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The yields of various fission products in the neutron-induced fission of 2*¥U with the flux-weighted-

averaged neutron energies of 9.35 MeV and 12.52 MeV were determined by using an off-line gamma-
ray spectroscopic technique. The neutrons were generated using the 7Li(p, n) reaction at Bhabha
Atomic Research Centre-Tata Institute of Fundamental Research Pelletron facility, Mumbai. The
gamma- ray activities of the fission products were counted in a highly-shielded HPGe detector over
a period of several weeks to identify the decaying fission products. At both the neutron energies, the
fission-yield values are reported for twelve fission product. The results obtained from the present
work have been compared with the similar data for mono-energetic neutrons of comparable energy
from the literature and are found to be in good agreement. The peak-to-valley (P/V) ratios were
calculated from the fission-yield data and were found to decreases for neutron energy from 9.35 to
12.52 MeV, which indicates the role of excitation energy. The effect of the nuclear structure on the

fission product-yield is discussed.
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I. INTRODUCTION

Nuclear data such as neutron capture cross-sections,
fission cross-sections, fission yields and decay data in-
cluding half-lives, decay energies, branching ratios, etc.
are required for many reactor calculations. Among these,
the yields of fission products are important from the fol-
lowing reasons: Fission products yields at any time give
an idea of the burn-up of the spent fuel. Yields of a
few long-lived fission products such as '3*Cs, 37Cs and
147Nd give an idea of the SNF (spent nuclear fuel). Many
of the stable nuclides, such as '47Sm, "9Sm, ®1Eu, and
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155Gd, which contribute to the reactivity of the fuel, are
strong absorbers of neutrons. Some of the fission prod-
ucts, which contribute to the radioactivity of the spent
nuclear fuel, are ?°Sr, 0Y, 93Zr, 99 Tc, 197Pd, 126Sn, 1291,
135Cs and 137Cs. These fission products are unstable and
highly radioactive. Some other long-lived fission prod-
ucts have high solubility in water. Hence, there is a risk
of migration of these elements if ground water is entering
the repository. The yields of short-lived fission products
and the independent yields of various fission products
in the neutron-induced fission of actinides are important
for decay heat calculations [1]. Thus, the yields of fis-
sion products contribute towards the design, safety and
operation of the nuclear reactors. The calculation of de-



Measurements of Fission Product Yield in the Neutron-induced Fission- - - — Sadhana MUKERJI et al. -19-

cay heat especially within the time of 1 to 1000 seconds
after a loss-of-coolant accident is important in a nuclear
power plant. The yields of fission products are also used
in the calculation of the delayed neutron fraction in re-
actor fuel, the isotopic composition of nuclear spent fuel
and waste inventories. In the case of an accident, the
release of fission products to the environment can be es-
timated from their yields.

From various evaluations [2-7], fission product yields
in the thermal neutron—induced fission of actinides are
available in sufficient detail for most data-based systems
of conventional reactors. However, the advent and the
development of advanced reactors, such as fast reactors
[8-12], advanced heavy water reactors (AHWR) [13,14]
and accelerator driven sub-critical systems (ADSs) [15—
17], have highlighted the need for accurate determination
of the fission yields in the fast neutron fission of actinides.
The potential benefits of advanced nuclear reactors are
many and varied, including improved levels of efficiency
in the use of fuel, a reduction in the amount of waste and
the ability to recycle at least part of the present reactor
waste as energy-producing materials. Among the ad-
vanced reactors, the fast reactor is based on 238U-239Pu
fuel, in which transmutation of the fertile isotope 238U
to the fissile isotope 23?Pu takes place. Fast reactors are
designed with a core containing ~ 15% fissile plutonium
and 85% 23*U (depleted uranium) in the form of mixed
oxides or carbides surrounded by a blanket of depleted
uranium.The fast reactor has a neutron spectrum from
0.1 keV to 15 MeV; therefore, the production of long-
lived minor actinides can be suppressed. For the design
of a fast reactor, the yield of fast-neutron-induced fission
of 238U and #*°Pu is very much necessary.

Besides the above application, the yields of fission
products in the fast neutron induced fission of 233U are
also needed for mass and charge distribution studies,
which can provide valuable information for understand-
ing the nuclear fission process. Fission products yields in
the fast-neutron-induced fission of various actinides are
available in the EXFOR compilation [18], data on re-
actors [19,20] and fast mono-energetic [21-31] neutron—
induced fission of 238U are available in literature. In the
present work, the yields of various fission products in
the neutron-induced fission of 233U with average energies
of 9.35 and 12.52 MeV have been determined using an
off-line gamma-ray spectrometric technique. The fission
yield data measured in present work have been compared
with similar data from mono-energetic neutron-induced
fission of 223U to examine the nuclear structure effect.

