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Abstract. The cumulative yields of various fission products in 2**Th(n, f) with average neutron energies
of 6.35, 8.53 and 10.09 MeV have been determined using an off-line «-ray spectrometric technique. The
neutron beam was produced from the “Li(p, n) reaction. From the cumulative fission yields, the mass chain
yields were obtained by using charge distribution correction of medium energy. The peak-to-valley (P/V)
ratio, the average value of light mass ({Av)), heavy mass ((Au)) and the average number of neutrons ((v))
at the three different neutron energies of the present work and at other energies from the literature in the
232Th(n, f) reaction were obtained from the mass yield data. The present and the existing literature data
in the 22 Th(n, f) reaction at various excitation energies were compared with similar data in the 3®U(n,
f) reaction. The fine structure in the mass yield distribution was interpreted from the point of nuclear
structure effect such as shell closure proximity and even-odd effect. The role of standard I and standard II
asymmetric mode of fission was discussed. The different types of mass-yield distributions between 232Th(n7
f) and 238U(n7 f) reactions were explained from different types of the potential energy between the two

fissioning systems. The role of excitation energy was also investigated.

1 Introduction

Measurements of nuclear data such as neutron capture
cross-sections, fission cross-sections and fission yields are
required for many reactor calculations. Sufficient data on
neutron capture cross-section and fission cross-section over
a wide range of neutron energies from thermal to MeV
range are available in the literature [1-3]. Similarly, the fis-
sion yields data in the neutron-induced fission of actinides,
ranging from 22’ Th to 2°"Fm, are available from different
compilations [4-8]. Among the nuclear data, the fission
yields in the neutron-induced fission of the isotopes of ac-
tinides, ranging from Th to Cm are important for their
applications in conventional light- and heavy-water reac-
tors as well as fast reactors [9-13], advanced heavy-water
reactors (AHWR) [14,15] and accelerator-driven subcriti-
cal systems (ADSs) [16-21].

Besides the above applications, basic studies in the fis-
sion yield distribution in the low-energy fission of actinides
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provide important information about the nuclear struc-
ture effect (e.g., shell closure proximity and even-odd ef-
fect) and descent dynamics from the point of saddle to
scission [2,3]. It is a well-known fact that the mass yield
distributions in the spontaneous and neutron-induced fis-
sion of heavy-Z actinides (e.g., Es to Lr) are symmetric in
nature [2,3]. On the other hand, the mass yield distribu-
tions in the neutron-induced fission of medium-7 actinides
(e.g., U to Cf) are asymmetric with double hump, whereas
for light-Z actinides (e.g., Ac, Th, Pa) are asymmetric
with triple hump [2,3]. Other than this, the fine structures
due to the even-odd effect and shell closure proximity have
been observed in the low-energy neutron-induced fission
of light and medium even-Z actinides. This was also seen
for the fission fragments yield data of neutron-deficient
lighter even-Z actinides such as 2207229Th and 23!1-234U
in the excitation energy range of the GDR region due
to electromagnetic fission in inverse kinematics [22-24].
Similarly, the nuclear structure effect in the reactor [25-
28] and mono-energetic [29-82] neutron-induced fissions of
232Th and 22%U can be seen. The fission yield data in the
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mono-energetic neutron-induced fission of 233U are avail-
able in the literature [54-82], within the neutron energy of
1.5 to 17.7MeV. However, systematic fission yield data in
the mono-energetic neutron-induced fission of 232Th are
available in the literature [29-52], only within the neu-
tron energy of 2 to 8 MeV and at 14.8 MeV. Within the
neutron energy of 8 to 14.8 MeV, sufficient fission yield
data for 232Th(n, f) are not available in the literature to
examine the effect of nuclear structure. At higher neutron
energies, the experimental results in the 33—60 MeV quasi—
mono-energetic neutron-induced fission of 232Th and 23U
are available from physical measurements [53], where the
effect of the nuclear structure is not expected. In view of
this, in the present work, the yields of various fission prod-
ucts in the 232Th(n, f), with average neutron energies of
6.35, 8.53 and 10.09 MeV, have been determined using an
off-line ~-ray spectrometric technique. From the yields of
the fission products, their mass chain yields were obtained
by using charge distribution correction [8,83]. The fission
product yields data in the three neutron energies of the
present work and at other neutron energies from the lit-
erature [29-52] in 232Th(n, f) are compared with similar
data in 38U(n, f) [52-82] to examine the role of the ex-
citation energy in the nuclear structure effect. The role
of the excitation energy in the peak-to-valley (P/V) ratio
was examined. The variation of average light ((Ar)) and
heavy ((An)) masses as well the average neutron number
({(v)) as a function of the excitation energy has been also
discussed.

