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Mass-yield distributions of fission products in bremsstrahlung-induced fission of >*2Th
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The cumulative yields of various fission products within the 77-153 mass regions in the 2.5-GeV
bremsstrahlung-induced fission of 2**Th have been determined by using the recoil catcher and an off-line y-ray
spectrometric technique at the Pohang Accelerator Laboratory, Korea. The mass-yield distributions were obtained
from the cumulative yields after charge-distribution corrections. The peak-to-valley (P/V) ratio, the average value
of light mass ((A;)) and heavy mass ((A ) ), and the average postfission number of neutrons ((v)exp) Were obtained
from the mass yield of the 22 Th(y, f) reaction. The present and literature data in the 2**Th(y, f) reaction were
compared with the similar data in the 2**U(y, f) reaction at various excitation energies to examine the role of
potential energy surface and the effect of standard I and standard II asymmetric modes of fission. It was found
that (i) even at the bremsstrahlung end-point energy of 2.5 GeV, the mass-yield distribution in the **Th(y, f)
reaction is triple humped, unlike **U(y, f) reaction, where it is double humped. (ii) The peak-to-valley (P/V)
ratio decreases with the increase of excitation energies. However, the P/V ratio of the 22 Th(y, f) reaction is
always lower than that of the 2*U(y, f) reaction due to the presence of a third peak in the former. (iii) In both the
Z2Th(y, f)and 23U(y, f) reactions, the nuclear structure effect almost vanishes at the bremsstrahlung end-point

energies of 2.5-3.5 GeV.
DOI: 10.1103/PhysRevC.97.014614

I. INTRODUCTION

The postneutron mass and charge yield distributions of
various fission products in the low energy fission of actinides
provide information about the effect of nuclear structure such
as the even-odd effect and shell closure proximity as well as the
dynamics of descent from saddle to scission [1,2]. In the low
energy fission, the mass-yield distribution of pre-actinides and
heavier actinides above Cf are symmetric in nature, whereas
that of actinides within U-Cf is asymmetric with double
humped. On the other hand, the mass-yield distribution of
lighter actinides such as Ac, Th, and Pa is asymmetric with
triple humped. At higher energy, the mass-yield distribution of
all actinides is expected to be symmetric. Among the various
actinides, isotopes of Th, U, and Pu are of primary interest
from their application in reactors. As an example, the natural
and enriched uranium fuels are useful in conventional heavy
and light water reactors. Similarly, 2**U-?**Pu and >**Th->3U
are the primary fuel of fast reactor [3—5] and advanced heavy
water reactor (AHWR) [6], respectively. On the other hand,
232Th-233U fuel in connection with ADSs (accelerator driven
subcritical systems) [7—11] is one of the proposed fuels for
power generation. However, the main purpose of the ADSs
is to incinerate the long-lived minor actinides (237Np, 240py,
21 Am, 2 Am, **Cm) and transmute the long-lived fission
products (**Zr, Tc, '7Pd, %I, *°Cs) to solve the problem
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of nuclear hazard. In all the above mentioned reactors, the
yields of fission products in the neutron- and photon-induced
fission of various actinides and pre-actinides are important for
decay heat calculation [12] and thus for the design of reactors.
Besides the above applications, the neutron- and photon-
induced fission of actinides and in particular for different
isotopes of Th and U are important to explain the nuclear
fission mechanism. This is because the mass and charge yield
distributions in the neutron- and photon-induced fission of Th
and U isotopes have significant nuclear-structure effect [1,2]
at low energy, which is expected to vanish at high energy.
Among these two actinides, the neutron- and photon-induced
fission of Th isotopes is of more interest from the point of
view of their different behavior than the expected systematic,
which is called the Th anomaly. The compound nucleus in
the neutron-induced fission is always one mass higher than
the target actinides. Thus the fission mechanism for the target
nucleus is not possible to examine. This is only possible in
the low energy photon-induced fission of actinides. At high
energy photon-induced fission, preneutron evaporation takes
place and thus multichance fission also occurs. This causes that
the average mass of fissioning nucleus is lower than the mass
of the compound nucleus. Thus, it is interesting to examine
the mass and charge yield distributions characteristic in the
photon-induced fission of *>Th and 2*®U at various energies.
The generation of monoenergetic photons with high energy is
a difficult task. Thus most of the photofission experiments of
22Th and 2*®U have been carried out with a wide range of
bremsstrahlung end-point energies.
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Sufficient data for the fission product yields are avail-
able in the photon-induced fission of 2*>Th within the
bremsstrahlung end-point energies of 6.44—1100 MeV [13-26]
and at 3500 MeV [21]. Similarly, the data for the fission
product yields are also available in the photon-induced fission
of 2U within the bremsstrahlung end-point energies of 6.12—
3500 MeV [14-16,22,25,27-44]. This indicates that in the
bremsstrahlung-induced fission of 2**Th, there is a big gap
in between the energies of 1100 to 3500 MeV. From the
existing literature data, a very good comparative study on
fission product yields in the photon-induced fission of 2*2Th
and 2*®U within the bremsstrahlung end-point energies of
6.12-80 MeV has been done by us [24,26,44]. It was observed
that in both fissioning systems, the yields of fission products
around mass numbers 133—-134, 138-139, and 143-144 as
well as their complementary products are higher than those
of the other products. It was also observed that within the
bremsstrahlung end-point energy of 6.12—-80 MeV, the average
light mass ({(A.)) and heavy mass ((Ay)) in the 2*Th(y, f)
and 8U(y, f) reactions show different trends. Besides this,
the peak-to-valley ratio in the >*>Th(y, f) reaction at all ener-
gies was found to be lower than that in the 23U(y, f) reaction.
This is because the mass-yield distribution in the 2**Th(y, f)
reaction is triple humped unlike in the ***U(y, f) reaction,
where it is double humped. A similar observation has also been
made by Schroder et al. [15] in the bremsstrahlung-induced
fission of 2>Th and >*®U within the end-point energies of
300-1100 MeV and by Demekhina and Karapetyan [21,42] at
3500 MeV. However, the data for fission product yields within
the bremsstrahlung end-point energies of 1100-3000 MeV
are not available in the 232Th(y, f) reaction unlike in the
238U(y, f) reaction [31-33] to examine the above aspects.

In view of the above facts, in the present work, we determine
the cumulative yields of various fission products within the
mass region of 77-153 in the 2.5-GeV bremsstrahlung-induced
fission of 2*’Th by using a recoil catcher and an off-line y-
ray spectrometric technique at Pohang Accelerator Laboratory
(PAL), Korea. The data from the present work and literature in
the 22 Th(y, f)reaction were compared with similar data in the
28U(y, f)reaction, over the bremsstrahlung end-point energy
range of 6.12-3500 MeV, to explain the different behavior of
the two fissioning systems.

II. EXPERIMENTAL DETAILS

The experiment was carried out by using the 10° beam
line of the 2.5-GeV electron linac of the Pohang Accelerator
Laboratory (PAL) in Korea. The bremsstrahlung was produced
by impinging a pulsed electron beam on a 1.0-mm-thick W
target with a size of 5.0 cm x 5.0 cm. The W target is located
at a distance of 38.5 cm from the electron beam-exit window.
A known amount (74.2-111.3 mg) of >*’Th metal foil having
a thickness of 0.025 mm and area of 0.25 cm? was wrapped
with a 0.025-mm-thick aluminum foil (purity >99.99%). The
Al wrapped Th sample was fixed on a stand in air at a distance
of 24 cm from the W target and positioned at 0° with respect to
the direction of the electron beam. The aluminum wrapper acts
as a catcher for the fission products recoiling out from the 2*Th
metal foil during the irradiation. A schematic diagram (sketch)
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FIG. 1. A schematic diagram of the experimental setup for the
bremsstrahlung production and irradiation facility of 2.5-GeV elec-
tron linac at PAL.

of the experimental setup for the bremsstrahlung production
and irradiation facility at PAL is shown in Fig. 1.