II. EXPERIMENTAL DETAILS

The experiment was carried out using the 14UD
Bhabha Atomic Research Centre-Tata Institute of Fun-
damental Research Pelletron Pelletron facility [32] at
Mumbai, India. The neutron beam was obtained from
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Fig. 1. (Color online) Schematic diagram showing the ar-
rangement used for neutron irradiation

the "Li(p, n) reaction [33,34] by using the main proton
beam line at a 6-m height above the analyzing magnet
of the Pelletron facility to utilize the maximum proton
current from the accelerator. The energy spread for pro-
tons at a 6-m height was a maximum of 50 — 90 keV.
At this port, the terminal voltage was regulated by us-
ing the generated voltage mode (GVM) from the ter-
minal potential stabilizer. Further, we used a collima-
tor of 6 mm diameter before the target. The lithium
foil was made up of natural lithium with a thickness
of 4.0 mg/cm? sandwiched between two tantalum foils
of different thicknesses. The front tantalum foil facing
the proton beam was the thinnest one, with a thickness
of 3.4 mg/cm?, in which degradation of the proton en-
ergy was only 30 keV [35]. On the other hand, the back
tantalum foil was 0.025-mm-thick, which was sufficient
to stop the proton beam. Behind the Ta-Li-Ta stack,
the sample used for irradiation was natural 233U metal
foils, which were wrapped with 0.025-mm-thick super-
pure aluminium foil. The aluminium wrapper was used
to stop and collect the fission products recoiling from the
surface. The size of the 233U metal foil was 1.0 cm?, and
the thickness was 634.2 mg/cm?. The #**U metal foil
wrapped with aluminium was mounted at zero degrees
with respect to the beam’s direction at a distance of 2.1
cm from the location of the Ta-Li-Ta stack. A schematic
diagram of theTa-Li-Ta stack and the 23U metal foils is
shown in Fig. 1. Different sets of samples were made for
different irradiations at various neutron energies.

The 238U metal foils were irradiated for a period of 10
and 5 h with the neutron beams generated by impinging
proton beams of 16.0 and 20.0 MeV, respectively on Ta-
Li-Ta stack. The proton current during the irradiations
varied from 100 to 400 nA. After the irradiation, the
samples were cooled for one hour. Then, the irradiated
target of 233U, along with the Al wrapper, was mounted
on a Perspex plate and was taken for y-ray spectrome-
try. The ~-rays from the fission/reaction products of the
irradiated 233U sample were counted in an energy- and
efficiency-calibrated 80-c.c. HPGe detector coupled to a
PC-based 4K channel analyzer. The HPGe detector was
a p-type co-axial ORTEC detector of 4.5 cm in diame-
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Fig. 2. Neutron spectrum from “Li(p, n) reaction at E, =
16.0 MeV calculated using the results of Meadows and Smith
of Ref. [36].

ter and 5 cm in length. The resolution of the detector
system had a FWHM of 1.8 keV ~-line at 1332.5-keV
of 69Co. The energy- and the efficiency-calibrations of
the detector system were done by counting the ~-ray
energies from a standard '°?Eu source in the same ge-
ometry, where the summation error was negligible. This
was checked by comparing the efficiency obtained from
y-ray counting of standards such as 2! Am (59.54 keV),
133Ba (80.997, 276.4, 302.9, 356.02 & 383.82 keV), 137Cs
(661.66 keV), ®*Mn (834.55 keV) and °Co (1173.23 &
1332.5 keV). The detector efficiency was 20% at 1332.5
keV relative to a 37 diameter x 3” length Nal (T1) de-
tector. The efficiency of the detector system decreased
with increasing or decreasing of y-ray energy above and
below 121.8 keV, respectively. The uncertainty in the
efficiency was 2 — 3%. The counting dead time was al-
ways kept less than 5% by placing the irradiated 238U
sample at a suitable distance from the detector to avoid
pileup effects. The y-ray counting of the irradiated 238U
sample was done for a few months to check the half-life
of the nuclides of interest.