2 Experimental details

The quasi-mono-energetic neutron beam used in the
present experiment was obtained from the "Li(p, n)"Be
reaction by using the proton beam from the 14UD BARC-
TIFR Pelletron facility at Mumbai, India [84,85]. A colli-
mator of 6 mm diameter was used before the Li target to
avoid the energy spread of the proton beam. The lithium
foil used was made up of natural lithium with thickness of
3.7mg/cm?, sandwiched between two tantalum foils of dif-
ferent thickness. The front tantalum foil facing the proton
beam is 3.9 mg/cm? thick, in which the degradation of pro-
ton energy is only 50-80keV [86]. On the other hand, the
back tantalum foil is 0.025-0.1 mm thick, which is suffi-
cient to stop the proton beam. Behind the Ta-Li-Ta stack,
the 232Th metal foil wrapped with a 0.025mm thick su-
per pure aluminum foil was used for irradiation. The alu-
minum wrapper was used as a catcher foil to stop fission
products recoiling out from the 232Th metal foil during the
irradiation. The size of each 232Th metal foil was about
1.0 cm? with thickness of about 323.7-325.2 mg/cm?. The
sample was mounted at zero degree angle in the forward
direction with respect to the beam direction at a distance
of 2.1 cm from the location of the Ta-Li-Ta stack. Differ-
ent sets of Ta-Li-Ta stacks and Al-wrapped 232Th samples
were made for different irradiations at various neutron en-
ergies. The sample was then irradiated by neutrons gener-
ated by impinging the proton beam on the lithium metal
foil through the thin tantalum foil of the Ta-Li-Ta metal
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stack. The irradiations time were for 5-15h depending
upon the proton energy faced by the front tantalum foil.
The proton energies used in the present work were 10, 14
and 18 MeV, respectively. The proton current during the
irradiations varied within 200 to 400 nA. The correspond-
ing maximum energies of the neutron beam impinging on
the 232Th samples were 8.12, 12.12 and 16.12 MeV, respec-
tively. After each irradiation, the samples were cooled for
2-3h.

The irradiated 23?Th targets along with aluminum
catcher were mounted on different Perspex plates. The -
rays counting of the fission products from the irradiated
samples were done in a energy- and efficiency-calibrated
80 cm?® HPGe detector coupled to a PC-based 4K chan-
nel analyzer. The dead time of counting was always less
than 5% by placing the irradiated sample at a suitable
distance from the end cap of the detector to avoid pile-
up effects. The y-ray counting of the sample was done in
live-time mode and was followed as a function of time.
The resolution of the detector system during counting
was 1.8keV FWHM at 1332.5keV of °Co. The energy
and efficiency calibration of the detector system was per-
formed by using the 121.8 to 1408.01 keV v-rays from stan-
dard '5?Eu source at same geometry, where the summa-
tion error was negligible. This was checked by comparing
the efficiency obtained from ~-ray counting of standards
such as 2 Am (59.5keV), 133Ba (80.9, 276.4, 302.9, 356.0,
and 383.8 keV), 137Cs (661.7keV), **Mn (834.6 keV), °Co
(1173 and 1332keV). The detector efficiency was 20% at
1332.5keV, relative to 3" diameter x3” length Nal(T1)
detector. The uncertainty in the efficiency was 2-3%. For
each irradiated samples, several sets of measurements were
done with increasing counting time to cover the different
fission products, from the half-life of 50 minutes to 33
days. The ~v-ray counting of the irradiated 232Th samples
was done up to few months to check the half-life of the
fission products of interest.

3 Calculation and results
3.1 Calculation of the neutron energy

The neutron flux in the present experiment were pro-
duced from the "Li(p, n) reaction [87-89] of the nat-
ural occurring “Li with isotopic abundance of 92.41%.
The Q-value for the "Li(p, n)"Be reaction to the ground
state is —1.644 MeV, whereas the first excited state is
0.431 MeV above ground state leading to an average Q-
value of —1.868 MeV. However, the threshold value to pop-
ulate the ground state of "Be is 1.881 MeV. Thus, for the
proton energies of 10, 14 and 18 MeV, the resulting peak
energies of first group of neutrons (ng) will be 8.12, 12.12
and 16.12 MeV, respectively. The corresponding neutron
energies of second group of neutrons (n;), for the first
excited state of "Be will be 7.63, 11.63 and 15.63 MeV, re-
spectively. This is because, above 2.37 MeV, the n; group
of neutron is also produced. Above the proton energy
of 4.5MeV, the fragmentation of 8Be to “He 4+ *He + n
(Q = —3.23MeV) takes place, which causes continuous
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neutron energy distribution besides ng and n; groups of
neutrons. Meadows and Smith [88] have given experimen-
tal neutron distributions from the break-up channels and
also parameterized these distributions. We have generated
the neutron spectrum using the neutron energy distribu-
tion given by C.H. Poppe et al. [89] and shown in our
earlier work [84,85]. From those neutron spectrums [84,
85], the flux-weighted average neutron energies were cal-
culated as 6.35, 8.53 and 10.09 MeV, respectively. The en-
ergy spread for the above average neutron energies range
from around 0.3 to 0.7 MeV [84,85].

3.2 Calculation of fission product yields

The numbers of detected (Nops) y-rays for the fission prod-
ucts of interest were obtained by subtracting the linear
Compton background from the total peak areas. From
Nops of an individual fission product, the cumulative yields
(Yr) relative to ?2Sr were calculated by using the usual
decay equation [27,28],

v Nobs(CL/LT)A "
A nopelye(l — e M)e AT (1 — e=ACL)

where n is the number of target atoms, ¢ is the neutron
flux and o is the neutron fluxed average fission cross-
section of #32Th at 6.35, 8.53 and 10.09 MeV. L, is the
~-ray intensity or y-ray emission probability, € is the de-
tection efficiency of the -rays in the detector system and
A is the decay constant of the fission-product of interest
(A =1n2/Ty/5). t and T are the irradiation and cooling
times, whereas, CL and LT are the real time and the live
time of counting, respectively.

