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Kinetic energy distribution for photofission of light actinides
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The scission point model has been used to calculate the total kinetic energy (TKE) as a function of fission
fragments for photofission reactions. By comparing the calculated TKE values with the available experimental
data, the deformation parameters of the fission fragments are obtained in the scission point model. The results
show that the deformation parameters of the fission fragments have a large change near the symmetrical region.
TKE distribution has been investigated for neutron-induced fission, spontaneous fission, and photofission to
predict actinide TKE distribution. This indicates that the TKE distribution depends on the mass and atomic
number of compound nuclei and, of course, the excitation energy. The odd-even effect plays an important role
in predicting TKE distribution behavior. Also, TKE distribution has a similar trend for all isotopes and the TKE
distribution of spontaneous fission is significantly different from the TKE distribution of photofission. At last,
the total kinetic energy distributions for the photofission fragments of light actinides are evaluated in the scission

point model.
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I. INTRODUCTION

During the 60 years that photofission and neutron-induced
fission were discovered, the kinetic energy of fission frag-
ments has been one of the important studies for understanding
the fission process. The nuclear energy industry has made
fissioning systems’ actinides the main target of research.
In addition, nuclear data on actinides have been used to
manage nuclear waste and the Th-U cycle. Of course, the
kinetic energy of fragments for neutron-induced fission [1-12]
has been measured more than the kinetic energy of frag-
ments for photofission [13—18]. In addition, there are the
electromagnetic-induced fission [19] and spontaneous fission
[20-24].

On the other hand, there is little theoretical work on TKE
evaluation [25-33]. Each research group calculates TKE in
one way: Manea et al. [26] refined the multimodal random
neck rupture model, Pomorski et al. [29] used a quantum
mechanical framework, and Usang et al. [28] described the
dynamics of fission by Langevin’s equations. Ivanyuk et al.
[31,32] calculated deformation energy within the two-center
shell-model parametrization and estimated the TKE of fission
fragments in a quasistatic approximation. Andreev et al. [33]
used a simple way to calculate the fine structures in the total
kinetic energy of neutron-induced fission fragments using the
scission point model. In this method, the scission configura-
tion is expressed as a dinuclear system with the two fission
fragments in contact. Also, Pasca et al. [25] changed the
deformation parameter of each fission fragment to extract the
potential energy. Ruben et al. [30] proposed a similar model
called the two-spheroid model (TSM). The calculations of this
systematic model have been compared with the experimental
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data in Ref. [13], in which the results of this model are in good
agreement with the experimental results.

TSM model is a scission point model in which the scis-
sion configuration is assumed to consist of two spheroidally
shaped fragments. In this model, two spheres are separated by
a distance d &~ 1.44 fm [19,34], and the Coulomb repulsion
energy between the two spheres, which are actually located
effectively in the center of them, indicates the Coulomb en-
ergy of the system at the scission point.

Neutron-induced fission theoretical models are commonly
used to calculate the total kinetic energy distribution for the
photofission phenomenon, such as in the work of Pomme ez al.
[13], who used the TSM model. Here, the total kinetic energy
distribution of actinides is studied for photofission phenom-
ena. Therefore, the experimental results of TKE for neutron
fission, photofission, and spontaneous fission are compared
and investigated to estimate the best TKE values for the
photofission phenomenon. Also, there are so few experimen-
tal results in the photofission phenomenon that there are no
experimental results for fissioning nuclei with odd mass num-
ber. Thus, the TKE values for many actinides, especially odd
nuclei, are evaluated in the photofission phenomenon.

The calculation framework is presented in Sec. II as the
simplest model. In the next section, the calculated results are
compared with the experimental data. Then, the total kinetic
energy distribution (TKED) for neutron fission, spontaneous
fission, and photofission is investigated to estimate the best
result. At last, the total kinetic energy distribution is presented
for the photofission of actinides. A brief summary is given in
Sec. IV.