The target assembly was irradiated for 0.5-1.5 h with
the bremsstrahlung end-point energy of 2.5 GeV. During the
irradiation, the electron linac was operated with a repetition
rate of 10 Hz, a pulse width of 1 ns, and electron energy
of 2.5 GeV. The irradiated target assembly was cooled for
0.5-0.9 h and then taken out for y-ray counting [22-26] of
the fission products. The aluminum wrapped 2*>Th metal foil
was taken out from the irradiated assembly and mounted on
a Perspex plate (acrylic glass, 1.5 mm thick) [22-26]. The Al
wrapped 2*>Th metal foil contains primarily fission products
from the 2**Th(y, f) reaction along with some of the products
from the 2*’Th(y, x) and *’Al(y, x) reactions. The y-ray
activities of the fission and reaction products were measured
by keeping the mounted sample on a fixed shelf of the Perspex
stand attached to a precalibrated HPGe detector coupled to
a PC-based 4-K-channel analyzer. The HPGe detector was a
p-type coaxial CANBERA detector of 3-in. diameter x 3-in.
length. The energy resolution of the HPGe detector was 2.0 keV
full width at half maximum at a 1332.5-keV y-ray peak of
0Co. The efficiency of the detector system during the y-ray
counting was 20%. The standard source used for the energy
and efficiency calibration was a '>2Eu, having y rays in the
energy range of 121.8-1408.0 keV. The standard '>>Eu source
was used to avoid the complexity from so many other standard
sources with one or few y lines in each. The dead time of the
detector system during y-ray counting was always kept less
than 10% by placing the sample at a suitable distance from
the end cap of the detector to avoid pileup effects. The y-ray
counting of the sample was done in live time mode and was
followed as a function of time for, at least, three half-lives for
major fission products.

III. DATA ANALYSIS

A. Determination of average excitation energy

The average excitation energies ((E*(E.))) of the
22Th(y, f) and 2BU(y, f) reactions at various
bremsstrahlung end-point energies were calculated by using
the following relation [36]:

i $(Ee.E))or(E,)E,dE,
J5: $(Ee.Ey)or(E,)dE,

where the ¢(E,, E,) is the photon flux with a photon energy
E, produced from the incident electron to the bremsstralung

(E*(Ee) = Sy
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end-point energy, i.e., electron beam energy (E,), or(E, ) is
the fission cross section as a function of the photon energy
(E,), and Ey, is the threshold energy of the fission reaction.
The bremsstrahlung spectrum ¢(E,, E, ) corresponding to
the bremsstralung end-point energy (E,) was calculated using
the GEANT4 computer code [45]. The photon-induced fission
cross section of 2>>Th and >*¥U as a function of monoenergetic
photon from the threshold energy to 3779 MeV are available in
EXFOR [46] based on the experimental works of various au-
thors [47-53]. From these data, it is seen that in the photofission
cross sections of 232Th and 238U, there are two resonance peaks
around 14.5 and 350 MeV. The first resonance cross sections
around 14.5 MeV for the 232Th(y, f)and 238U(y, f) reactions
are 64 and 175 mb, respectively. Similarly, the second broad
resonance cross sections around 350 MeV for the 2>Th(y, f)
and 2 U(y, f) reactions are 57 mb and 100, respectively. On
the other hand, at the highest photon energy of 3779 MeV, the
22Th(y, f) and 28U(y, f) reaction cross sections are around
9 and 18 mb, respectively. Thus the excitation energies for

J

various bremsstrahlung end-point energies in the 22 Th(y, f)
and 2¥U(y, f) reactions were calculated by using the experi-
mental photofission cross sections from literature [47-53] and
the simulated bremsstrahlung spectrum from the GEANT4
computer code [45]. The calculated average excitation energies
((E*(E,))) of the 2*Th(y, f) and >**U(y, f) reactions for
various bremsstrahlung end-point energies are given in their
respective tables or used in the figures of interest.

B. Determination of yields for fission products

The spectrum analysis was done by using the program
Gamma Vision 5.0 (EG&G Ortec). The photopeak areas of
different y rays for the fission products of interest were
obtained by subtracting the linear Compton background from
their net photopeak areas. From the observed number of y rays
(Nobs) under the photopeak of each individual fission product,
their cumulative yields (Yg) relative to °>Sr were calculated by
using the standard decayequation [22-26],

Nobs (CL/LT))‘-

Yr =

where n is the number of target atoms and o (E,) is the
photofission cross section of the target nuclei as a function of
photon energy. ¢(E,,E,) is the photon flux, Ej, is the fission
barrier [54], E, is the bremsstrahlung end-point energy, I, is
the abundance or branching intensity of the y ray, ¢ is the
detection efficiency of the y ray in the detector system, and
A is the decay constant of the fission product of interest (A =
In2/T; ). The t;;; and t. are the irradiation and cooling times,
whereas CL and LT are the clock (real) time and the live time
of counting, respectively. The nuclear spectroscopic data, such
as the y-ray energies, the half-lives (77/), and the branching
intensities of the fission products were taken from the literature
[55-57]. In Eq. (2), the photofission cross section [o7(E, )] is
the main deciding factor for the independent yields of fission
products and thus their cumulative yields [21,42].

The cumulative yields (Yr) of the fission products relative
to the fission-rate monitor *>Sr were calculated using Eq. (2).
Their relative mass yields (Y4) were calculated by using
Wahl’s prescription of charge distribution [58]. The fractional
cumulative yield (Yrcy) of a fission product in an isobaric mass
chain is given as follows:

EOFu(Z) Z+0.5
/ exp[—(Z — Zp)*/20.7)dZ, (3)

frev = V20,2
Y4 = Yr/Yrcy, 4)

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.

In an isobaric mass chain, it is necessary to have knowledge
of Zp, 0. and EOF*? to calculate the Ygpcy value of a
fission product and a mass yield (Y,4). The EOF“? is not

o0

[ nor(E BB, EAE, |1,6(1 — et (1 = e=iLy.

(@)

(

expected at high energy fission. On the other hand, in the
photon-induced fission of 232Th [59] and 23238U [60,61], the
average width parameter ({(o;)) increases from 0.56 £+ 0.06
at the bremsstrahlung end-point energy of 6.1-14 MeV to
0.72 £ 0.06 at 20-30 MeV. Similarly, Umezawa et al. [62]
have shown that in the medium energy proton- and «-induced
fission of >Th and 23%U, the average width parameter ((c,))
is 0.70 £ 0.06. In view of this, in the present work, we
have used the (o;) value of 0.75 in Eq. (2) for calculation of
Yrcy values of the individual fission products in the 2.5-GeV
bremsstrahlung-induced fission of 2*2Th. The justification for
using the (o) value of 0.75 is given below.

The Zp values of individual mass chain (A) in the
Z2Th(y, f) reaction can be calculated by using the prescrip-
tion of Umezawa et al. [62]. However, in their prescription [62],
calculation of Zp values need the most probable charge based
on the unchanged charge-density distribution (Zycp) [63] and
the charge polarization parameter (AZ). The calculation of
Zycp needs exact idea of pre-scission (vpr) and postscission
(Vpost) neutrons. The vy value can be calculated based on
their prescription by using the exact excitation energy. The
exact average excitation energy can only be obtained after
multichance fission correction. In the case of bremsstrahlung-
induced fission the calculation of the exact average excitation
energy is not so simple due to the bremsstrahlung spectrum in
addition to multichance fission for all light masses fissioning
nuclei for the same compound nucleus. So calculating the
prescission neutrons by taking only the average excitation
energy of compound nucleus without considering the multi-
chance fission will not give a proper value. This is because
the fission cross section given in the literature is only for
the 22Th(y, f) and *U(y, f) reactions but not for the light
masses fissioning nuclei of the same elements. The calculation
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of the vpos value as a function of the fission product mass
number has also been given in the prescription of Umezawa
et al. [62]. However, in their [62] prescription the vy value of
a particular mass for all excitation energy was assumed to be
the same, which is not valid at higher excitation energy. The
neutron emission as a function of mass for the fission fragment
in the bremsstrahlung-induced fission was also obtained by
Strecker et al. [64] only at the low energy region and thus not
valid in the higher energy of the present work.

