies.®-® Since the fission yields of the products
in this region were expected to be extremely low,
it was recognized that such an investigation would
be possible only by using stringent radiochemical
techniques. In this paper, we report the results
and observations on the determination of cumula-
tive yields of mass chains 66, 67, 72, 77, 161,
172, 175, 177, 183, and 199 formed in the reactor
neutron-induced fission of natural, enriched, and
depleted uranium.

EXPERIMENTAL

Three different samples of uranium were used
in these experiments: nuclear-pure uranyl nitrate
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obtained from the uranium metal plant, Babha
Atomic Research Center (BARC); enriched 2**U
(93.4%) obtained from Oak Ridge National Labora-
tory; and depleted uranium (0.217% 2%°U) metal ob-
tained from the Health Physics Division, BARC.
The 23U content of the depleted uranium sample
was estimated by fission track technique.®

Prior to irradiation all three uranium samples
were extensively purified by extracting uranium
from 2 M HNO, solution using 30% TBP in xylene
followed by anion exchange purification, using a
Dowex 2X 8 (50-100 mesh) column, from 8 M HCl
medium. The solvent extraction-with-anion ex-
change cycle was repeated 4 times. All the re-
agents used were of high purity.

The targets consisted of about 500 mg to 1 g of
the material in the form of uranyl nitrate hexa-
hydrate in the case of natural and depleted urani-
um samples, and 2-3 mg in the case of enriched
uranium. They were triply sealed in thin poly-
thene bags to avoid rupture and contamination
problems. Some of the natural and all the deplet-
ed uranium targets were wrapped in 0.3-mm-
thick Cd metal foil to reduce the thermal-neutron-
fission contribution from 23%U,

The irradiations were of 24-48-h duration in the
light-water-moderated enriched-uranium-fuelled
swimming pool reactor APSARA at Trombay,
Bombay at a flux of the order of 1.2x10'2 /cm?®
sec. The neutron flux above 2*2Th(n, f) threshold
in the irradiation position was estimated by us to
be ~15-20% of the thermal flux. The neutron-flux
values above *3S(n, p)**P threshold (2.9 MeV),
above **Fe(n, p)**Mn threshold (4.3 MeV) and above
54Fe(n, o)*'Cr threshold (9.1 MeV) in the reactor
have been estimated to be ~10%, ~1.3%, and ~107%%,
respectively, of the thermal flux.”
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FIG. 1. B-decay curves: 1(a), 1(b), 1(c), 1(d), 1(e), and 1(f) represent the decay curves of *Ni, ¢'cu, !5Yb, !"'Lu,
16l7h, and 1™Er, respectively. Curves A and B represent the composite decay curve and that due to the pure nuclide

(after subtracting the longer-lived component), respectively.
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Dissolution and radiochemical processing

of the targets

The following activities were isolated from the
targets from different irradiations using standard
radiochemical carrier techniques®: ®Ni, ®'Cu,
ﬁzn, 77AS, lelTb, 172Er, 175Yb, 1'1’1Lu, ‘83Ta, 199Au’
%Mo, and a few other high-yield binary products
like 8%r, !Ag, '%°Ba.

The irradiated targets were dissolved in dilute
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HCI in the presence of 10-15 mg each of standard
carriers of Ni, Cu, Zn, As, Tb, Tm, Er, Yb,

and Lu. The target solution was made up to 50 ml
in a standard flask. 1 ml from this solution was
withdrawn and 10-15 mg each of standard carriers
of Mo, Sr, Ag, and Ba were added for the separa-
tion of these high-yield products. From the rest
of the solution, the activities of interest were
separated and purified. A separate irradiation
was performed for isolating '**Ta and '*°Au acti-
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FIG. 2. v spectra of low-yield fission products: 2(a), 2(b), 2(c), and 2(d) represent the v spectra of the $éNi-%¢Cu,
81Cy, 160,16l and 12Er-1"Tm decay sequences, respectively.
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vities from the depleted uranium target. 15 mg
each of standard carriers of Ta and Au were used
for their separation. The existing procedures
were suitably modified® !° to meet the stringent
requirements of separating radiochemically pure
products having activities of the order of a few
counts per minute (~1-5 cpm) from tens of milli-
curies of high-yield binary-fission products and
other activation products such as 23*°Np. The ac-
tivities were mounted in the form of precipitates
of known stoichiometry and counted in a low-back-
ground g counter with anticoincidence shielding
(background 0.9-1 cpm). Since the activities of
the samples were low and since the nuclides of
interest were of fairly long half-life, all the sam-
ples were counted each time long enough (for
periods not less than 5000 sec) to accumulate
enough counts to reduce the statistical uncertainty
in the counting to a minimum. The statistical
deviation of counting in each case was computed
using the standard procedure.'! The radiochemi-
cal purity was ascertained by the characteristic
decay curves [Figs. 1(a)-1(f)], and in the case of
8€Ni, $'Cu, !®!Tb, and "?Er also by their specific
y-ray energies'?—determined using a NalI(T1) de-
tector coupled to a 400-channel analyzer [Figs.
2(a)-2(d)]. In most cases the decay could be fol-
lowed through at least three to four half-lives.