ITII. DATA ANALYSIS

1. Calculation of neutron energy

In the present experiment, the incident proton ener-
gies were 16.0 MeV and 20.0 MeV. The degradation of
the proton energy in the front thin tantalum foil was
only 40 — 50 keV [35]. The Q-value for the "Li(p, n)"Be
reaction to the ground state is —1.644 MeV whereas the
first excited state is at 0.431 MeV above the ground state,
leading to a Q-value of —2.079 MeV [36-38]. The ground
state of "Be has a threshold of 1.881 MeV whereas the
first excited state of "Be has a threshold of 2.38 MeV.
With “Li, a second neutron group at Ep > 2.4 MeV is
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Fig. 3. Neutron spectrum from Li(p, n) reaction at E, =
20.0 MeV calculated using the results of Meadows and Smith
of Ref. [36].

produced due to the population of the first excited state
of "Be. Thus, for the proton energies of 16 MeV and
20 MeV, neutron energies ng for the first group will be
14.12 MeV and 18.12 MeV relative to the ground state of
"Be [36-39]. For the first excited state of "Be, the neu-
tron energies of the second group of neutrons (n;) will be
13.62 MeV and 17.62 MeV, respectively. Fragmentation
of 8Be* to “He + 3He + n (Q = —3.23 MeV) also oc-
curs when the proton energy exceeds 4.5 MeV and other
reaction channels are open to give a continuous neutron
distribution besides the ny and the n; groups of neu-
trons. For a proton energies of 16.0 MeV and 20.0 MeV,
the neutron spectrum for the "Li(p, n) reaction has been
generated [33,34] by using the neutron energy distribu-
tion given by Meadows and Smith [36]. Typical neutron
spectra from the "Li (p, n) reaction for proton energies of
16 MeV and 20 MeV are shown in Figs. 2 and 3, respec-
tively. These figures show that the neutron flux changes
with neutron energy. Based on the neutron spectra, the
flux-weighted average neutron energy (< E,, >) has been
calculated using the following equation:

<E,>=) E.p/> ¢ (1)

where ¢ is the neutron flux corresponding to the neutron
energy E,. From Eq. (1), the average neutron energies
were obtained as 9.35 MeV and 12.52 MeV for the proton
energies of 16 MeV and 20 MeV, respectively.

2. Calculation of Fission Yields

The net photo-peak areas of different y-rays of inter-
est were calculated by subtracting the linear background
from their gross peak areas. The number of ~-rays de-
tected (Agps) under the photo-peak of each individual
fission products is related to the cumulative yield (Y.)
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Table 1. Nuclear spectroscopic data and yields of fission products in the neutron induced fission of 233U at average neutron
energy of 9.35 MeV and 11.3 MeV [31], taking yield of *"Zr (5.206%) as reference for 14 MeV incident neutrons from ref. [41].

Nuclide Half-life ey ray Y(%) Y(%)
Energy (keV) abundance (%) Present work Ref. [31]
91Qr 9.63 h 1024.3 33.0 3.831 4 0.211 3.93 + 0.15
92y 2.71 h 1384.9 90.0 3.976 + 0.412 4.18 £ 0.14
957y 64.02 d 756.7 54.0 4.687 + 0.121 5.18 + 0.18
7r 16.91 h 743.4 93.0 5.206 + 0.412 5.28 + 0.20
105Ry 4.44 h 724.4 47.0 3.346 + 0.302 3.64 £+ 0.18
H5 09 53.46 h 336.2 45.9 0.541 4 0.051 -
1298}, 432 h 812.4 43.0 1.441 + 0.151 1.50 + 0.094
132 32d 228.1 88.0 5.184 + 0.402 5.36 + 0.21
1331 20.8 h 529.9 87.0 5.301 + 0.401 6.66 + 0.26
1398, 83.03 min 165.8 23.7 4.511 + 0.405 5.1 +0.30
HM3Ce 33.03 h 293.3 42.8 3.306 + 0.351 4.28 4+ 0.16
b\[i| 10.98 d 91.1 28.0 2.209 + 0.101 2.39 £+ 0.10

Table 2. Nuclear spectroscopic data and yields of fission products in the neutron induced fission of 22®Uat average neutron
energies of 12.52 MeV and 14.1 MeV [26], taking yield of °"Zr (5.206%) as reference for 14.0 MeV incident neutrons from ref.