In order to avoid all these limitations, the most probable
charge (Zp) and the average width parameter ({(o.)) for
different mass chains were calculated based on the relation
used by Deppman et al. [65]. The fission yields in 50- and
3500-MeV bremsstrahlung-induced fission of 232Th [21] and
238U [42] have been published by Demekhina and Karapetyan
[21,42]. On the other hand, Deppman et al. [65] have done
an analysis of the fission product yields in 50- and 3500-MeV
bremsstrahlung-induced fission of 2*>Th [21] and 2**U [42] by
using the simulation code CRISP [66]. In their calculations, it
was possible to obtain the isobaric charge distribution parame-
ters such as the most probable charge (Z,) and corresponding
width parameter (I'z). According to them [65], the parameters
Zpand Iy (20%) can be represented as a linear function of the
mass number of fission products (A):

Zp = (1 + (24, )
Iz =y1+1rA, (6)

where wi,u2,y1, and y, are the different coefficients [65],
whose values are described below.

As shown by Deppman et al. [65], the experimental values
of u; and p, in the >¥U(y, f) reaction are 5.70 £ 0.60
and 0.356£0.005 at the bremsstrahlung end-point energy of
50 MeV, whereas at 3500 MeV, they are 5.32 + 0.62 and 0.362
4 0.005, respectively. Similarly, the experimental values of
wi and p, in the 22Th(y, f) reaction are 3.89 + 0.67 and
0.371 &+ 0.005 at the bremsstrahlung end-point energy of 50
MeV, whereas at 3500 MeV, they are 4.14 & 0.70 and 0.356
4 0.005, respectively. Deppman et al. [65] also shown that
the calculated values of I'z in the 2*®U(y, f) reaction are
1.03 & 0.12 and 1.09 £ 0.13 at the bremsstrahlung end-point
energies of 50 and 3500 MeV based on the values of y; = 0.92
and y» = 0,003, respectively. Similarly, the calculated values
of T'z in the *>Th(y, f) reaction are 1.13 & 0.14 and 1.14
£ 0.15 at the bremsstrahlung end-point energies of 50 and
3500 MeV based on the values of y; = 0.59 and y, = 0.005,
respectively. Thus in the present work, we have used the w,
and p, values as 4.0 and 0.362 in the >**Th(y, f) reaction
at the bremsstrahlung end-point energy of 2500 MeV for the
calculation of the Zp values. Similarly, we have considered
the I'z value of 1.135, which corresponds to the (o;) value
of 0.753. Deppman et al. [65] have also mentioned that the
width parameter (I'; = 202) is practically independent of A.
Thus, we have used the oz value of 0.75 for all isobaric mass
chains, which is the same value based on the prescription of
Umezawa et al. [62]. The Zp values as a function of mass
number and the average width parameter ({o,)) of 0.75 were
used in Eq. (2) to calculate the Yrcy for different mass chains.
The mass yield (Y,4) of the fission products from their relative

cumulative yield (Yr) was obtained from Eq. (3) by using the
Yrcy values of different fission products. The relative mass
yields of the fission products obtained as mentioned above were
normalized to a total yield of 200% to obtain the absolute mass
yields. The absolute cumulative yields of the fission products
in the 2.5-GeV bremsstrahlung-induced fission of *>Th were
obtained by using the mass-yield data and Ygcy values.

The relative cumulative yield (Yr) and mass yield (Y4) of
the fission products in the 2.5-GeV bremsstrahlung-induced
fission of 2*2Th along with the nuclear spectroscopic data from
literature [55-57] are given in Table I. The absolute cumulative
yields and the mass yields in the above fissioning system from
the present work also are given in the last two column of Table L.
The uncertainty shown in the measured cumulative yield of
individual fission products in Table I is the statistical fluctuation
of the mean value from two determinations. The overall
uncertainty represents the contributions from both random
and systematic uncertainties. The random uncertainty in the
observed activity is due to counting statistics and is estimated to
be 5-10%, which can be determined by accumulating the data
for the optimum period of time, depending on the half-life of
the nuclide of interest. Conversely, the systematic uncertainties
are due to the uncertainties in irradiation time (0.5%), detector
efficiency calibration (~3%), half-life of the fission products
(~1%), and y-ray abundance (~2%), which are the largest
variation in the literature [55-57]. The overall systematic
uncertainty is about 3.8%. An upper limit of uncertainty of
6.3—10.7% was determined for the fission-product yields based
on the respective systematic and random uncertainties of 3.8%
and 5-10%, respectively.

IV. DISCUSSION

The mass yields of fission products in the 2.5-GeV
bremsstrahlung-induced fission of 2*>Th are determined for
the first time, which has been shown in Table I. The mass-yield
data in the *?Th(y, f) reaction at 2.5 GeV from the present
work and those at 10 and 80 MeV from our earlier work
[22,24] are plotted in Fig. 2. It can be seen from Fig. 2 that
there is a well-known third peak around the symmetric mass
region in the mass-yield distribution of 10, 80, and 2500 MeV
bremsstrahlung-induced fission of 2*>Th. In particular, the
highest yield of symmetric product in the 2*’Th(y, f) reaction
at 2.5 GeV is clearly seen around mass number of 113-114. It
can also be seen from Fig. 2 that even at 2.5 GeV, the mass-
yield distribution in the 2*Th(y, f) reaction is asymmetric in
nature. Similarly, a triple humped mass-yield distribution in
the high energy bremsstrahlung-induced fission of *>Th was
also observed by Schroder et al. [15] at 300-1100 MeV and
by Demekhina and Karapetyan [21] at 3500 MeV. However,
Deppman et al. [65] in their theoretical calculations were not
able to reproduce the experimental triple humped mass-yield
distributions [21] in the 2*?Th(y, f) reaction. In the high
energy bremsstrahlung-induced fission of 2**U, an asymmetric
mass-yield distribution with a double hump was observed
by Schroder et al. [15] at 300-1100 MeV, by Komar et al.
[32] at 1000 MeV, by David et al. [33] at 1800-2000 MeV,
and by Demekhina et al. [42] at 3500 MeV. Deppman et al.
[65] in their theoretical calculations were able to reproduce
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TABLE 1. Nuclear spectroscopic data and the yields of fission products (%) in the 2.5-GeV bremsstrahlung-induced fission of *2Th.