From eq. (1), the nosy term was first obtained from
the photo-peak activity of 1383.9keV ~-line and by as-
suming the cumulative yield (Yr) of 2Sr as 1.0. Thus the
individual terms, such as n, oy and ¢, are not necessary to
be used separately. The nuclear spectroscopic data, such
as the y-ray energies, the half-lives (7} /2), and the v-ray
intensity (I,) of the fission products were taken from the
literature [90,91]. Then, by using the noyp term in eq. (1),
the relative cumulative yields (Yg) of other fission prod-
ucts were obtained from the photo-peak activities of the
~-lines of corresponding fission products. From the Yy val-
ues of the fission products, their relative mass-chain yields
(Yra) were calculated after correcting for charge distribu-
tion [8,83]. According to Wahl’s prescription [8], the frac-
tional cumulative yield (Yrcy) of a fission product in an
isobaric mass chain is given as

a(Z) Z+0.5
Yrcy = %/ exp[—(Z — Zp)?/20%dZ, (2)
V2mo?

Yra = Yr/Yrcv, (3)

— 00

where Zp is the most probable charge and o, is the width
parameter of an isobaric-yield distribution. EOF*%) is the
even-odd effect with a(Z) = +1 for even-Z nuclides and
—1 for odd-Z nuclides.
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From the above equations it can be seen that in an
isobaric mass chain, it is necessary to have knowledge of
Zp, 0, and EOF“?) to calculate the Yrcoy value of a fis-
sion product and thus the mass-chain yield (Yga). The

EOF*%) values in the medium-energy fission is negligible.
It was shown by Umezawa et al. [83] that the o, value in
medium-energy proton- and alpha-induced fission of 232Th
and 238U is 0.70 £ 0.06. The Zp values of the individual
mass chain (A) in the neutron-induced fission of 232Th at
the average energy of 6.35, 8.53 and 10.09 MeV were cal-
culated based on the prescription of Umezawa et al. [83]
as

Zp =nZv £ AZp, nZp=Zucp=(Zr/Ar)(A~+ Vpost),

(4a)
1= (A~ Vpost)/(Ac — Vpre), (4b)
where Z¢ and Ac are the charge and mass of the com-
pound nucleus. Zr and Ap are the charge and mass of
the fissioning system (?33Th*). Zycp is the most proba-
ble charge based on the unchanged charge-density distri-
bution as suggested by Sugarman and Turkevich [92]. A is
the mass of the fission product and AZp (= Zp — Zycp)
is the charge-polarization parameter. The + and — signs
for the AZp value are applicable to light and heavy frag-
ments, respectively. Vpre and Vs are pre- and post-fission
neutrons at scission, which were calculated from the ex-
citation energy (E*) of the compound nucleus using the
following relations [83]:

AF = AC — Upre,

E* Zc

Vpre = m + m — (190 + 05)7 1.0 for A > 887
(5a)

Voost = 1.0 for A > 88,1.0+0.1(A—88) for 78 < A < 88,
0 for A < 78, (5b)

For the average neutron energies of 6.35, 8.53 and
10.09 MeV, the excitation energy (E*) of the compound
nucleus is 10.96, 13.14 and 14.7 MeV, respectively. The E*
values were used in eq. (5b) to calculate the vy values at
three different neutron energies. The vp,;c and vpest values
obtained from eqgs. (5b) and (5b) were used in egs. (4a)
and (4b) to calculate the value of Zycp as a function of
mass number for the different fission products. The AZp
value was then calculated from the following relation [83]:

AZp =0, for In—0.5I < 0.04, (6a)
AZp = (20/3)(In — 0.51 — 0.04),
for 0.04 < I — 0.5 < 0.085. (6b)

The Zp value as a function of mass number and the
average width parameter (o) of 0.7 were used in eq. (2)
to obtain the Yrcy values for individual fission products.
The relative mass-chain yield (Yga) of the fission products
from their relative cumulative yield (Yr) were obtained in
eq. (3) by using the Yrcy values of different fission prod-
ucts. The relative mass-chain yields (Yra) of the fission
products obtained were then normalized to a total yield
of 200% to calculate the absolute mass-chain yields (Ya).
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Table 1. Nuclear spectroscopic data and yields of fission products in the 6.35, 8.53 and 10.09 MeV neutron-induced fission of
232Th. Yr — Cumulative yields; Yo — Mass yields; °2Sr — Fission rate monitor.