II. THEORETICAL FRAMEWORK

The total
ments  is

kinetic energy of the fission
calculated with the simplest

frag-
relation
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as [33]

TKE(A;, Bi) = Veou(AL/AH, Bi, d)
+ Viuc(AL/An, Bi, d). (D

The deformation parameters of each fission fragment p; is
taken to be quadratic in the radius change (8;; i = L and H for
the light and heavy fragments, respectively). The Coulomb in-
teraction Vo is rewritten by taking quadrupole deformation
alone and without taking orientation of the two fragments into
account as [27,35]

VCoul
71 Zy €2 R>? R
_f4Llue <1+0.3785 2B + Ri” Bi
D2

R 202 R 202 R 492 R 402

403164 REPUHRIPY ) ugn REPZH Re o

D2 4

R\’R,*B1 B2

+0.8598T , 2)

where D =d + Ry + R,. The nuclear interaction between
spherical fragments V;, is rewritten as the proximity potential
[36,37]

V) = 4t 2 Joe) (e=5) O

where the width (diffuseness) of the nuclear surface is b =
0.88 fm. The nuclear surface tension coefficient of the nucleus
y 1is obtained from the Lysekil mass formula by [38]

y = 0.9517,/(1 - 2.6172)(1 — 2.6113) MeV/fm’.

_ (Ni—Z)

I
A;

, “
where N;, Z;, and A; are the neutron number, the atomic
number, and the mass number of each fission fragment, re-
spectively. C, and C, are the Siizmann central radii of light
and heavy fragments that are related to the sharp radius R; as

b2
Ci=R;,— |:R_:| (&)

R; are the net radii of each fission fragment obtained through
a semiempirical equation as [37]

R; (fm) = 1.28Ry; — 0.76 + 0.8Ry ;. (6)

Ro; are the radii of deformed nuclei that can be evalu-
ated using the deformation-dependent expansion of nuclear
radii as

Roi(0) = Ro Y _[1+ Bj.¥0(0)], (7)

where 0 is the angle made by the axis of symmetry with the
fission axis and Y are the spherical harmonic functions.
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FIG. 1. Calculated total kinetic energy as a function of fragment
mass at 9.5-MeV bremsstrahlung endpoint energy for photofission of
22Th along with the experimental data [16].

In Eq. (3), the universal proximity potential ® is a function
of distance between two interaction fragments [36]:

—1.7817 4+ 0.9270¢ + 0.0169¢2 — 0.0514¢3
for 0 < e < 1.9475,
P(e) =
—4.41 exp(—e/0.7176)
for & > 1.9475.

At last, for each mass number of fragments A;, only one
charge number Z; was taken as the integer value of the most
probable charge obtained from the common relation as [39]

Zen (Ai 4 v)
Zycp = ———, ®)
Acn

where v is the postscission neutrons [40,41].

III. RESULTS AND DISCUSSION

In Figs. 1-5 are presented the comparison of the calcu-
lated TKE values and the available experimental data as a
function of fragment mass for photofission of 232, B4y,
2387, 240Py, and 2**Pu, respectively. It is found that, when
the mass number A of the fissioning nucleus increases, the
deformation parameters of the fission fragments with mass
number A; < 132 must change. The deformation parameters
for near symmetric fission fragments are presented in Table I
for the mentioned fissioning nuclei using the scission point
model. Here, the deformation parameters of two fission com-
plementary fragments are considered equal to each other, so
the sum of these two parameters is investigated and discussed.
As Figs. 1-5 show, the obtained results indicate a good agree-
ment between the calculated results and the experimental data
when small variations in the deformation parameters are used,
except for few fragments which have magic or semimagic
neutron/proton numbers.
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TABLE I. The change in 8; = B, values of photofission of ac-
tinide for near fission fragments.

A; 2327 234y5 23815 240py, 2142py
120 0.88 0.59 0.76 0.84
121 0.8 0.57 0.88 0.84 0.84
122 1.0 0.56 0.56 0.78 0.78
123 0.9 0.49 0.63 0.77 0.78
124 0.65 0.57 0.68 0.75 0.75
125 0.63 0.5 0.51 0.71 0.68
126 0.58 0.45 0.5 0.67 0.67
127 0.468 0.5 0.435 0.63 0.63
128 0.467 0.51 0.44 0.58 0.59
129 0.408 0.48 0.44 0.55 0.55
130 — — — 0.52 0.53
131 — — — 0.485 0.485
132 — — — 0.48 0.485

The calculated results of TKE distribution for 2*2Th
photofission fragments along with the experimental data are
presented in Fig. 1. The deformation parameters for fission
fragments with a mass number of more than 130 are as fol-
lows:

0.42 for A < 135,
Pr=p2= {0.45 for A > 135. ©)

The changes of deformation parameters for the fission frag-
ments of 2> Th with a mass number of less than 130 (A < 130)
are presented in Table I.