Nuclide Half-life y-ray energy (keV) y-ray abundance (%) Yc (%) Y4 (%)
Ge 11.3h 264.4 54.0 0.812 £ 0.041 0.933 £ 0.047
416.3 21.8 0.799 £ 0.030 0.918 + 0.035
BGe 88.0 min 277.3 96.0 0.974 + 0.099 1.337 + 0.136
$4Br 31.8 min 1016.2 6.2 2.453 + 0.129 2.541 + 0.134
SR ™ 448 h 151.2 75.0 2.734 + 0.084 2.747 + 0.084
304.9 14.0 2.567 £ 0.190 2.578 + 0.191
87Ky 76.3 min 402.6 49.6 2.356 + 0.104 2.466 + 0.109
8Kr 2.84h 196.3 25.9 2.479 + 0.140 2.809 + 0.158
$Rb 15.2 min 1032.1 58.0 2.808 + 0.096 2.860 + 0.098
1248.3 42.6 2.801 £ 0.099 2.852 £ 0.101
o1Sr 9.63h 749.8 23.6 2.796 + 0.176 2.814 £+ 0.176
1024.3 33.0 2.740 £ 0.129 2.758 + 0.130
28r 271h 1384.9 90.0 2.537 + 0.254 2.598 + 0.260
By 10.18 h 266.9 7.3 2451 £ 0.114 2456 + 0.114
My 18.7 m 918.7 56.0 2.253 + 0.140 2.273 + 0.141
T7Zr 1691 h 743.4 93.0 1.857 + 0.145 1.879 + 0.146
“Mo 65.94h 140.5 89.4 2.217 £ 0.099 2.218 £ 0.099
739.5 12.13 2.230 + 0.086 2.231 + 0.086
Y ) 14.61 min 590.1 16.4 2.550 £ 0.152 2.553 + 0.153
103Ru 39.26 d 497.1 90.0 3.006 £ 0.086 3.007 £ 0.086
1047 18.3 min 358.0 89.0 2.834 4+ 0.091 2.839 + 0.092
105Ru 4.44 h 724.4 47.0 3.052 £ 0.190 3.053 £ 0.190
105Rh 3536 h 319.1 19.2 3.123 + 0.145 3.124 + 0.145
107Rh 21.7 min 302.8 66.0 3.529 + 0.142 3.530 £ 0.142
2Ag 3.13h 617.5 43.0 3.855 4 0.206 3.857 & 0.206
13Ag 5.37h 298.6 10.0 4216 + 0.233 4218 + 0.233
15Cge 53.46 h 336.2 45.9 3.440 + 0.405 3.441 £ 0.406
n7cgm 3.36h 1066.0 23.1 1.284 + 0.069
1097.3 26.0 1.114 £ 0.084
15Cge 249h 273.4 28.0 2.659 + 0.388
H5cgrotal 3.859 + 0.401 3.861 + 0.401
1278b 3.85d 687.0 37.0 2.227 + 0.206 2.240 + 0.207
12880 59.07 min 4823 59.0 1.449 + 0.046 1.988 + 0.063
1298b 432h 812.4 43.0 1.687 £+ 0.071 1.801 £ 0.076
1317 8.02d 364.5 81.7 1.877 + 0.175 1.879 + 0.175
132 3.2d 228.1 88.0 2.040 £ 0.122 2213 £+ 0.132
1331 20.8 h 529.9 87.0 2.367 + 0.084 2.391 + 0.085
134Te 41.8 min 566.0 18.0 1.659 + 0.086 2.564 + 0.133
767.2 29.5 1.677 + 0.112 2.592 + 0.173
1341 52.5 min 847.0 95.4 2.636 £ 0.190 2.731 £ 0.197
884.1 65.0 2.648 + 0.221 2.744 + 0.229
1351 6.57h 1131.5 22.7 2.108 £ 0.089 2.334 4+ 0.098
1260.4 28.9 2.354 + 0.104 2.606 + 0.115
138%e 14.08 min 258.4 31.5 2.385 + 0.099 2.703 + 0.112
434.5 20.3 2.296 + 0.096 2.602 + 0.109
138Cge 33.41 min 1435.8 76.3 2.816 £ 0.129 2.829 + 0.130
1009.8 29.8 2.857 + 0.122 2.870 + 0.122
462.8 30.7 2.834 + 0.132 2.847 + 0.133
13984 83.03 min 165.8 23.7 2.826 + 0.129 2.827 + 0.129
1408, 12.75d 537.3 24.4 2.935 4+ 0.266 2.940 + 0.267
141Ba 18.27 min 190.3 46.0 2.357 + 0.048 2.372 + 0.049
e 325d 145.4 48.0 2.938 + 0.211 2.938 + 0.211
1921 a 91.1 min 641.3 47.0 2.408 + 0.091 2.409 + 0.091
43Ce 33.03h 293.3 42.8 2.372 £ 0.081 2.373 £ 0.081
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TABLE 1. (Continued.)

Nuclide Half-life y-ray energy (keV) y-ray abundance (%) Ye (%) Ya (%)

146 Ce 13.52 min 316.7 56.0 1.992 4+ 0.091 1.997 + 0.092
218.2 20.8 1.918 + 0.096 1.924 + 0.097

146py 24.15 min 453.9 48.0 1.954 + 0.081 1.954 + 0.081
1524.7 15.6 2.016 + 0.124 2.017 £+ 0.124

4TNd 10.98d 531.0 13.1 1.591 + 0.086 1.591 + 0.086

199Nd 1.728 h 211.3 25.9 1.201 + 0.086 1.201 + 0.086
270.2 10.6 1.251 + 0.084 1.251 + 0.084

153Sm 46.28 h 103.2 30.0 0.454 + 0.046 0.454 + 0.046

Y,: cumulative yields; ¥,: mass yields; °*Sr: fission rate monitor.

the double humped mass-yield distributions in the 2*3U(y, f)
reaction. However, the theoretical mass-yield distribution is
broader than the experimental one [42] in the *®¥U(y, f)
reaction. The mass-yield distributions in the 10-3500-MeV
bremsstrahlung-induced fission of 23U from the literature
[22,27,42] are plotted in Fig. 3, The mass-yield data in the
2Z8U(y, f) reaction at 10 MeV from the literature [22] are
the absolute values. On the other hand, the mass yields in the
same 238U(y, f)reaction at 100 MeV [27] are relative to Mo,
assuming its yields as 6.6%. Thus, the absolute yields were
obtained by normalizing the total yields to 200% as done in the
present work. In the 3.5-GeV bremsstrahlung-induced fission
of 28U, the values given in the literature [42] are the production
cross sections in milibarns per equivalent photon. Thus, the
absolute mass yields were also obtained in a similar way by

normalizing the total production cross sections to 200%.

In Fig. 3, the asymmetric mass-yield distribution in the
bremsstrahlung-induced fission of >*¥U is clearly observed
even at 3.5 GeV. Thus, from Figs. 2 and 3, it can be seen
that even at the bremsstrahlung end-point energies of 2.5—
3.5 GeV, the mass-yield distributions in the 2**Th(y, f) and
28U(y, f) reactions are not symmetric. This is due to the
bremsstrahlung spectrum, in which the fission contribution
also comes from the low energy photons and lower mass

Th and U isotopes due to prescission neutron emission. In
any way, the high energy photon interaction has a different
reaction mechanism than the particle-induced reactions. In
the photon-induced reactions, complete energy may not be
depositing in the compound nucleus and part of the energy
may transmit out unlike in the particle-induced reactions,
where major or full energy deposition takes place. Thus, at
the same excitation energy, the mass-yield distributions in the
neutron-induced fission of >*>Th and >*®U are broad and almost
symmetric, whereas in the bremsstrahlung-induced fission,
they still asymmetric. This fact can be observed from the fission
yields data in the medium energy neutron-induced fission
of 2>Th and U by Ryzhov et al. [67] as well as in the
high energy neutron-induced fission of 2**U by Zéller et al.
[68]. The excitation energies are comparable in the 287-MeV

neutron and 2.5-GeV bremsstrahlung-induced fission of >*2Th.
Similarly, the excitation energies are comparable in the
235-MeV neutron and 3.5-GeV bremsstrahlung-induced fis-
sion of 2*U. The fission yields data are not available at the
high energy neutron-induced fission of 2*>Th to compare with
the present data for 2.5-GeV bremsstrahlung-induced fission
of 22Th. On the other hand, at the same excitation energy,
the fission yields data in the 200-260-MeV neutron-induced
fission of 2¥U show a symmetric mass-yield distribution

3
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FIG. 2. Mass yields of fission products (%) as a function of
mass number in the 10-, 80-, and 2500-MeV bremsstrahlung-induced
fission of **Th. Mass yields for all data are multiplied by numbers

written in the plot.

Mass number

FIG. 3. Mass yields of fission products (%) as a function of mass
number in the 10-, 100-, and 3500-MeV bremsstrahlung-induced
fission of 228U, Mass yields for all data are multiplied by numbers
written in the plot.
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FIG. 4. Mass yields of fission products (%) as a function of mass number in the bremsstrahlung-induced fission for 2*2Th (y, f) with (a)

E, =2.5GeV, (b) E, = 80MeV, and (c) E, = 10MeV and for **U(y, f) with (d) E,

[67] unlike in the 3.5-GeV bremsstrahlung-induced fission
of 23U [42], where it is asymmetric with double humped
(Fig. 3). This observation confirms that the neutron and
photon (bremsstrahlung-)induced fission mechanisms are not
the same. Further, it can be seen from Figs. 2 and 3 that the
fine structure in the mass-yield distribution of 2>Th(y, f) and
28U(y, f)reactions decrease with increase of bremsstrahlung
end-point energy. In order to examine this, the mass-yield
distributions of 2>Th(y, f) and ®U(y, f) reactions in the
above mentioned bremsstrahlung end-point energies are shown
in Fig. 4 with a linear scale.