y counting also was done for a sufficiently long
duration with the sample in the form of mounted
precipitates or in the form of a solution in a well-
type detector. The decay curves were analyzed
by a least-squares-fitting program using a Honey-
well 400 computer.

Evaluation of fission yields

The observed activities were corrected for
chemical yield, decay, efficiency of the counting
system, and volume of target solution. The ef-
ficiency of the low background counter was deter-
mined relative to the 8 proportional counters for
which efficiencies were known.'® Fission yields
were calculated relative to ®*Mo taken as internal
standard using the relation

Ny
’
N99Mo

Y,%) = Yoo, %) (1)

where Y; and N; are the fission yield and number
of atoms, respectively, of a particular nuclide i
and Yoo, and Ny, are the corresponding yield
and number of atoms of **Mo, respectively. The
number of atoms N; were calculated using the
relation

- Agt
N [1-exp(=2;8)] ° (@)

where 4, is the activity in dpm associated with
nuclide 7 at the end of the irradiation, r; the de-
cay constant, and ¢ the duration of irradiation.
The yield of **Mo was assumed to be 6.2% in all
three cases. The observed isotopic yields were
corrected for independent yields to get the total
isobaric yields. The charge-distribution correc-
tion suggested by Wahl et al.** was used.

RESULTS AND DISCUSSION

The results of yield determinations for the mass
chains 66, 67, 72, 77, 161, 172, 175, and 177
are given in Table I. In one irradiation with Cd-
wrapped depleted uranium target, we isolated
837a and '*°Au activities in order to see the trend
of the yields beyond A=177. The yields of some
representative high-yield binary-fission products,
e.g. 8%r, 1%°Ba, and !'!Ag, were also determined
to fix the light and heavy peaks and the trough re-
gions of the mass-yield curve. The yield values
reported in this work (Table I) for the high-yield
and low-yield products are based on at least two
(in a majority of the cases three to four) deter-
minations. The yields are in the range 10-5-10-"%
for the mass chains in the highly asymmetric re-
gion. The yields obtained for mass chains 183
and 199 are only upper limits since the activities
isolated could not be unambiguously identified as
18373 and '%°Au.

Since the highly asymmetric binary products are
low fission cross-section events, the effect of
target impurities that may give rise to products
of interest by neutron activation, was seriously
considered. Impurity fractions resulting from the
purification of the targets and reagent blank were
subjected to emission spectrographic as well as
activation analyses. Impurity fractions equivalent
to 5 g of uranyl nitrate were used for these anal-
yses, while the uranium targets used for irradia-
tion were 5-10 times less in all cases. Spectro-
graphic analysis did not reveal the presence of
any of the three rare earths, i.e., Lu, Yb, and
Er. Activation analysis showed the presence of
some unidentified long-lived activity in the im-
purity fraction as well as in the reagent blank in
the case of lutetium (probably due to natural lute-
tium activity). Similar long-lived tails were ob-
served in the decay curves of 1""Lu separated from
the uranium targets (natural lutetium shows ~0.7
cpm/mg due to '"®Lu in the counter used). It may
be noted in this context that the presence of about
0.02 ppm of lutetium in the target may give rise
to about 10* dpm of '"Lu by '"*Lu(zx, y)'"'Lu reac-
tion under the conditions of irradiation. The ab-
sence of such abnormal "’Lu activity in the ir-
radiated uranium targets coupled with the results
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of spectrographic and activation analyses are
taken as evidence for the purity of the targets
employed. The presence of Zn impurity (~0.7
ppm) was detected in depleted uranium samples.
The formation of *Ni by "°Zn(n, na)%Ni may be
regarded as negligible, as the abundance of ™Zn
and the cross section for the above reaction are
small. The correction for the fission yield of ®'Cu
due to ¥'Zn(xn, p)*"Cu was found to be <1% on the
basis of available data'® on the reaction cross
section and threshold energy. All other possible
nuclear reactions'® leading to the formation of
%Ni, %"Cu, '™Er, "Yb, and '"'Lu, etc., were
considered while calculating the yields and their
effect was found to be negligible. It may be ob-
served that the formation of !Er by nonfission
nuclear reactions under reactor neutron irradia-
tions is extremely improbable.