[41].
Nuclide Half-life ey ray Y(%) Y(%)
Energy (keV) abundance (%) Present work Ref. [26]

91Qr 9.63 h 1024.3 33.0 3.560 + 0.151 3.59 + 0.20
92y 2.71 h 1384.9 90.0 3.705 £ 0.351 3.87 + 0.26
957y 64.02 d 756.7 54.0 4.950 + 0.122 4.72 £ 0.27
7y 16.91 h 743.4 93.0 5.206 + 0.412 4.94 + 0.32
105Ry 444 h 724.4 47.0 3.520 + 0.404 3.64 £ 0.18
H5cq9 53.46 h 336.2 45.9 1.061 + 0.301 0.97 + 0.15
1296} 4.32 h 812.4 43.0 1.491 + 0.205 1.56 £ 0.13
132 g 3.2d 228.1 88.0 4.501 + 0.404 4.31 + 0.24
1331 20.8 h 529.9 87.0 5.051 + 0.405 5.73 + 0.37
13984 83.03 min 165.8 23.7 4.706 £ 0.406 5.10 £ 0.32
13 Ce 33.03 h 293.3 42.8 3.110 £ 0.361 3.62 4+ 0.19
H7Nd 10.98 d 91.1 28.0 2.393 + 0.110 2.01 £ 0.14
as follows ergy, the branching intensity and the half-life of the fis-
Ayys(CLJLT) sion products are taken from Refs. 39 and 40. The cumu-

= Noj(B)PLeYo(l — e M)e, AT (1 — e MT)/A (2)

where, N = the number of target atoms, os(E) = the
neutron-induced fission cross-section as a function of
neutron energy (E) of the target with an average neu-
tron flux (®), I, = the branching intensity for the y-ray
of the fission product, ¢ = the efficiency of the detector
system, which changes with gamma ray energy, t = the
irradiation time, T, = the cooling time and CL and LT =
the clock time and the live time of counting, respectively.

The nuclear spectroscopic data, such as the y-ray en-

lative yields of the fission products relative to that of the
fission rate monitor *7Zr were calculated using Eq. (1).
The yield of the fission rate monitor °"Zr was chosen
from the point of view of the near constant yield with
changing neutron energy [21-31]. For neutron energies
of 9.35 MeV and 12.52 MeV, the fission-yield data of *7Zr
in the 14-MeV neutron-induced fission of 2**U was taken
from Ref. 41.
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Fig. 4. (Color online) Fission yield of fission products for
En = 9.35 MeV compared to 11.3 MeV values taken from ref.
[31].

IV. RESULTS AND DISCUSSION

The cumulative yields of various fission products rel-
ative to %7Zr in the neutron-induced fission of 238U at
flux-weighted average neutron energies of 9.35 and 12.52
MeV, along with nuclear spectroscopic data, are given
in Tables 1 and 2, respectively. The uncertainties as-
sociated to the measured cumulative yields come from a
combination of two experimental data sets with replicate
measurements. The overall uncertainty is the quadratic
sum of both the statistical and the systematic errors.
The random error in the observed activity is particu-
larly due to counting statistics, which is estimated to be
5 — 10%. This was determined by accumulating data for
an optimum time period that depended on the half-life
of the nuclide of interest. The systematic errors are due
to uncertainties in the neutron flux estimate (~ 3%), the
irradiation time (~ 0.5%), the detector efficiency (~ 3%)
and the half-life of fission products and y-ray abundances
(~ 2%). The overall uncertainty was in the range of 7 —
11%, coming from a combination of the statistical error
of 5 — 10% and the systematic error of 4.7%.

The cumulative yields of different fission products
in the present work for the 9.35-MeV and 12.52-MeV
neutron-induced fission of 233U were determined for the
first time. The literature data for the mono-energetic
neutrons of 11.3 MeV [31] and 14.1 MeV [26] are given
in the Tables 1 and 2 to compare with the present data
at average neutron energies of 9.35 MeV and 12.52 MeV.
From Tables 1 and 2, the cumulative fission yields of the
twelve fission products determined in the present work at
two different flux-weighted average neutron energies can
be seen to be in general agreement with the literature
data [26,31] based on mono-energetic neutron-induced
fission of 238U. The yields of various fission products in
the neutron energies of 9.35 MeV and 12.52 MeV from
the present work and the literature data for comparable
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Fig. 5. (Color online) Fission yield of fission products for
En = 12.52 MeV compared to 14.1 MeV values taken from
ref. [26].