From Fig. 4, the fine structure is clearly visible within the
bremsstrahlung end-point energy of 80 MeV, but are absent at
2.5-3.5 GeV. The mass yields for the entire mass region within
the bremsstrahlung end-point energies of 100-2500 MeV are
not available in the literature for both the 2*>Th(y, f) and
28U(y, f) reactions to examine this aspect. The only mass
yields within 77-153 mass region in the 2> Th(y, f) reaction
are available from the present work at the bremsstrahlung
end-point energy of 2.5 GeV. The production cross sections
of fission products in milibarns per quanta are available in
the literature for the 3.5-GeV bremsstrahlung-induced fis-
sion of *>Th [21] and **%U [42]. As shown earlier by us
[22-26,44] and others [19,20], the fine structure in the mass-
yield distribution of ?*>Th(y, f) and ***U(y, f) reactions at
the low bremsstrahlung energies are due to the higher yields
of fission products around the mass region 133134, 138-139,
143-144, and their complementary products, which is because

=3.5GeV, (e) E, = 100MeV, and (f) E, = 10MeV.

of the even-odd effect. In order to examine this aspect, the
yields of fission products for mass numbers 133—134, 139-140,
and 143-144 in the 2?>Th(y, f) and *®U(y, f) reactions
from the present work and literature data [15,21,24,27,31—
33,42] above 80 MeV are shown in Table II. The yields of
fission products at the bremsstrahlung end-point energies of
300-1100 MeV [15] in the 2’Th(y, f) reaction is relative
to °'Sr, whereas in the 238U(y, f) reaction, it is relative to
%“Mo. Similarly, the relative yields of fission products in the
238U(y, f) reaction at the bremsstrahlung end-point energies
of 48, 100, and 300 MeV are relative with respect to PMo
[27]. The relative fission product yields in the 2U(y, f)
reaction at 300 MeV are available from two references [15,27].
So the relative yields from both references are normalized to
obtain the mass-yield curve at 300 MeV. Similar normalization
was applied for 500-1100 MeV [15] to obtain the absolute
fission product yields. The absolute fission product yields
in the 2*®U(y, f) reaction at the bremsstrahlung end-point
energies of 1000, 1800, and 2000 MeV [32,33] are in arbitrary
units. The absolute fission product yields for these energies
were obtained after normalizing the mass-yield distribution to
200%, as done in the present work. Further, the production
cross sections of fission products in milibarns per equivalent
quanta are given for the 2>Th(y, f) reaction at 3.5 GeV
[21] and for the *¥U(y, f) reaction at 1.5, 3, and 3.5 GeV
[31,42]. From these data, the fission yields were obtained
after normalizing the total production cross sections to 200%
by following a similar procedure of the present work. The
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TABLE II. Average excitation energy of compound nucleus ((E*(E,))), yields of the asymmetric (Y,) fission products (%) for the mass
number 133-134, 139-140, and 143-144 in the 80-3500 MeV bremsstrahlung-induced fission of 232Th and 2**U.

Reactions E, (MeV) (E*(E,)) (MeV) A =133-134 A =139-140 A = 143—144 References
80 225 4.321 % 0.602 4.555 +0.184 4.949 + 0.147 [24]
5.180 & 0.147 4.318 4 0.602 5.059 & 0.440
300 65.6 3.115 2259 [15])
3.817
500 141 2.821 3.074 [15]
700 171 2.135 [15])
B2Th(y, f) 900 197 2.965 2.426 [15]
3.234
1100 217 2.628 2.786 [15]
3.259
2500 292 2.391 £ 0.085 2.827 4 0.129 2.372 4 0.081 this work
3500 315 2.738 £ 0.229 2.940 £ 0.267 [21]
3.114 £ 0.315 3.461 & 0.346 1.307 + 0.154
3.030 & 0.246 3.091 & 0.254
Uy, f) 100 22.4 4.820 + 0.095 3.591 4 0.425 [27]
5.009 + 0.095
300 61.3 5.617 3.294 4 0.412 [15,27]
4.965 5.047
500 112.6 5.291 3.063 [15]
700 138.8 3.915 2.584 [15]
3.289 4.855
900 156 4.374 2.770 [15]
4.374 4.010
1000 162.8 4.382 [32]
2220
1100 168.9 4.198 2519 [15]
3.638 3.848
1500 188.9 3.014 £ 0.895 2238 4 0.448 [31]
7.161 & 2.387
1800 200 4.759 £ 0.306 3.584 +0.231 2.495 + 0.259 [33]
2000 206.3 3.026 +0.219 [33]
7.855 4+ 0.612
3000 230.8 3.418 £ 0.594 2229 4 0.594 [31]
3.121 £ 0.743
3500 240.6 3.276 +0.319 3.617 & 0.360 1.757 +0.178 [42]
3.302 £0.233 3.257 £0.288

fission yields obtained in the above ways in the 2**Th(y, f)
and 23U(y, f) reactions for A = 133 — 134, 139-140, and
143-144 within the bremsstrahlung end-point energies of
80-3500 MeV are shown in Table II. In the same table, the
average excitation energies ((E*(E,))) calculated from Eq. (1)
for different bremsstrahlung end-point energies are also given.

The data from Table II for higher energies and the other data
for lower energies from literature in the > Th(y, f) reaction
[26] and 2*®U(y, f) reaction [44] are plotted in Fig. 5 as a
function of excitation energy. The yields of fission products for
the mass numbers 133, 139, and 143 were chosen due to the
availability of data in a maximum number of bremsstrahlung
energies. As shown by us [22-26,44] and others [20], at the
lower excitation energy, the oscillating nature of the fission
yield in the interval of five mass units is due to the even-odd
effect. Since the N/Z ratio of the fission products is nearly
1.5, for two protons, there is an addition of three neutron

numbers and thus the mass number changes by five units.
Thus the higher yields of fission products for A = 133—134,
138-140, and 143-144 corresponding to the Z = 52, 54, and
56 is due to the even-odd effect. Besides this, higher yields of
the fission products for A = 133—134 and 143-144 in even-Z
fissioning systems are also due to the standard I and standard
IT asymmetric fission modes as mentioned by Brossa et al.
[69] based on the shell effects [70,71]. Based on standard I
asymmetry, the fissioning system is characterized by spherical
heavy fragment mass numbers for A = 133—134 due to the
spherical 82n shell and a deformed complementary light frag-
ment mass. Based on the standard I asymmetry, the fissioning
system is characterized by a deformed heavy fragment mass
near A = 143 — 144 due to a deformed 86—88n shell and
slightly deformed light fragment mass. 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,
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FIG. 5. Mass yields of fission products (%) as a function of
excitation energy of compound nucleus for (a) A = 143, (b) A = 139,
and (c) A = 133 in the bremsstrahlung-induced fission of >*>Th and

respectively. The interplay of even-odd effect and shell effects
in the yield profiles for A = 133—134, 138-140, and 143-144
corresponding to Z = 52, 54, and 56 changes accordingly with
the neutron emission based on the excitation energy. Thus, an
average A = 139 % 1, corresponding to Z = 54 is expected,
which was shown by Schmidt e al. [71] in their GEF (general
description of fission observables) model. At higher excitation
energy, the shell effects and the even-odd effect decrease or
vanish. However, the existence of feeble shell and even-odd
effect even at higher excitation energy is due to the multi-
chance fission. Besides this, in the bremsstrahlung-induced
fission, some contribution also comes from the low energy
photons and lower mass Th and U isotopes due to prescission
neutron emission. Thus, the fine structure is very feeble or
practically absent at the bremsstrahlung end-point energies of
2.5-3.5 GeV.