The calculated results of the total kinetic energy as a
function of photofission fragments of 2*U along with the
experimental data are presented in Fig. 2. The behavior of the
changes of TKED for this nucleus are significantly different
from other nuclei. This difference can be due to the influence
of target thickness [16]. That is why this behavior is not seen
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FIG. 2. Calculated total kinetic energy as a function of fragment
mass at 6.8-MeV bremsstrahlung endpoint energy for photofission of
234y along with the experimental data [15].
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FIG. 3. Calculated total kinetic energy as a function of fragment

mass at 6.5-MeV bremsstrahlung endpoint energy for photofission of
2331 along with the experimental data [15].

in other experimental data [15,42]. The deformation parame-
ter for fission fragments with a mass number of more than 130
are as follows:

0.42 for A < 135,
0.45 for 135 <A < 155, (10)
0.40 for A > 155.

Br=p82=

The changes of deformation parameters for the fission frag-
ments of 2*U with a mass number of less than 130 (A < 130)
are presented in Table .

The calculated results of the TKE as a function of photofis-
sion fragments of 23U along with the experimental data are
presented in Fig. 3. The deformation parameters for fission
fragments with a mass number of more than 130 are as fol-
lows:

0.45 for A < 140,
0.5 for 140 < A < 155, (11)
0.45 for A > 155.

BL=p82=

The changes of deformation parameters for the fission frag-
ments of 28U with a mass number of less than 130 (A < 130)
are presented in Table I.

The calculated results of the total kinetic energy as a
function of photofission fragments of 2*°Pu along with the
experimental data are presented in Fig. 4. The deformation
parameters for fission fragments with a mass number of more
than 132 are as follows:

0.45 for A < 140,

Pr=p2= {0.5 for A > 155. (12)

The changes of deformation parameters for the fission frag-
ments of >**Pu with a mass number of less than 132 (4 < 132)
are presented in Table L.

The calculated results of the total kinetic energy as a
function of photofission fragments of 2*>Pu along with the
experimental data are presented in Fig. 5. The deformation
parameters for fission fragments with a mass number of more
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FIG. 4. Calculated total kinetic energy as a function of fragment

mass at 20-MeV bremsstrahlung endpoint energy for photofission of
240py along with the experimental data [17].

than 132 are as follows:

0.5 for A < 143,

Pr=p2= {0.55 for A > 155. (13)

The changes of deformation parameters for the fission frag-
ments of 2**Pu with a mass number of less than 132 (A < 132)
are presented in Table I.

As shown in Figs. 1-5, there is good agreement between
the experimental and theoretical results of the uranium, tho-
rium, and plutonium isotopes. Among these figures, the TKE
distributions of plutonium isotopes are very smooth and or-
derly. This may be because the excitation energy of the
experimental results of these isotopes (20 MeV) is more than
the excitation energy of the experimental results of thorium
and uranium isotopes, such as 2>U(n, f), which has a vibra-
tional resonance of about 1.2-MeV excitation energy of the
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FIG. 5. Calculated total kinetic energy as a function of fragment
mass at 20-MeV bremsstrahlung endpoint energy for photofission of
242py along with the experimental data [17].

incident neutron [2]; the influence of the vibrational resonance
may be slightly seen in the low-excitation energy of the results
of thorium and uranium isotopes. Of course, this could also be
due to the thorium anomaly [43,44].

The deformation parameters for near symmetric fission
fragments are presented in Table I. Table I indicates that there
is good agreement between the calculated results and the
experimental data, with a small variation in the deformation
parameter except for a few fragments which have magic or
semimagic neutron and proton numbers. As the mass number
of the fissioning nucleus increases, the deformation param-
eters of the fission fragments with a greater mass number
(A < 132) must change.