The use of larger amounts of the target material
undoubtedly would give better statistics of the ob-~
served data. However, in view of the restrictions
imposed on the amount of fissile material to be
used in the reactor for irradiation and on the
amount of cadmium to be employed for wrapping
the targets, the size of the targets had to be re-
stricted in the present work. Further, higher
amounts of activities (high-yield binary-fission
products and activation product, e.g. 2**Np) as-
sociated with larger targets are likely to compli-
cate the separation procedures in obtaining radio-
chemically pure products of interest within a
reasonable time (considering the half-lives of nu-
clides). It may be noted, however, that in spite cf
the restrictions on target size and irradiation
time, we were able to identify the low-yield pro-
ducts unambiguously (see Figs. 1 and 2) and esti-
mate their yields with a reasonable degree of con-
fidence.

In view of the low activities involved, uncertain-
ties in the counter efficiencies, analysis of decay
curves, etc., an uncertainty of +40% is assumed
for the measured yields of the highly asymmetric
products. Figure 3 shows the plot of the yields
in the mass range 72-161 available in literature'®
for the thermal neutron fission of ***U as well as
for reactor neutron fission of 2°®U. The data were
extended by computer extrapolation up to A=180
onthe heavier side and up to A=60 on the lighter
side by assuming a Gaussian distribution': 2 of the
yields and calculating the yield, Y, as

O] o

Va2no o

where ¢ is the width of the Gaussian, F is the nor-
malizing factor, and A =116.78 and 118.18 for 23U

and 2%%U, respectively'® (2.44 and 2.64 prompt neu-
tron emissions were assumed for the two nuclides).

Data from present work are also shown in Fig. 3
for comparison. While trying to extrapolate the
available data, we found that a single Gaussian
curve does not represent the lighter as well as
the heavier side of the mass-yield curve thereby
disturbing the complementarity of the mass distri-
bution, particularly in the highly asymmetric re-
gion. Even for one side of the mass-yield curve,
the width of the Gaussian was found to vary, de-
pending critically on the mass numbers employed
in the calculation of the yields. The extrapola-
tions in Fig. 3 were made using the mass-yield
data from A =155 to 161 on the heavier side and
A =83 to 72 on the lighter side. Since the present
yields are of the order of 10-4-10-"% and lie
closer to the U mass-yield curve and since we
could not detect these products (**Ni, ®’Cu, '"Er,
175Yb, and ""Lu) unambiguously in the reactor
neutron fission of 2*°U, we believe that these
products are arising most likely from reactor
neutron-induced fission of 2**U rather than from
2357 fission. The only other data available for
comparison with the present work in the highly
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FIG. 3. Mass distribution in the fission of 235U by
thermal neutrons and 33U by reactor neutrons. Curves
1 and 2 are drawn using the available data (Ref. 16) on
thermal neutron fission of 23U and reactor neutron fis-
sion of 238U, respectively. Both these curves have been
extrapolated beyond A =70 on the lighter side and A=161
on the heavier side using Eq. (3) referred to in the text.
The triangles, the open circles, and the closed circles
represent data from the present work on 23U, natural
uranium, and Cd-wrapped depleted uranium, respective-
ly. The squares represent reported data (Refs. 17 and
18) on 25U, Line 3 represents graphical interpolation
of the available data on 38U (Ref. 16) and the present
data on Cd-wrapped depleted uranium (closed circles).
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asymmetric region are those for *Ni and ¢’Cu!" 18
in the thermal neutron fission of ?**U. The upper
limits obtained in the present work are lower than
the reported values and this may be due to the
highly purified target material and improved radio-
chemical and counting techniques employed in the
present work.

The data available on yields beyond A=161 are
those reported by Nethaway, Mendoza, and Voss!
and these have been used along with other avail-
able datal® 2% 2! yp to A=161 to illustrate the en-
ergy dependence of the yields of very asymmetric
products in the fission of 23U and 2**U by neutrons
of different energies (Figs. 4 and 5). The dotted
portions in these figures are computed up to A
=180. It is evident from these figures that the
yields of very asymmetric products are sensitive
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FIG. 4. Low-yield products in the heavier mass re-