Further, it can be seen from Fig. 5 that the yield of fission
products for A = 133 in the 2’ Th(y, f) reaction is low and
almost remains constant or decreases very little with the
increase of excitation energy. The yield for A = 143 ishigh and
decreases sharply with the increase of excitation energy. On the
other hand, in the 238U(y, f) reaction, it is just reversed. The
yield of fission products for A = 133 is high and decreases
sharply with the increase of excitation energy. The yield for
A =143 is low and decreases slowly with the increase of
excitation energy. The yields of fission product for A = 139 in
both the 2*?Th(y, f) and 23U(y, f) reactions are comparable
and decrease slowly with the increase of excitation energy.
The different trend of fission product yields for A = 133—134
and A = 143—144 in between the >*>Th(y, f) and >*%U(y, f)
reactions cannot be explained only from the point of standard
I and standard II asymmetric modes of fission [69] based on
spherical 82n and deformed 86—88n shell [70] of the heavy
fragments unless the shell structures of the complementary
fragments are also considered. According to the scission point
model of Wilkins et al. [70], there exists a deformed proton
shell at Z = 38, 44, and 66 besides the spherical proton shell
at Z =50 and 82. Similarly, there is a deformed neutron
shell at N = 62 — 66 and 86—88 besides the spherical neutron

shell at N =50 and 82. In the **>Th(y, f) reaction at low
bremsstrahlung energy, there is deformed 86—88n shell at
A = 143—144 and Z = 56, whereas its complementary light
mass with A = 86 — 84 and Z = 34 has a spherical 50n shell.
Thus the yields for A = 143—144 and its complementary
products are higher at lower excitation energy. At higher
excitation energy, the neutron evaporation causes the absence
of the 50n shell in the complementary light mass fragment
and thus the yield decreases. There is a spherical 82n shell
at A =133—134 and Z =52, whereas its complementary
light mass with A ~ 96 — 94 and Z = 38 has no spherical or
deformed neutron shell, which causes the lower yields even at
lower excitation energy. In the 238U(y, f) reaction, there is a
spherical 82n shell at A = 133—134 and Z = 52, whereas its
complementary light mass with A ~ 102 — 100 and Z = 40
has a deformed 62n shell. Thus the yields for A = 133—134
and its complementary light mass fragment have a higher yield
at lower excitation energy. At higher excitation energy, the
neutron evaporation causes the absence of a deformed 62n shell
in the complementary light mass fragment and thus the yield
decreases. There is a deformed 86—88n shell at A = 143—144
and Z = 56, whereas its complementary light mass fragment
with A ~ 92 — 90 and Z = 36 has no spherical or deformed
neutron shell, which causes the lower yield even at lower
excitation energy.

The effect of standard I and standard II asymmetric modes
of fission [69] also reflects in the average heavy mass ((Ag))
and light mass ((A.)) in the mass-yield distribution of the
fissioning systems. In order to examine this, the average values
of light mass ((A)) and heavy mass ({Ay)) from the present
work at 2.5 GeV and at other higher energy [15,21] in the
Z2Th(y, f) reaction as well as the similar data from literature
[15,31-33,42] in the 238U(y, f) reaction are calculated from
the mass yield (Y5) of the fission products as done earlier
[22-26,44] by using the following relation [37]:

(AL) = Z(YAAL)/Z Y4,
(Aw) =Y (Vadi) [ Ya. %

The (A.) and (Ay) values obtained using Eq. (7) in
the bremsstrahlung-induced fission of 2*Th and **U are
given in Table III. In the same table, the average excitation
energies ((E*(E,))) calculated from Eq. (1) for different
bremsstrahlung end-point energies are also given. The (A )
and (Ag) values in the 232Th(y, f) and 238U(y, f) reactions
at higher excitation energies from Table III and the similar
values from the literature [26,44] at lower excitation energies
are plotted in Fig. 6. It can be seen from Fig. 6 that in the
Z2Th(y, f) reaction, the (Ay) value decreases drastically
from the value of 141 at the excitation energy of 6.02 MeV
(E. = 6.44MeV) to 134 at 315 MeV (E. = 3.5GeV). This is
because the fission products for A = 143—144 corresponding
to a deformed 86—88n shell (i.e., the standard II configuration)
are more favorable than those for A = 133—134 corresponding
to a spherical 82n shell (i.e., the standard I configuration). At
higher excitation energy, the deformed shell becomes weak due
to neutron evaporation and thus the standard II configuration
is no more favorable, which causes the sharp decrease of the
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TABLE III. Average light mass ((AL)), heavy mass ((Ay)), average excitation energy of compound nucleus ((E*(E,))), and the average
postscission neutron numbers ({v)cyp) in the 80-3500-MeV bremsstrahlung-induced fission of 22Th and %U.

Reactions E, (MeV) (E*(E.)) MeV) (AL) (Ay) (V) expt References
232Th(y, 1)) 80 22.5 91.74 £ 0.25 136.75 £ 0.14 3.50 £ 0.20 [24]
300 65.6 92.67 £0.43 135.33 £ 0.47 4.00 + 0.47 [15]
500 141 92.73 £0.52 135.12 £ 0.51 4.15+0.52 [15]
700 171 92.76 £ 0.56 134.95 4+ 0.55 4.29 + 0.56 [15]
900 197 92.82 £0.53 134.87 + 0.51 431 +0.53 [15]
1100 217 92.84 £ 0.58 134.57 +0.58 4.59 +0.58 [15]
2500 292 92.96 £ 0.57 134.05 + 0.57 499 + 0.57 this work
3500 315 93.06 £ 0.56 133.94 + 0.56 5.00 & 0.56 [21]*
3500 315 94.00 £ 1.80 134.00 &+ 2.60 4.00 + 0.80 [21]
BU®y, ) 70 19.9 96.79 + 0.07 137.55 + 0.07 3.67 +£0.11 [44]
100 224 96.51 £ 0.50 137.49 4+ 0.50 4.00 &+ 0.50 [27]
300 61.3 96.33 £0.32 137.48 +0.43 427 4+043 [27]
300 61.3 96.44 £+ 0.29 137.31 4 0.53 4354+ 0.53 [15]
500 112.6 96.32 £ 0.41 137.25 £ 0.41 447 +0.41 [15]
700 138.8 96.24 £ 0.37 137.16 + 0.45 4.60 + 0.45 [15]
900 156.0 96.21 £0.36 136.79 + 0.36 5.00 £ 0.36 [15]
1000 162.8 96.22 £0.71 136.60 + 0.67 5.18 £0.71 [32]
1100 168.9 96.17 £ 0.41 136.63 + 0.41 5.204+0.41 [15]
1500 188.9 96.29 £+ 0.36 136.53 + 0.54 5.18 £ 0.54 [31]
1800 200.0 96.27 £ 0.39 136.45 + 0.39 5.28 +0.39 [33]
2000 206.3 96.23 £ 0.36 136.41 £ 0.34 5.36 £ 0.36 [33]
3000 230.8 96.25 £ 0.50 136.24 + 0.50 5.51 £ 0.50 [31]
3500 240.6 96.14 £ 0.89 136.08 + 0.68 5.78 + 0.89 [42]*
3500 240.6 97.00 £ 1.70 137.00 + 2.70 4.00 + 1.00 [42]

“Present calculation from the data of Refs. [21,42] in the 2*?Th(y, f) and 2*3U(y, f) reactions.

(Ag) value with an increase of excitation energy. Accordingly,
the (A;) value increases from the value of 88 at the excitation
energy of 6.02 MeV (E. = 6.44MeV) to 93 at 315 MeV
(E. = 3.5GeV) to conserve the mass of the fissioning system.
In the 238U(y, f) reaction, the (Ay) value remains almost
constant or slightly decreases from the value of 137.5 at the
excitation energy of 5.6 MeV (E. = 6.12MeV) to 136 at
240.6 MeV (E. = 3.5GeV). This is because the fission prod-

ucts for A = 133—134 corresponding to spherical 82n shell
(i.e., the standard I configuration) is slightly more favorable
than for A = 143 — 144 corresponding to deformed 86—88n
shell (i.e., the standard II configuration). At higher excitation
energy, the strong spherical 82n shell still persists due to few
neutron evaporation around mass number 133—134 and thus the
standard I configuration is still favorable, which causes only
slight decrease of the (Ay) value with increase of excitation
energy. Accordingly, the (A;) value slightly decreases from
the value of 98 at the excitation energy of 5.6 MeV (E, =

145 =+ ——— T . 6.12MeV) to 96 at 240.6 MeV (E, = 3.5 GeV) to conserve the

mas of the fissioning system. It can be seen from Fig. 6 that the

1404 Sy, @og, ] (Ar) value in the 28U(y, f)reaction is always higher than that

A  @eom ostetmanT o ¢ ‘tming ] inthe 22 Th(y, f)reaction due to the higher mass in the former

f/ﬂ 1351 @ <A> o zszTh(mQ © 085 4 1 than the latter. The decrease or increase trend of the (A 5 ) and

o uw the (A;) values in the 232Th(y, f) and 238U(y, f) reactions

130 5 10 100 500 clearly indicates their dependence of excitation energy besides

100 T T the role of standard I and II mode of fission [69] based on the

OO o beoam o5 . . smems shell effects [70] and their combinations in the complementary

A 95‘: o5 ] fragments. The above observations also indicate that the role

<4 ] o wooP ™ e °° 1 of standard I and II mode of fission [69] are different in the
VT o T ) <A> o g ] Z2Th(y, f)and 2*U(y, f) reactions.