neutron energies of 11.3 MeV [31] and 14.1 MeV [26] are
also plotted in Figs. 4 and 5, respectively. From Figs. 4
and 5, the fission yield distribution in the 9.35-MeV and
12.52-MeV neutron-induced fission of 238U can be seen
to be double humped. The peak-to-valley ratio was cal-
culated from the fission yield data as the ratio of yields
of 1331 to 1159Cd and was found to be 9.8 £ 0.9 and 4.8
+ 1.4 for neutron energies of 9.35 MeV and 12.52 MeV,
respectively. If one considers the peak-yield data (Figs. 4
and 5) from the literature for 331 (6.66 + 0.26%) [31],
for 135Xe (6.19 + 0.35%) [26] and the yield of 1%9Cd
from Tables 1 and 2, then the peak-to-valley ratios will
be 12.3 £ 1.6 at 9.35 MeV and 5.8 + 1.7 at 12.52 MeV,
which are slightly higher than the values in the present
work. The peak-to-valley (P/V) ratio at average neutron
energy of 12.52 MeV is lower than at 9.35 MeV, which
indicates the role of excitation energy.

Figures 4 and 5 also show that the yields of fission
products around mass numbers 133 — 134 and their com-
plementary products are higher than the yields of other
fission products [19,20]. The higher yields of the fis-
sion products for A = 133 — 134 and 143 — 144 can be
explained from the point of view of the standard I and
standard Il asymmetric fission modes, as mentioned by
Brossa et al. [42], which arise due to shell effects [43].
Based on standard I asymmetry, the fissioning system is
characterized by spherical, heavy fragments with mass
numbers 133 — 134 due to the spherical 82n shell and
a deformed complementary light mass fragment. Based
on standard II asymmetry, the fissioning system is char-
acterized by a deformed heavy-mass fragment near mass
numbers 143 — 144 due to a deformed 86 — 88n shell and
slightly deformed light mass fragment. Thus, the higher
yields of the fission products for A = 133 — 134 and 143
— 144 are due to the presence of spherical 82n and a
deformed 86 — 88n shells, respectively. Besides this, the
peaking of fission yields at the mass region 133 — 134,
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138 — 139, 143 — 144 and their complementary products
corresponding to alternate most probable even-Z 52, 54
and 56, nuclei are based on the A/Z ratio of 2.5, which
is comparable to that of the fissioning system. This has
been very well observed at lower average neutron energies
[19,20], which indicates the role of the even-odd effect in
addition to the shell effect. However, in the present case,
the higher yield of fission products is well pronounced
only for A = 133 — 134 and complementary products
but not for A = 138 — 139 and A = 143 — 144 and their
complementary products. This indicates that the even-
odd effect does not persist or it is very week at neutron
energies of 9.35 MeV and 12.52 MeV. The higher yields
of fission products around mass numbers 133 — 134 and
complementary product is because of a shell combina-
tion of complementary pairs. For fission products with
mass numbers 133 — 134, if the neutron emission is about
one, then it correspond to the fragment mass of 134 —
135, with the most probable 52p and the spherical 82n
shells. Accordingly, the complementary fragment has a
mass number of 105 — 104, respectively, corresponding
to the most probable 40p and the deformed 64n shells.
The fission products of A = 143 — 144 have the most
probable 56p and deformed 88n shells. However, com-
plementary products do not have any shells due to the
higher number of neutron emissions. Thus, in the 9.35-
to 12.52-MeV neutron-induced fission of 238U, the yields
of fission products for A = 133 — 134 and its comple-
mentary products, the shell effect is observed very well.
However, for fission products with A = 143 — 144 and
their complementary products, the shell effect is less pro-
nounced. This indicates that the shell pair combination
of complementary products affects the yield profile, even
at the high neutron energies of 9.35 MeV and 12.52 MeV.
This observation also indicates that the shell effect exists
even in the 9.35-MeV and 12.52-MeV neutron-induced
fission of 23%U.

V. CONCLUSION

The yields of twelve fission products in neutron-
induced fission of 23® U at average neutron energies of
9.35 and 12.52 MeV were determined for the first time
by using an off-line gamma ray spectrometric technique.
The present data at average neutron energies of 9.35 and
12.52 MeV are in close agreement with similar data based
on mono-energetic neutron induced fission of 238U at 11.3
and 14.1 MeV, respectively. In addition, the fission prod-
uct’s yield distribution in the neutron induced fission of
2381J at average neutron energies of 9.35 and 12.52 MeV
are double humped. However, the peak-to-valley (P/V)
ratio decreases with increasing neutron energy from 9.35
to 12.52 MeV. This indicates the role of the excitation en-
ergy. Finally, the higher yields of fission products around
mass numbers 133 — 134 and their complementary prod-
ucts are due to a combination of the spherical 82n and

the deformed 62n shells. This observation indicates that
the effect of nuclear structure persist even at high neu-
tron energies of 9.35 and 12.52 MeV.
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