Here, because of the kind of calculations, the total fragment
deformations (8 = B; + B,) are obtained at the scission point
and the deformation of both fragments is assumed to be equal.
So, the behavior of the TKED has been explained by the total
fragment deformation at scission changes as in McGeorge
et al. [24]. They concluded from the results of the Wilkins’
calculations that the 8 values would increase at Z = 50 and
80. This could be explained as follows: Due to the presence
(producing) of the magic nuclei (due to high binding energy),
unstable complementary nuclei are formed, which have a huge
change in the B parameter. For example, in the photofis-
sion of %Py, according to Ref. [45], g s produced
as a fission fragment that has a semimagic proton number.
The complementary fragment of this fragment is '>*Ru. This
complementary fragment has N/Z ~ 2, which shows that it
is a neutron-rich nucleus and therefore an unstable nucleus.
On the other hand, while one of the fission fragments is a
magic or semimagic nucleus (N = 82 or Z = 50), the other
fission fragment is probably a rich neutron nucleus and an
unstable nucleus. This effect greatly changes the 8 value in
these nuclei. Pasca et al. [25,46] showed that the changing of
deformation parameters for A < 130 in the model is more than
for other deformation parameters. This is the region in which
magic nuclei are more likely to form.

The deformation parameters change from 8; = 8, >~ 0.8
for Ay = 120 to B; = B, =~ 0.5 for Ay = 130. Specially, for
the 2*>Th nucleus, in the symmetrical region, there is a large
increase in the values of the deformation parameters (unlike
other fissioning nuclei); this increase maybe is due to the three
humps potential, which is also seen in the shape of the mass
distribution of the fission fragments.

In Table I, it is seen that the changes in deformation pa-
rameter values of fission fragments for the photofission of
242py and for the photofission of 2*°Pu are similar, while these
values are significantly different for uranium nuclei (>**U and
238(). This is due to the target thickness or the excitation
energy (~20 MeV) above the vibrational resonance range.

To predict the TKED of photofission, the experimental
values of TKE distribution for spontaneous fission, neutron-
induced fission, and photofission are investigated. First, the
experimental values of the TKED for neutron-induced fission
are examined and they are compared with photofission exper-
imental values, and then the spontaneous fission is studied.
By examining the experimental results of photofission and
excitation energy, the TKE distribution for photofission of
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FIG. 6. The experimental values of total kinetic energy distribu-

tion for neutron-induced fission of 22U [47], 28U [2], 2**Pu [48],
and 2**Pu [49].

actinides is plotted. In Figs. 6-12, the experimental values
of TKE distribution for spontaneous fission, neutron-induced
fission, and photo fission are compared.

In Fig. 6 the experimental values of TKE for neutron-
induced fission reactions on 232y, 23y, %Py, and 2*’Pu
targets are compared. It is seen that the values of the TKE
distribution for neutron-induced fission of 2*’U and 2%y
are closer together and also the TKE distribution values for
neutron-induced fission of 2*®Pu and >*?Pu are close together.
But, generally, the TKE values observed for the fission frag-
ments originated by the 2**Pu and ?*?Pu targets are higher than
the TKE values observed for the fission fragments originated
by the 232U and *U targets. This result is also seen when
comparing the maximum TKE values of both fissioning nuclei
238y and 2*®Pu, which have the same mass number. They
have the same behavior. Therefore, the TKE distributions of
nuclei with the same mass number have a similar trend, but
the maximum values of TKED for the same target nucleus
occur in the fragments with the same mass number.

The experimental values of TKE distribution for neutron-
induced fission of 2*'Pu, 2*?Pu, and photofission of 242py are
compared in Fig. 7. In this figure it is possible to observe
that the TKE distribution values of fission fragments for the
neutroninduced fission reactions on **'Pu and ***Pu targets
are higher those those observed for the fission fragments pro-
duced by the photofission of >**Pu. However, the excitation
energy of neutron-induced fission of **'Pu is lower (thermal
induced) than the excitation energy of photofission of >*?Pu
(20-MeV endpoint energy). Although the energy dependence
of neutrons is about 8 MeV, the excitation energy difference
is still considerable. Also, the TKE values of neutron-induced
fission of 2**Pu and photofission of >*?Pu are different. So,
the different reactions with the same compound nucleus have

—=a— Experimental data for neutron fission of Pu241
—e— Experimental data for neutron fission of Pu242
—a— Experimental data for photofission of Pu242
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FIG. 7. The experimental values of total kinetic energy distribu-

tion for photofission of 2*?Pu and neutron-induced fission of 2*!Pu
[50] and ***Pu [49].

different TKE distributions. In Refs. [40,43] the mass distri-
butions of photofission fragments are calculated by using the
endpoint energy but the peak to valley ratios are calculated
by using the average values of the excitation energy. While
the average excitation energy for photofission of **Pu is
12.5 MeV and for neutron-induced fission of **'Pu is 6.3
MeV [50], TKE values for neutron-induced fission of 2*!'Pu
are higher than the TKE values for photofission of 2*?Pu.
Therefore, TKE values cannot be calculated correctly using
either the endpoint energy or the average excitation energy.