Nuclide | Half-life |y-ray energy|y-ray intensity 6.35 MeV 6.35 MeV 8.53 MeV 8.53 MeV 10.09 MeV 10.09 MeV
(keV) (%) Yo (%) Ya (%) Yc (%) Ya (%) Yo (%) Ya (%)
S5Kr™ | 4.48h 151.2 75.0£0.4 | 3.870+0.304 | 3.870 & 0.304 | 2.956 & 0.297 | 2.956 + 0.297 | 3.225 + 0.082 | 3.225 + 0.082
304.9 14.0+ 0.5 | 3.846 +£0.375 | 3.846 £ 0.375 | 2.919 & 0.343 | 2.919 4+ 0.343 | 3.571 +0.177 | 3.571 + 0.177
8"Kr |76.3min|  402.6 49.64+2.0 | 5.970 4 0.710 | 5.988 + 0.712 | 5.970 + 0.710 | 5.988 £ 0.712 | 5.864 & 0.268 | 5.882 + 0.273
88Kr 2.84h 196.3 25.98 £ 1.7 | 5.336 £ 0.126 | 5.423 +£0.128 | 5.336 = 0.126 | 5.423 4+ 0.128 | 5.268 4+ 0.268 | 5.354 + 0.273
91gr 9.63h 749.8 23.61 £ 1.7 | 6.268 +0.556 | 6.268 + 0.556 | 5.621 & 0.449 | 5.621 & 0.449 | 5.577 4+ 0.610 | 5.577 + 0.610
1024.3 33.0+0.7 | 6.20240.617 | 6.202 + 0.617 | 6.478 +0.723 | 6.478 £ 0.723 | 5.677 £ 0.359 | 5.677 & 0.359
928r 2.71h 1384.9 90.0+ 0.3 | 6.00540.479 | 6.017 + 0.480 | 5.258 £ 0.199 | 5.259 + 0.199 | 5.248 £ 0.569 | 5.259 & 0.570
93y 10.18h 266.9 7.340.4 5.233 + 0.261 | 5.233 +0.261 | 4.954 & 0.167 | 4.954 & 0.167 | 4.640 & 0.505 | 4.640 + 0.505
9%7Zr | 64.02d 724.2 44.17+1.3 | 7.1714£0.584 | 7.171 £ 0.584 | 6.256 & 0.097 | 6.256 & 0.097 | 6.077 4+ 0.428 | 6.077 + 0.428
97 7r 16.91h 743.4 93.04+0.9 | 5.1384+0.664 | 5.143 + 0.665 | 4.634 + 0.421 | 4.639 + 0.422 | 4.318 £ 0.177 | 4.322 4+ 0.177
Mo | 65.94h 140.5 89.43 +£2.3 | 3.286 +0.252 | 3.286 +0.252 | 3.179 £ 0.255 | 3.179 & 0.255 | 2.939 4 0.301 | 2.939 + 0.301
739.5 12.134+ 1.2 | 3.305 £ 0.299 | 3.305 4 0.299 | 3.244 4+ 0.292 | 3.244 + 0.292 | 3.303 + 0.296 | 3.303 + 0.296
103Ry | 39.26d 497.1 90.94+ 1.0 | 0.620 4 0.062 | 0.622 + 0.062 | 0.656 + 0.083 | 0.622 £ 0.083 | 0.969 & 0.164 | 0.969 + 0.164
105Rh | 35.36h 319.1 19.0 + 1.0(*) | 0.218 +0.019 | 0.218 £ 0.019 | 0.366 + 0.051 | 0.366 & 0.051 | 0.446 + 0.041 | 0.466 + 0.041
1276 | 3.13h 617.5 43.0 +2.2(®) | 0.266 + 0.033 | 0.266 + 0.033 | 0.477 & 0.037 | 0.477 + 0.037 | 0.623 & 0.150 | 0.624 + 0.150
115048 | 53.46h 527.9 27.45 + 1.8 | 0.237 +0.024 0.417 £ 0.083 0.562 £ 0.102
115 ggtotal 0.277 + 0.028®(0.277 + 0.028("(0.487 + 0.097("(0.487 + 0.097("(0.655 + 0.123("|0.655 + 0.123(")
127 | 3.85d 685.7 37.0+1.9(*) | 0.532 4 0.043 | 0.532 4 0.043 | 0.639 & 0.056 | 0.639 + 0.056 | 0.964 + 0.187 | 0.964 + 0.187
1289y [59.07min|  482.3 59.0 +0.3 | 1.14540.103 | 1.218 £ 0.109 | 1.163 +0.174 | 1.237 £ 0.185 | 1.578 + 0.214 | 1.679 & 0.217
1296 | 4.32h 812.8 43.0 +2.2(9) | 1.699 £ 0.080 | 1.710 + 0.081 | 1.603 & 0.189 | 1.613 + 0.190 | 2.035 4 0.163 | 2.047 + 0.164
1317 8.02d 364.5 81.74+ 0.6 | 3.18240.256 | 3.182+ 0.256 | 2.901 + 0.236 | 2.901 + 0.236 | 2.980 + 0.237 | 2.980 + 0.237
132 3.2d 228.2 88.04+ 1.8 | 4.136 +0.304 | 4.136 + 0.304 | 3.815 + 0.345 | 3.846 + 0.348 | 3.416 & 0.232 | 3.440 + 0.234
1331 20.8h 529.9 87.0+ 1.7 | 5.598 +0.394 | 5.603 + 0.394 | 5.166 + 0.412 | 5.172 £ 0.412 | 5.013 £ 0.301 | 5.018 =+ 0.302
1341 |52 5 min 847.3 95.44+ 0.3 | 6.569 + 0.588 | 6.582 + 0.589 | 6.692 + 0.412 | 6.705 + 0.412 | 6.615 & 0.817 | 6.628 & 0.819
884.1 64.94+1.9 | 7.12340.640 | 7.137 +0.641 | 7.123 £ 0.640 | 7.137 £ 0.641 | 6.674 & 0.790 | 6.687 & 0.792
1351 6.57h 1131.5 22.7+1.4 | 4.92740.301 | 4.977 4+ 0.304 | 5.822 4+ 0.528 | 5.881 + 0.533 | 5.147 + 0.621 | 5.199 + 0.628
1260.4 28.9+ 1.7 | 5.157+0.155 | 5.209 4+ 0.157 | 5.244 + 0.523 | 5.297 + 0.528 | 5.174 + 0.554 | 5.227 + 0.560
1398, [83.06 min|  165.9 23.7+24 | 7.465+ 0.556 | 7.465 4+ 0.556 | 7.197 +0.343 | 7.197 + 0.343 | 6.892 + 0.732 | 6.892 + 0.732
0B, | 12.75d 537.3 24.4+0.7 | 8.358+0.551 | 8.358 &+ 0.551 | 8.299 & 0.579 | 8.299 + 0.579 | 7.579 + 0.491 | 7.579 + 0.491
Mlce | 32.5d 145.4 48.24+0.3 | 7.304 4 0.423 | 7.304 + 0.423 | 6.983 + 0.598 | 6.893 + 0.598 | 6.811 = 0.828 | 6.811 =+ 0.828
14213 |91.1 min 641.3 47.04+2.0 | 6.38340.551 | 6.383 + 0.551 | 6.265 + 0.403 | 6.265 + 0.403 | 6.251 £+ 0.851 | 6.251 & 0.851
143Ce | 33.04h 293.3 42.84+ 1.3 | 6.777+0.399 | 6.777 + 0.399 | 6.780 + 0.459 | 6.780 + 0.459 | 6.669 £ 0.741 | 6.669 & 0.741
MTNd | 10.98d 531.0 13.1+0.7 | 2.197 £0.019 | 2.203 £0.019 | 2.412 4+ 0.134 | 2.41940.134 | 2.118 + 0.313 | 2.124 + 0.314
150pm | 2.68h 333.97 | 68.0+£3.4(* | 0.502+0.104 | 0.503 &£ 0.104 | 0.472 + 0.055 | 0.473 & 0.056 | 0.528 £ 0.051 | 0.529 + 0.051