85; o uw,hH ] From the average mass of (A;) and (Ag) as well as the

5 10 100 500 compound nucleus mass (A¢), the experimental postfission

Excitation energy of compound nucleus (MeV) average number of neutrons ({v)exp) Were calculated as follows

[19]:
FIG. 6. (a) Average values of heavy mass ({Ay)) and (b) average

values of light mass ((A.)) as a function of excitation energy of

compound nucleus in the 2*2Th(y, f) and 2**U(y, f) reactions.

(V)expt = Ac — ({(AL) + (An)). ®)
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FIG. 7. The postfission average number of neutrons ({v)expt) as a
function of excitation energy of compound nucleus in (a) the neutron-
and (b) the bremsstrahlung-induced fission of **U and ***Th.

The (v)exp: values obtained from the bremsstrahlung-
induced fission of *Th and ***U at higher energies are
also listed in Table IIl. In Table III, the average excita-
tion energies ((E*(E,))) calculated from Eq. (1) for differ-
ent bremsstrahlung end-point energies are also given. The
postscission average number of neutrons ({v)expt) can also be
calculated as

{(Vexpt = Ac — 2 X Agym, €))

where Agyn, is the mass number of symmetric product.
The symmetric products with highest yield in the 2.5-GeV
bremsstrahlung-induced fission are mass numbers around 113—
114. Thus the average symmetric mass (Agmy) of 113.5 was
used in Eq. (9) for the calculation of the average number of neu-
trons ({v)expt). The postscission average number of neutrons,
4.99 +£ 0.57 obtained from Eq. (8) is comparable to the value
of 5 obtained from Eq. (9). The (v)exp values from Table III
for higher excitation energies along with the literature data
[26,44] for lower energies are plotted in Fig. 7. It can be seen
from Fig. 7 that the (v)exp values in both the *Th(y, f) and
238U(y, f) reactions increase with the increase of excitation
energy. The (v)exp value in the **U(y, f) reaction at the same
excitation energy is always higher than that of the 2’ Th(y, f)
reaction, which is due to the increase in mass and fissility
parameter. However, a similar effect on (A;) and (Ay) values
is not observed in the 22>Th(y, f) and 2*U(y, f) reactions.

In order to examine this aspect, the (v)exp: values in the
22Th(n, f) and >®U(n, f) reactions from literature [72—89]
are plotted in the same Fig. 7 as a function of excitation energy.
The excitation energies (E*) of the >**Th* and > U* compound
nucleus in the neutron-induced fission of >*Th and 2**U were
calculated from the mass excess (A) of the target (7"), neutron
(n) and compound nucleus (CN) plus the neutron energy (E,)
by using the following equation:

E* = (AT + An) - ACN + En- (10)

The mass excess (A) was taken from the Nuclear Wallet
Cards [90]. From Fig. 7, it can be seen that the (v)exp; Values in
both the >*2Th(n, f) and 28U(n, f) reactions increase with

Excitation energy of compound nucleus (MeV)

FIG. 8. Mass yields of (a) asymmetric and (b) symmetric fission
products (%) as a function of excitation energy of compound nucleus
in the **Th(y, f) and *8U(y, f) reactions.

the excitation energy. It is also observed that at the same
excitation energy, the (v)eyp: values in the 28U(n, f) reaction
is higher than that in the >Th(n, f) reaction, which is due to
the increase in mass and fissility parameter. This observation
supports a similar effectin between >**Th(y, f)and***U(y, f)
reactions.

As shown in Figs. 2—4, the mass-yield distribution of the
22Th(y, f)reactionis triple humped and that of the >3 U(y, f)
reaction is double humped at the bremsstrahlung end-point
energies of 2.5-3.5 GeV. However, the fine structure decreases
and the yields of symmetric products increase with the excita-
tion energy. Thus the peak-to-valley (P/V) ratio is expected to
decrease with an increase of excitation energy. In order to ex-
amine this, the absolute and relative yields and the production
cross sections of asymmetric and symmetric products as well as
the P/V ratio from the present work and literature [15,21] in the
22Th(y, f) reaction and similar literature data [15,31-33,42]
inthe 28U(y, f)reaction are givenin Table IV. In this table, the
average excitation energies ({ E*(E,))) calculated from Eq. (1)
for different bremsstrahlung end-point energies are also given.
The relative yields and production cross sections are converted
to absolute yields by using the prescription followed in the
present work, which has been discussed before. The absolute
yields along with the relative ones are also given in the same ta-
ble. The absolute yields of the asymmetric and symmetric prod-
ucts in the 22 Th(y, f)and 28U(y, f)reactions at higher ener-
gies from Table IV and at lower energies from Refs. [26,44] are
plotted in Fig. 8, whereas the P/V ratios are plotted in Fig. 9.

It can be seen from Fig. 8 that with the increase of excitation
energy, the yields of asymmetric product decreases system-
atically in the 2*>Th(y, f) reaction, but very slowly in the
28U(y, f) reaction. On the other hand, the yield of symmetric
products in both the >’Th(y, f) and **U(y, f) reactions
increases sharply with the increase of excitation energy. The
P/V ratio decreases accordingly with the increase of excitation
energy as shown in Fig. 9. However, the increase trend of
symmetric product yields and the decrease trend of P/V ratio
is sharper in both the >*>Th(y, f) and the >*®U(y, f) reactions
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TABLE IV. Average excitation energy of compound nucleus ((E*(E,))), absolute or relative (R) yields (%), and production cross sections
(o) of asymmetric and symmetric products (mb) as well as the P/V ratio in the 2*?Th(y, f) and 2**U(y, f) reactions.