gion from the fission of 35U with neutrons of different
energies. Curves 1, 2, 3, and 4 are drawn using the
available data (Refs. 1, 16, 20, and 21) indicated by
open circles. The dotted portions of the curve are com-
puter extrapolations using Eq. (3) in the text.
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to the excitation energy of the compound nucleus,
a trend well established in the case of symmetric
fission. It can also be seen from these figures
that this energy dependence increases with in-
creases in asymmetry. The yields obtained in the
present work for mass chains 172, 175, and 177
in the reactor neutron fission of 2*®U follow this
general trend although they are a few orders of
magnitude higher than the corresponding computed
values, as can be seen from Fig. 5. This discrep-
ancy is perhaps due to the difference in the neutron
energy spectra’ used in the present work as well
as due to the critical dependence of the shape of
the extrapolated curve on the width of the Gaus-
sian, as already outlined earlier. Another possi-
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FIG. 5. Low-yield products in the heavier mass re-
gion from the fission of 238U with neutrons of different
energies. Curves 1, 2, and 3 are drawn using the avail-
able data (Refs. 1, 16, and 20) indicated by open circles.
The ylelds of mass chains 172, 175, and 177 from this

work in the reactor neutron fission of Cd-wrapped 238y

are indicated by closed circles. The dotted portions of

the curves are computer extrapolations using Eq. (3)

in the text.
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bility is the broadening of the wing portions of the
mass-yield curve in this region (and therefore the
measured yields may not follow the computed
curve). However, the upper limits for A=183 and
199 suggest that this broadening tendency does not
continue much beyond A =177 in the present
system.

A perusal of the data in Table I shows that the
yields of highly asymmetric products in the differ-
ent cases studied have the following trend: Cd-
wrapped depleted uranium >Cd- wrapped natural
uranium > natural uranium > enriched uranium.
This order can be explained on the basis of the
difference in the total number of fissions occur-
ring in the different targets resulting from the
slow-neutron-induced fission of 23U present in
different amounts. For example, the yields of
representative products ®Ni and !""Lu in the fis-
sion of Cd-wrapped depleted uranium are higher
by a factor of about 5 than those in the fission of
Cd-wrapped natural uranium (see columns 7 and
9 in Table I). In view of the uncertainties in the
yield measurements, this ratio may be considered
to be in fair agreement with the ratio of >*U con-
tent present (~3.5) as well as the ratio of ®**Mo ac-
tivities (~5) obtained in these two cases when nor-
malized to unit weight of target and unit time of
_ irradiation.

The fact that the yields of the products ™Er,
175Yb, and "’Lu in 2%U fission are nearly equal
and are of the order 10-%% and lie much above the
expected values (extrapolated for the fast fission
of 2**U) together with the low limits for '®Ta and
199Au tend to suggest the possibility of a shoulder
in this region of the mass-yield curve (see Fig. 3).
A similar trend also appears to be seen around
mass number 67, as is evident from the higher
yield than the computed value obtained for ¢'Cu.

It may be observed that there is a 28-proton core
in the low mass branch of the mass-yield curve
(in the ®*Ni-®*"Cu region) and it is not known at
present whether the small indication of shoulders
in the low-yield wings of the mass-yield curve is
in some way connected with it or not. It will be
interesting to determine the yields of other nu-
clides around A= 67 and 177 to settle this point.

For a clearer understanding of these observa-
tions, detailed studies of mass distribution around

A>161 and A< 70 employing different fissile ma-
terials and different neutron energies are highly
desirable. At present, efforts are under way to

extend these studies to 232Th, 23°U, and 2*°Pu.

SUMMARY

We have measured the cumulative yields of mass
chains 66, 67, 72, 77, 161, 172, 175, and 177 in
the reactor neutron-induced fission of enriched,
natural, and depleted uranium using radiochemi-
cal techniques. The yields range from 10-° to
10-"% in this region. Upper limits were also set
for the yields of !%3Ta and '°°Au in the reactor
neutron-induced fission of 2°®U. The yields of
mass chains 66, 67, 175, 177 in the fission of
enriched uranium are also upper limits since ac-
tivities due to *Ni, ®Cu, "®Yb, and "’Lu were
not identified unambiguously. Comparison of the
present data with other similar data from the lit-
erature brings out the dependence of yields of
very asymmetric products on the excitation ener-
gy of the fissioning nucleus, the dependence being
more pronounced with increasing asymmetry.
Computer extrapolation of the yields in the regions
A>161 and A< 170 indicates that both wings of the
mass-yield curve cannot be represented by a sin-
gle Gaussian. The present data on 2%®U indicate a
general broadening of the wings of the mass-yield
curve in the highly asymmetric region. The rela-
tively higher yields for products in the mass re-
gion A =67 and 177 together with the low limits
for 183 and 199 tend to suggest the possibility of
shoulders in the low-yield wings of the mass-
yield curve.
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