(9) Assumed value of 5%.

®) The yields of 115Cd*°*?! is based on the ratio of 1'*Cd®/*°Cd™ = 6 from ref. [71].

The absolute cumulative yields (Y¢) of the fission products
in the 6.35, 8.53 and 10.09 MeV neutron-induced fission of
232Th were then obtained from the mass-chain yield data
and Ypcy values by using eq. (7), which is the modified
form of eq. (3),

(7)

The absolute cumulative yield (Y¢) and mass-chain
yield (Ya) of the fission products in the 6.35, 8.53 and
10.09 MeV neutron-induced fission of 232Th along with the
nuclear spectroscopic data from refs. [90,91] are given in
table 1. The uncertainty shown in the measured cumula-
tive yield of the individual fission products shown in ta-
ble 1 is the statistical fluctuation of the mean value from
two determinations. The overall uncertainty is the con-
tributions from both random and systematic errors. The
random error in the observed activity is due to count-
ing statistics and is estimated to be 5-10%, which can
be determined by accumulating the data for the optimum

YC = YA X chy.

period of time, depending on the half-life of the nuclide
of interest. The overall systematic errors is about 3.8—
10.5%, which comes from the uncertainties in irradiation
time (0.2%), detector efficiency calibration (~ 3%), half-
life of the fission products (~ 1%), and ~-ray intensity
(2-10%) [90,91].Thus for the yields of fission-products an
upper limit of error of 6.3-34.7% was obtained based on
5-10% random error and a 3.8-10.5% systematic error.

4 Discussion

The fission products yields for 232Th(n, f) at average neu-
tron energy of 8.53 and 10.09 MeV shown in table 1 are
determined for the first time. At 6.35MeV, the yields
for 222Th(n, f) are the redetermined values and are in
agreement with the literature data at 6.4 MeV [46]. The
literature data [29-51] are based on mono-energetic neu-
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Fig. 1. Plot of the mass yields distribution in log scale from the
8.53 and 10.09 MeV and of 2¥U at 6.0, 8.1 and 10.09 MeV.

trons, whereas the present data are for flux-weighted aver-
age neutron energies based on quasi—-mono-energetic neu-
trons. The mass-chain yield data in 232Th(n, f) from the
present work at average neutron energies of 6.35, 8.53 and
10.09 MeV are plotted as a function of their mass number
in log and in linear scale in fig. 1 and fig. 2, respectively. In
the same figures, the fission products yields in 233U(n, f) at
neutron energies of 6.0, 8.1 and 10.09 MeV from the litera-
ture [70,82] are also plotted for comparison. It can be seen,
from fig. 1, that within the neutron energy of 6.4-10 MeV
of present work, the mass-yield distribution in 232Th(n, f)
is triple-humped, unlike in 23¥U(n, f), where it is double-
humped. The fission fragments yield distribution in the
excitation energy range of the GDR region due to elec-
tromagnetic fission in inverse kinematics [22-24] for the
neutron-deficient 2207229Th is also triple-humped and, for
231=2347J it is double-humped. This is due to the different
type of potential energy surface in 220-233Th* compared
to 231-239U* [93).