Experimental values of TKE distribution for photofission
and neutron-induced fission of 28U and >*’Th are compared
in Figs. 8(a) and 8(b), respectively. The behaviors of TKE
distribution for photofission of 233U and neutron-induced fis-
sion of 233 show the same trend, but the mass numbers of
fission fragments corresponding to the maxima TKE vary.
The maximum value of TKE distribution for photofission
of 287U occurs for the mass number A = 131, whereas the
maximum value for neutron-induced fission of 23U occurs for
mass numbers from A = 127 to A = 130. On the other hand,
the TKE distributions for photofission and neutron-induced
fission of 2>2Th also show the same trend, but the their values
for the mass numbers between 125 and 135 do not coincide
for these two reactions. So, for uranium and thorium isotopes,
unlike plutonium isotopes, the TKE values of photofission
and neutron-induced fission are similar. This could be due to
experimental results when the preneutron TKE distributions
are presented for plutonium isotopes.

The experimental values of TKE distribution for photofis-
sion of 2*¥U and neutron-induced fission of >U and **’Np
are compared in Fig. 9. This figure shows that the TKE distri-
butions for photofission of 23U and neutron-induced fission
of 233 show the same trend, whereas the TKE values for
fissioning nuclei with odd mass numbers are higher than the
TKE values for fissioning nuclei with even mass numbers.
Also, comparing Figs. 8 and 9, it can be seen that the TKE
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FIG. 8. The experimental values of total kinetic energy distribu-
tion for (a) photofission of ¥ [15] and neutron-induced fission of

23817 [2] and (b) photofission of *2Th and neutron-induced fission of
23
Th.

distribution values for photofission of 233U are closer to the
TKE distribution values for neutron-induced fission of 2°U
than to the TKE distribution values for neutron-induced fis-
sion of 238U,

The experimental values of TKE distribution for neutron-
induced fission of 25U, 237Np, 24 Am, and 22" Pu with odd
mass numbers are compared in Fig. 10. This figure shows
that the values of TKE distribution increase with increasing
the mass number of the fissioning system. Also, the TKE
distribution for neutron-induced fission of 233U, 237Np, and
241 Am shows the same trend, but the TKE distribution for
neutron-induced fission of *°Pu and **!Pu decreases sharply
near the symmetrical fission fragments. Because all nuclei
do not have this rapid decrease in the symmetrical region,
the odd number of neutrons or protons does not cause this
phenomenon. So, this rapid decrease could be related to the
formation of magic nuclei for the plutonium nucleus in this

—a— Experimental data for photofission of U238
—e— Experimental data for neutron fission of Np237
185 ] —a— Experimental data for neutron fission of U235
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FIG. 9. The experimental values of total kinetic energy distribu-

tion for photofission of 233U and for neutron-induced fission of 2*’Np
[51] and °U [52].

region. Also, there were differences between the results of the
plutonium isotopes and other isotopes in Fig. 10 as can be seen
in the previous figures. On the other hand, the experimental
values of the neutron-induced fission of >**Pu and 2*'Pu are
very close together.

Figure 11 represents a comparison made between the ex-
perimental values of TKE distribution for photofission and
spontaneous fission of 23U and 2*?Pu. According to this
figure, the values of TKE distribution for photofission and
spontaneous fission are not the same. There is a difference
between the TKE distributions for spontaneous fission and
photofission concerning the slope as well as the maximum
values. Therefore, the TKE distributions for spontaneous

—a— Experimental data for neutron fission of Pu241

—e— Experimental data for neutron fission of Am241

—&— Experimental data for neutron fission of Pu239

190 - —a— Experimental data for neutron fission of Np237
] —v— Experimental data for neutron fission of U235
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FIG. 10. The experimental values of total kinetic energy distri-

bution for neutron-induced fission of **'Pu [50], >' Am [53], **Pu
[54], 2"Np [51], and U [52].
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—a— Experimental data for spontaneous fission of U238
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FIG. 11. The experimental values of total kinetic energy distri-

bution for photofission of ***Pu and >**U and spontaneous fission of
0Py [23] and 2y [23].

fission are not useful in evaluating the TKE values for
photofission.