E, MeV) (E*(E,)) (MeV) Nuclide Asymmetric* Nuclide Symmetric® P/V ratio References
Th(y, f)
80 22.5 138Cs 5.901 + 0.554 e| 1.290 + 0.203 4.574+0.83 [24]
300 65.6 o1Sr 5.5(R), 4.284 12Ag 4.6 (R), 3.582 1.20 [15]
500 141 o1Sr 5.5 (R), 3.784 12Ag 6.2 (R), 4.266 0.89 [15]
700 171 1Sy 5.5 (R), 3.355 12Ag 6.8 (R), 4.148 0.81 [15]
900 197 o1Sr 5.5 (R), 2.965 2Ag 7.3 (R), 4.043 0.73 [15]
140Ba 6.0 (R), 3.234 12Ag 7.3 (R), 4.043 0.77
1100 217 olSr 5.5(R), 2.891 2Ag 8.3 (R), 4.362 0.67 [15]
14984 6.2 (R), 3.259 12Ag 8.3 (R), 4.362 0.73
2500 292 o1Sr 2.786 +0.176 2A¢ 3.857 & 0.206 0.72 + 0.06 this work
¥Rb 2.856 4 0.099 2Ag 3.857 4 0.206 0.74 4 0.05
140Ba 2.940 + 0.267 112Ag 3.857 4 0.206 0.76 + 0.08
1Sy 2.786 +0.176 1B3Ag 4218 +0.233 0.66 #+ 0.06
%Rb 2.856 4 0.101 B3Ag 4218 +0.233 0.68 + 0.04
140Ba 2.940 4+ 0.267 1B3Ag 4218 +0.233 0.70 + 0.07
3500 315 asy 63.0 £ 9.45 (o) sym 7450 £ 11.17 (6)  0.84 £ 0.17 [21]
Uy, f)
100 224 7r 58+02 7¢q 0.69 + 0.02 8.41 4+ 0.38 [27]
7r 5.8+02 15¢d 0.718 + 0.03 8.08 + 0.44
7r 5.8+02 1B3Ag 0.77 £ 0.04 7.53 £ 0.47
Zx 58+£02 12Ag 0.71 £ 0.04 8.17 + 0.54
300 61.3 140By 48+0.2 7¢cd 1.04 £+ 0.04 4.62 +£0.26 [27]
140B4 48402 15¢q 1.35 4+ 0.054 3.56 £0.21
140Ba 48402 1BAg 1.21 4+ 0.06 3.97 £0.26
1490Ba 48+02 112Ag 1.14 £ 0.08 421 +0.34
7Zr 7.0 (R), 5.698 2Ag 1.9 (R), 1.547 3.4 [15]
500 112.6 7T Zx 5.2 (R),4.826 2Ag 2.6 (R),2.413 25 [15]
700 138.8 s 6.6 (R), 5.075 "2Ag 3.3(R),2.538 2.0 [15]
900 156 s 6.3 (R), 4.593 2Ag 3.8 (R),2.770 1.7 [15]
1000 162.8 A =137 4290+ 0.196 (R) A =117 1.98 (R), 2.185 2.17+0.14 [32]
A =137 5.093 + 0.225 A =120 1.8 (R), 2.07 238 +0.15
1100 168.9 7r 6.8 (R), 4.590 12Ag 4.2 (R), 2.835 1.5 [15]
1500 188.9 149Ba 2400 =+ 800 (o) 12Ag 880 + 300 (o) 2.73 £ 1.30 [31]
7.200 + 2.400 2.640 £ 0.900
1800 200 A=098 3370+ 0217 (R) A=117 0954 +0.110(R)  3.534047 [33]
5.321 4 0.342 1.506 &+ 0.174
3.370 + 0.217 (R) 1.340 & 0.101 (R)
A=098 5.321 4+ 0.342 A=112 2.116 +0.159 2.51+0.25
2000 206.3 A=097 3600+ 0299 (R) A=116 1.040+£0.093(R) 3.46+0.42 [33]
4.842 4+ 0.402 1.399 4+ 0.125
3.600 £ 0.299 (R) 1.540 £ 0.136 (R)
A=97 4.842 + 0.402 A =111 2.071 +0.183 2.34 +0.28
3000 230.8 *Mo 1380 + 400 (o) Ag 490 + 150 (o) 2.82+1.23 [31]
4.140 + 1.200 1.470 + 0.480
1150 £ 250 (o) 490 + 160 (o)
1331 3.450 £ 0.600 12Ag 1.470 4 0.480 2.354+0.87
1050 =+ 200 (o) 490 + 160 (o)
140Ba 3.150 & 0.750 12Ag 1.470 4 0.480 2.14 +0.87
3500 240.6 asy 170.8 + 25.6 (o) sym 793 £ 11.9 (o) 2.16 £ 0.40 [42]
Szr 4+ Bl 4.851 4+ 0.654 cq 1.754 £+ 0.088 2.77 + 0.40
Bzr 4+ Bl 4.851 £+ 0.654 15¢q 2.083 + 0.154 2.33 4+ 0.36
Pzr 4+ 811 4.851 4 0.654 BAg 2.2374+0.216 2.17+£0.36
Bzr 4+ B 4.851 + 0.654 2Ag 2.23140.223 2.17 £0.37

#In columns 3 and 5, the cross section (mb) is mentioned as o and relative fission yield (%) is marked with R. Rest are absolute fission yields

(%).
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FIG. 9. The peak-to-valley (P/V) ratio as a function of excitation
energy of compound nucleus in the 2*Th(y, f) and *U(y, f)
reactions.

up to the excitation energy of 8.45 MeV (E, = 11-12MeV).
Thereafter, the increase trend with the excitation energy is
slow in both reactions. This is because the excitation energy
within the bremsstrahlung end-point energy of 11-12 MeV
corresponds to the excitation energy of about 8.45 MeV, which
is close to the neutron binding energy. Above the neutron
binding energy, i.e., above the excitation energy of 8.45 MeV,
the second chance of fission starts where the fission occurs from
the residual nucleus at lower excitation energy. The number of
emitted prefission neutrons also increases with the excitation
energy. Thereby, the small part of total excitation energy will
be available in the fission degrees of freedom as the intrinsic
excitation energy. This causes the slow increase in the yield of
symmetric fission products resulting in the slow decrease in the
P/V ratio with the increase of excitation energy. Besides this,
it can be seen from Figs. 8 and 9 that the yield of symmetric
products is always higher and the P/V ratio is always lower in
the 2*Th(y, f) reaction than those of the 2*U(y, f) reaction.
This observation is due to the different type of potential barrier
for the fissioning nucleus >**Th* compared to 2*¥U*, which
was shown by Moller [91] in their calculation of saddle point
configurations against the mass asymmetric deformation. This
has been proved by Yoneama et al. [92] using electrofission,
i.e., the virtual photon-induced fission of >**Th. As mentioned
by them [92], the outer barrier in 23 Th splits into two barriers
with heights of 6.5 and 5.7 MeV separated by a shallow
minimum with a bottom at 5.4 MeV. They have also shown
that the barrier height changes for the different vibrational
states. The calculation of saddle point configurations against
the mass asymmetric deformation by Moller [91] showed a
different type of potential barrier for 2**Th compared to 2*3U.
Thus, the observation of a triple humped mass distribution from
the present and earlier work [13-26] in the bremsstrahlung-
induced fission of 2**Th compared to that of B8 [27-44] is
due to a different type of potential barrier.

V. CONCLUSIONS

(i) The yields of fission products within the mass range
of 77-153 in the 2.5-GeV bremsstrahlung-induced

014614-13

(i)

(iii)

@iv)

)

(vi)

fission of **Th were determined for the first time
by using an off-line y-ray spectrometric technique.
Even at the high bremsstrahlung end-point energy of
2.5 GeV, the mass-yield distribution in the 232Th(y, )
reaction is triple humped, unlike the mass-yield
distribution of the 2¥U(y, f) reaction is double
humped.

The nuclear structure such as the effect of shell closure
proximity and even-odd effect decrease very much at
the higher excitation energy. In the 22Th(y, f) reac-
tion, the yield of fission products for A = 133—134
remains almost constant or decreases very little with
the increase of excitation energy, whereas those for
A = 143—144 decreases significantly. This is due
to the different roles of standard I and II asym-
metric modes of fission depending on the pres-
ence of a shell in one or both complementary
fragments.

In both the **’Th(y, f) and the *3U(y, f) reac-
tions, the yield of asymmetric products decreases
marginally, whereas the yield of symmetric products
increases sharply with the excitation energy. However,
the increase trend is more pronounced up to the
excitation energy of 8.5 MeV (E, = 11 — 12MeV).
Thereafter, it increases slowly due to more prefis-
sion neutron emission and the multichance fission
probability. Thus, the peak-to-valley (P/V) ratio de-
creases accordingly with the increase of excitation
energy.

At the same excitation energy, the yield of symmetric
products is always higher and thus the P/V ratio
is lower in the *’Th(y, f) reaction than those in
the 2%U(y, f) reaction. This is due to the third
peak in the mass-yield distribution of the >*’Th(y, f)
reaction resulting from a different potential bar-
rier in the fissioning nucleus 2*>Th* compared to
2381 %

In the >*’Th(y, f) reaction, the (Ay) value decreases
and the (A;) value increases with the increase of
excitation energy. This is favored the standard II mode
rather than the standard I mode of fission. The (Ay)
value in the >*®U(y, f) reaction is lower than that in
the 22>Th(y, f) reaction and remains almost constant
or slightly decreases with the increase of excitation
energy. This is favored the standard I mode rather
than the standard II mode of fission in the >%U(y, f)
reaction. The (A;) value in the 2¥U(y, f) reaction
is always higher than that in the 32 Th(y, f) reaction
and systematically decreases with the increase of
excitation energy to conserve the mass of the fissioning
system.

In the bremsstrahlung- and neutron-induced fission
of 232Th and ?*®U, the values of postfission average
number of neutrons ({v)expt) increase with the increase
of excitation energy. However, at the same excitation
energy, the values of (v)exp in the 28U(y, f) and
238U(n, f) reactions are always higher than those in
the 232Th(y, f) and B2Th(n, f) reactions due to the
increase in mass and fissility parameters.
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