From fig. 2, it can be seen that both in 232Th(n, f) and
238U (n, f), the yields of fission products for A = 133-134,
138-140, 143144 and their complementary products are
higher than the other fission products. The oscillation of
fission yields in the interval of five mass units around mass
region of 133-144 is due to the even-odd effect [94]. The
higher yields of fission products for A = 134-134 and 143~
144 can also be explained from the point of view of the
standard I and standard II asymmetric fission modes as
mentioned by Brossa et al. [95], which arise due to shell
effects [96]. Based on standard I asymmetry, the fissioning
system is characterized by spherical heavy fragment 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 character-
ized by a deformed heavy-mass fragment near the mass

1000 g———— ——y

238 o, 9
P 6.0 MeV, Ref. [69]
Vv 8.1 MeV, Ref. [69] 1

10.09 MeV, Ref. [79] __

100

0.01

—T——T T T T T
70 8 9 100 110 120 130 140 150 160

Mass Number

quasi-mono-energetic neutron-induced fission of ?*?Th at 6.35,

numbers of 143-144 due to a deformed 86-88n shell and
slightly deformed light-mass fragment. Thus, the higher
yields of fission products for A = 133-134 and 143-144
are due to the presence of spherical 82n and deformed
86-88n shells, respectively.

Further, it can be seen from fig. 2 that the yields of
fission products for A = 133-134 and 143-144 are lower
than for A = 138-140 in 232Th(n, f). On the other hand, in
238U (n, f), the yields of fission products for A = 133-134
are higher than for A = 138-140 and 143-144. In or-
der to examine this aspects, the yields of fission prod-
ucts for A = 133, 139 and 143 from the present work
(table 1) and literature data in the 2*2Th(n, f) [29-52]
and 2%8U(n, f) [54-82] and are plotted in fig. 3 as a func-
tion of excitation energy. From fig. 3, it can be seen that
at all excitation energy, the yields of fission products for
A = 134 and their complementary products are compa-
rable in 232Th(n, f) and ?38U(n, f). On the other hand,
the yields of fission products are higher marginally for
A = 139 and significantly for A = 143 in 232Th(n, f) than
in 238U(n, f). This difference is based on the presence or
absence of shells combination in the complementary pairs
as explained in earlier work [82]. The variation of yields
data for A = 133-134, 139-140 and 143144 in 232Th(n, f)
and 23¥U(n, f) causes variation of the average heavy mass
((Am)). In order to examine this, the average heavy mass
({(Ag)) and light mass ((Ag)) in the 232Th(n, f) from the
present work at average neutron energies of 6.35, 8.53 and
10.09 MeV as well as at other lower-neutron energies [29-
52] were calculated from the mass-chain yields (Ya) of
the fission products within the mass ranges of 80-105 and
125-150, and by using the following relation:

(AL)=> (YaAL)/Y Ya, (Au)=> (Yadn)/> Ya.
(8)
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Fig. 2. Plot of the mass yields distribution in linear scale from the quasi-mono-energetic neutron-induced fission of 232Th at
6.35, 8.53 and 10.09 MeV and of ***U at 6.0, 8.1 and 10.09 MeV.

The (Ar) and (Ay) values obtained from the above re-
lation in the 232Th(n, f) along with their corresponding
average excitation energy ((E*)) are given in table 2. The
(Ar) and (Ag) values in the 2*2Th(n, f) from table 2 and
literature data [54-82] in 238U (n, f) are plotted in fig. 4 as
a function of excitation energy. It can be seen from fig. 4
that at all excitation energy, the (Ay,) values are signif-
icantly lower in 232Th(n, f) than in 238U(n, f), whereas
the (Apn) values are higher in 2*2Th(n, f) than in 23¥U(n,
f). This is due to the favorable standard II asymmetric
mode compared to standard I asymmetric mode of fission
in 232Th(n, f) than in 2*¥U(n, f). However, significantly
lower (Ar) values in 2*2Th(n, f) than in 233U(n, f) are due
to the mass conservation based on the standard I and II
asymmetric mode of fission. It can be also seen from fig. 4
that the (Ay) values for both 232Th(n, f) and #*%U(n, f)
reactions decrease with the excitation energy, whereas the
(A1) values almost remain constant or slightly increase
with the excitation energy. This is most probably due to
the probability of more neutron emission from the heavy
fragments [46].

Table 2. Average light mass ((Ar)), heavy mass ((An)) and
average neutron numbers ((v)expt) in the neutron-induced fis-
sion of 232Th.

E, MeV) E* (MeV) (ArL) (AH) (V)expt Ref.
2.0 6.61 90.9 139.8 2.3 [46]
3.0 7.61 91.2 1394 2.4 [46]
4.0 8.61 91.3 139.1 2.6 [46]
5.9 10.51 91.9 1384 2.7 [46]
6.35 10.96 91.64 138.44 2.93 Present work
6.4 11.01 91.1 138.9 3.0 [46]
6.9 11.51 90.5 139.1 3.4 [46]
7.6 12.21 90.8 138.9 3.3 [46]
8.0 12.61 90.9 138.8 3.3 [46]
8.53 13.14 91.31 138.39 3.4  Present work
10.09 14.36 91.44 138.08 3.48 Present work
11.0 15.61 - — - [30]
14.7 19.31 - - - [50]
14.8 19.41 93.3 135.8 3.9 [31]
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and ?*8U(n, f) reactions. The data of present work in 2**Th(n,
f) reaction are in green with the same symbol as the literature
data.