All available experimental values for TKE distribution of
photofission are compared in Fig. 12. The behavior of TKED
is similar for photofission of >*Th, 233U, and 2*°Pu, while
this not true for 2*U and ?**Pu. This behavior can be jus-
tified by the effect of target thickness in the case of 23U
photofission, as depicted in Fig. 2 [16]. An important point
to note in Ref. [16] is that the target thickness is very ef-
fective on TKE results in the range of symmetrical fission
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185 - —e— U234
1 —a— U238
180 7 —v— Pu240
175 4 —o— Pu242
1701
< 165
)]
= 160 -
< 155 -
== .
150
145
140 4
135
T T T T T T T T T T T T T T T T

—— —— ,
110 115 120 125 130 135 140 145 150 155 160 165
Mass number

FIG. 12. The experimental data of total kinetic energy distribu-
tion for photofission of 2*2Th, 24y, 2%y, 2*°Pu, and **?Pu.
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Mass number
FIG. 13. Total kinetic energy distribution for photofission of 2°U
in two ways: neutron-induced fission of 2**U (squares) and cal-

culation values (circles) using the deformation parameters of 233U
photofission.

fragments. According to Ref. [16], for ?**U photofission, the
change in symmetrical fission fragments relates to thin target
thickness. Therefore, the symmetric mass region is not studied
here. However, for the plutonium nucleus, the experimental
values of the neutron-induced fission of 2**Pu and ?**Pu are
very close together. These disturbances can also be seen for
neutron-induced fission of *Pu and 2*!'Pu in Fig. 10. This
may be due to the difference between the preneutron and post-
neutron TKE distribution or collective properties of plutonium
isotopes, as discussed in Fig. 8. Therefore, as can be seen in
Figs. 6 and 10, the TKE values for similar isotopes are closer
results than the TKE values for other isotopes, and the TKE
distributions of similar isotopes have a similar trend.

It is important to study the mean TKE changes by in-
creasing excitation energy to represent the TKE distribution
for other actinides. These changes are different for different
reactions and nuclei. For example, according to Ref. [55], the
average TKE increases up to about 10 MeV by increasing in-
cident neutron energy up to 100 MeV. However, according to
Refs. [2,56-58], the mean TKE for 2*U(y, f) and 2#U(n, f)
reactions increases by about 0.5 MeV by increasing 5 MeV
of excitation energy. Therefore, the discussion is limited to
incident neutron or y energy of about 10 MeV.

As the mass number of fissioning nuclei increases, the
maximum TKE distribution occurs in fission fragments with
fewer mass numbers. Therefore, the TKE for photofission
fragments of 2°°U (circles) is calculated using the deformation
parameters of 23U photofission and is presented in Fig. 13.
As can be seen in Fig. 9, the TKE distributions for neutron-
induced fission of U and for photofission of 2¥U have a
similar trend, so the TKED for neutron-induced fission of 23U
(squares) is presented in Fig. 13 along with the calculated
results of TKED for photofission of 2*®U. These two calcula-
tions are acceptably consistent, with only a natural difference
in the symmetrical region.
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—a— Experimental Data
185 —e— Experimental Data of neutron fission
1 —a— Calculated results
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FIG. 14. Total kinetic energy distribution for photofission of
2341: experimental values for photofission of **U (squares) [15],

values for neutron-induced fission of 2*U (circles), and calculated
results for photofission of 234U (triangles).

Figure 14 represents the TKED calculations for photofis-
sion of 2**U. Experimental values for photofission of 23U
[15] are represented with squares and calculations for
photofission of 23*U done using the parameters of photofission
of 28U are represented by triangles, along with the experi-
mental values for neutron-induced fission of 23*U (circles). As
can be seen, for fission fragments with a mass number greater
than A = 132, there is a relationship between the TKE exper-
imental values for neutron-induced fission and photofission
of 4U. However, calculations done using the deformation
parameters of photofission of 233U are not appropriate. So,
the deformation parameters of photofission of 23¥U were not
used for uranium isotopes with a low-mass number. However,
the sharp changes in the TKE experimental values for fission

—a— Calculated results
180 —e— Neutron-induced fission

1754
170

165

TKE (MeV)
3
" 1 "

155
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145 + Y

140
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FIG. 15. Total kinetic energy distribution for photofission of
232(J: experimental values for neutron-induced fission of 22U (cir-
cles) and calculated results for photofission of 232U (squares).