From the (Ap), (An) and compound nucleus mass
(Ac = 233), the experimental average numbers of
neutrons ((v)expt) were calculated from the following re-
lation:

(V)expt = Ac — ({(AL) + (An)). (9)
The (v)expt values obtained from the above relation from
the present work and literature data in 23?Th(n, f) [29-52]
at different excitation energies are also listed in table 2.
The (v)expt values for 232Th(n, f) from table 2 and liter-
ature data [54-82] for 238U(n, f) are plotted in fig. 5 as
a function of excitation energy. It can be seen from fig. 5
that in the neutron-induced fission of 232Th and 238U,
the value of (v)expt increases with excitation energy. From
fig. 5, it can also be seen that, at the same excitation
energy, the (v)expt value in 2*2Th(n, f) is lower than in
238U(n, f), which is due to the effect of fissility parameter
besides excitation energy. However, at excitation energy
around 11-13 MeV, the value of (v)expt in 232Th(n, f) is
comparable or higher than in 238U(n, f), which is due to
GDR effect. Further, it can be seen from figs. 4 and 5 that
the increasing trend of (v)expty and (Ar) as well as decreas-
ing trend of (Ag) with excitation energy is not smooth in
Z32Th(n, f) as in the case of 238U(n, f). Within excitation
energy of 11-13MeV, the increasing trend of (v)expt and
(A1) as well as decreasing trend of (Ay) with excitation
energy is very sharp. This is due to major GDR effect in
Z2Th(n, f) compared to 238U(n, f) besides the effect of
excitation energy.

The role of excitation energy on mass yield distribu-
tion at higher neutron energy fission of 232Th and 238U was
clearly shown by I.V. Ryzhov et al. [53] from their data
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Fig. 5. Plot of yields of symmetric and asymmetric fission
products (%) as a function of the excitation energy in the
Z2Th(n, f) and 2**U(n, f) reactions. The data of the present
work in the ***Th(n, f) reaction are in green with the same
symbol as the literature data.

based on physical measurements. As mentioned by them
at the same neutron energy, the symmetric fission is more
enhanced in the case of 23?Th(n, f) than in #**U(n, f).
In order to examine this aspect, the yields of symmetric
products, high yield asymmetric products and the peak-
to-valley (P/V') ratios from the present work and liter-
ature data [29-52] in 232Th(n, f) are shown in table 3.



Page 8 of 11

Eur. Phys. J. A (2014) 50: 144

Table 3. Yields of asymmetric (Ya) and symmetric (Y's) products and the P/V ratio in the neutron-induced fission of ***Th.

E, (MeV) E* (MeV) Ya (%) Y5 (%) P/V ratio Ref.
1.60 £+ 0.02 6.21 - - 218.9 £47.7 [45]
1.68 +0.02 6.29 - - 205.1 £42.1 [45]
1.72 4+ 0.02 6.33 — — 292.7 £ 73.2 [45]
1.77 £0.02 6.38 - - 241.5 £ 58.8 [45]
1.88 +0.02 6.49 - - 238.2£36.5 [45]
2.00 £0.02 6.61 - - 283.5 £ 64.9 [45]
2.00 6.61 8.950 £ 0.250 0.005 £+ 0.001 - [46]
2.20 £0.02 6.81 — — 212.3 £53.9 [45]
2.43+£0.02 7.04 — - 214.5 £ 35.6 [45]
2.96 £0.41 7.57 - - 118.5+17.5 [45]
2.97 7.58 - - 122.0 [41]
3.00 7.61 8.600 £ 0.230 0.023 £+ 0.004 - [46]
3.00 7.61 7.890 £ 0.094 0.045 4+ 0.009 - [31]
3.10+£0.15 7.71 - — 63.0£11.0 [47]
4.00 8.61 8.010 £ 0.200 0.099 £ 0.015 80.9£12.3 [46]
4.03 £0.02 8.64 - - 71.0 [41]
4.20+0.11 8.81 - - 272+£3.1 [45]
4.81 £0.02 9.52 - - 51.0 [41]
5.20 £0.25 9.87 - — 29.0 £ 3.0 [47]
5.30 £ 0.11 9.91 — - 26.4+ 2.1 [45]
5.90 10.51 8.080 £ 0.530 0.270 £ 0.040 29.9+438 [46]
6.35 10.96 8.358 £ 0.551 0.277 £0.028 30.3+4.4 Present work
6.40 11.01 8.410 £+ 0.630 0.230 £+ 0.040 36.6 £6.9 [46]
6.90 11.51 8.700 £ 0.340 0.200 £+ 0.030 43.5£6.7 [46]
7.60 12.21 8.380 £ 0.230 0.200 £+ 0.030 419+6.4 [46]
8.00 12.61 7.870 £ 0.350 0.290 £+ 0.030 27.1+£3.9 [46]
8.53 13.14 8.299 £0.579 0.487 £0.097 171+ 3.6 Present work
9.10£0.30 13.71 (8.000 £ 0.500) 0.436 +0.014 18.3+1.3 [32]
10.09 14.70 7.579 £ 0.491 0.655 +0.123 11.6 £2.6 Present work
11.00 15.61 8.100 £ 0.900 0.760 £ 0.015 10.7+ 1.3 [30]
13.40 £ 0.17 18.01 (8.000 £ 0.500) 1.440 £ 0.020 5.60 + 0.36 [32]
14.10 £0.16 18.71 (7.500 £ 0.500) 1.340 £ 0.020 5.60 +0.38 [32]
14.70 £0.30 19.31 (7.500 £ 0.500) 1.580 + 0.050 4.75 £ 0.51 [50]
14.70 +0.30 19.31 - 1.400 + 0.050 5.36 +0.41 [50]
14.70 £+ 0.30 19.31 - 1.310 £ 0.140 5.73+£0.72 [38]
14.70 £ 0.30 19.31 - 1.380 £ 0.120 5.43 +0.59 [48]
14.80 £ 0.80 19.41 6.690 £ 0.325 1.720 £ 0.500 3.890+£1.15 [31]
14.80 £ 0.80 19.41 - 1.500 £ 0.200 4.46 £0.65 [34]
14.80 + 0.80 19.41 - 1.240 £ 0.200 5.40 £ 0.92 [33]
14.90 £ 0.25 19.51 (6.500 4 0.500) 1.280 + 0.040 5.10 £ 0.42 [32]
18.10 £ 0.25 22.71 (6.500 £ 0.500) 1.920 £ 0.100 3.40 £0.31 [32]
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actions. The data of present work in 2**Th(n, f) are in green
with the same symbol as the literature data.

The yields of high-yield fission products and symmetric
products from table 3 in 232Th(n, f) and similar data from
the literature [54-82] in 23¥U(n, f) are plotted in fig. 6
as a function of excitation energy. It can be seen from
fig. 6 that in both 232Th(n, f) and 238U(n, f), the yields of
asymmetric products decrease slightly, whereas the yields
of symmetric products increase significantly with excita-
tion energy. It can be also seen from fig. 6 that the yields
of symmetric products in 2*2Th(n, f) increase sharply up
to excitation energy of 10 MeV and then slightly decrease
up to 13MeV and thereafter again increase. On the other
hand, in 23¥U(n, f), the increase of yields of symmetric
products is nearly smooth with excitation energy. The
different behavior of 232Th(n, f) compared to 23¥U(n, f)
within excitation energy of 10-12.5MeV is due to the
greater effect of giant dipole resonance (GDR) in the for-
mer than in the later. Similar effect within excitation en-
ergy of 10-13MeV was also seen in the proton-induced
fission of 232Th [97], which supports the present observa-
tion. Otherwise, above excitation energy of 7.5 MeV, the
yields of symmetric products are higher in 232Th(n, f)
than in 23%U(n, f) and increase with excitation energy.
The role of excitation energy can be also from the peak-
to-valley (P/V') ratio. Thus from table 3, the P/V ratios
in 232Th(n, f) and similar data from the literature [54-82]
in 238U (n, f) are plotted in fig. 7 as a function of excitation
energy. It can be seen from fig. 7 that in both 232Th(n,
f) and 238U(n, f), the P/V decreases with excitation en-
ergy. However, the P/V ratio in 2*2Th(n, f) decreases up
to 10 MeV and then slightly increases up to 13 MeV and
thereafter again decrease, which is due to the GDR effect.
It can also be seen from fig. 7 that at all excitation energy,
the P/V ratio in 2*2Th(n, f) is lower than in 2**U(n, f).
This is due to the different type of potential energy sur-
face in 233Th* compared to 239U* [93] as mentioned before
besides the role of excitation energy.
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5 Conclusions

i) The yields of fission products in the 6.35, 8.53
and 10.09 MeV quasi-neutron-induced fission of 232Th
were determined by using an off-line ~-ray spectro-
metric technique. From the yields of various products
mass-chain yields were obtained by using charge dis-
tribution corrections.

ii) In the average neutron energy of 6.35, 8.53 and
10.09MeV, the mass-yield distributions in the
Z32Th(n, f) is triple-humped unlike in 238U (n, f), where
it is double-humped. This is due to the different type
of potential energy surface in 223Th* than in 23°U*.

The yields of fission products for A = 133-134, A =
138-140, and A = 143-144 and their complementary
products are higher than those of other fission products
for 232Th(n, f) and 23¥U(n, f) reactions. This is due
to shell closure proximity based on standard I and II

asymmetric mode of fission besides the role of even-
odd effect.

In 232Th(n, f) and 2*¥U(n, f), the (v) and (AL) val-
ues increase and (Ay) values decrease with excitation
energies. However, within the excitation energy of 10—
13MeV, the increasing trends of (v) and (Ar) and
the decreasing trend of (Ay) with excitation energy
is sharp in 2*2Th(n, f) reaction. This is due to the ma-
jor GDR effect in the 232Th(n, f) reaction than in the
28U(n, f) reaction.

v) In #2Th(n, f) and ?38U(n, f), the yields of high-yield
asymmetric products decrease marginally, whereas for
symmetric products increase sharply with excitation
energies. In 238U(n, ) reaction, the yields of symmetric
fission products increase smoothly with excitation en-
ergy. However, in 232Th(n, f), the yields of symmetric

iii)

iv)
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vi)

products increase sharply within excitation energy of
10 MeV and then decreases up to 12.5MeV and there-
after again increase with excitation energy.

The P/V ratios in 232Th(n, f) and 23¥U(n, f) decrease
with excitation energy. This shows the role of exci-
tation energy. However, at all excitation energies, the
P/V ratio in the **?Th(n, f) are lower than in the
238U(n, f), which is due to the different type of poten-
tial surface between two fissioning systems.
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