“a U233

185 —e— U-235
: —aU-237
1807 v U-239
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Mass Number, A

FIG. 16. Calculated total kinetic energy distribution for photofis-
sion of 23U, 2%y, 27y, and 2°U.

fragments with mass numbers of less than 132 are also seen
in the experimental values for photofission of 23U, due to the
target thickness or resonance excitation energy (Fig. 12) [16].

Figure 15 represents the TKED calculations for photofis-
sion of 232U. The results of 232U photofission are calculated
using the deformation parameters of 2*U photofission. Ex-
perimental values for neutron-induced fission of 2*?U and
calculated results for photofission of 23>U are in good agree-
ment, as is shown in Fig. 8(a). The TKE values calculated with
the deformation parameters for photofission of 234U are higher
than the experimental results of neutron-induced fission of
232y, while these values are in good agreement with using the
parameters of *8U photofission. This difference can be due to

|J—=— Calculated Results for photofission of Th230
175 4—e— Calculated Results for photofission of Th228

170
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S~160—
[}

2 155 |
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<

~ 150
145 -
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115 120 125 130 135 140 145 150 155 160 165

Mass Number, A

FIG. 17. Total kinetic energy distribution for photofission of
29Th and **Th.
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—a— Calculated results for Pu 236
190 —e— Calculated results for Pu 238
—a— Calculated results for Pu 244
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FIG. 18. Total kinetic energy distribution for photofission of
26py, 8Py, and **Pu.

the experimental method that has made many changes in the
experimental values (Fig. 12).

The TKE distributions for photofission of 233U, 2°U, 27U,
and 2°U are represented in Fig. 16. Because there were no
experimental results for odd-mass-number nuclei, TKE val-
ues for photofission of 23U and 2*°U are approximated with
the experimental values of neutron-induced fission, and TKE
values for photofission of 2’U and 23°U are calculated with
quantification parameters of uranium-238 photofission calcu-
lations.

The TKE distribution for photofission of thorium isotopes
with even mass numbers is evaluated using the parameters of
232Th photofission within the scission point model, which is
presented in Fig. 17. There are a few changes in TKE values of
these two isotopes the same as for uranium isotopes in Fig. 16.

Also, the TKE distribution for photofission of plutonium
isotopes with even mass numbers is presented in Fig. 18.
The deformation parameters of fission fragments are selected

the same as for photofission of *°Pu to calculate the TKE
values of photofission of 2**Pu and 2**Pu. The TKE values
of photofission of 2**Pu are calculated using the deforma-
tion parameters of photofission fragments of >**Pu. The TKE
values slightly decrease with increasing the mass number of
plutonium isotopes as seen for experimental data in Fig. 12.

IV. SUMMARY

The total kinetic energy distribution of photofission frag-
ments was evaluated for uranium, thorium, and plutonium
isotopes within the scission point model. There is good
agreement between the experimental data and the theoreti-
cal results by fitting the deformation parameters of fission
fragments. The results show that the deformation parameters
of nuclei largely change in the magic-number fission frag-
ments. Magic-number nuclei are usually formed with unstable
complement components. The complement components have
large deformation parameters that are clearly seen in model
calculations.

The TKE distribution has also been investigated for
neutron-induced fission, spontaneous fission, and photofis-
sion phenomena. It was found that TKE distribution depends
on the mass and the atomic number of the compound nu-
cleus and on the excitation energy. The compound nucleus
with an odd mass number has more TKE values than the
compound nucleus with an even mass number. The TKE dis-
tribution of even isotopes for photofission is almost the same
as the fission of similar isotopes with three less mass num-
bers (odd nuclei). The TKE distribution of neutron-induced
fission for thorium and uranium isotopes is similar to the
TKE distribution for photofission of nucleus with the same
mass and atomic number. However, the TKED of neutron-
induced fission for plutonium isotopes does not have this
property. This shows that the kinetic energy release in fission
depends on the target nucleus and also indicates that TKE
distributions for photofission and spontaneous fission are not
similar.

Very little research has been done on the TKE distribution,
especially for the photofission phenomena and odd nuclei,
since there is no data on the TKE distribution for the photofis-
sion of odd-odd nucleus.
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