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Abstract: The total excitation energy as a function of fragment mass (TXE/A) are calculated for neutron induced

fission of 2** U and photofission of 2*®* U by using the statistical model. With comparing the calculated results and the
experimental data, the statistical model is modified. In new modified model, TXE are calculated by adding the neutron
binding energy to the deformation energy. The calculated results using modified statistical model are in good agreement
with the experimental data. Then, the total excitation energy as a function of fragment mass (TXE/A) are evaluated

for photofission of Uranium isotopes.
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1. Introduction

The nuclear fission process still represents a major challenge for fitting theoretical calculation results with
experimental data. Meanwhile, the total excitation energy (TXE) has been little discussed as an important
value in fission process. Most of the available energy is released as total kinetic energy (TKE), but the other
part is turned up as total excitation energy of the fragments. Ruben [1] presented the energy balance equation
that TXE values can be obtained with TKE values. Another way to calculate the TXE requires the dissipative
energy (Eg;s), while the calculation of dissipative energy is not much discussed and not easily achieved. The
total prompt neutron (v(A)) is evaluated with TXE value at low excitation energy (E). Brosa [2, 3] divided
TXE by 8 MeV (as the mean value of neutron binding energy) to obtain an approximate number of prompt
neutrons. While some researchers [1, 4] have been used the gamma emission and average center of mass system
energy to calculate the neutron multiplicity.

The Point by Point (PbP) model [5-8] calculated the TXE by using fragments level densities which were
calculated by the generalized superfluid model of Ignatyuk [9]. The PbP model is used to calculate the excitation
energy of complementary fully accelerated fission fragments and v(A). To calculate TXE of fission fragments,
Faust assumed that fission products are excited as an exponential distribution function, which depends on the
Q-value and the level density parameter [10]. Ivanyuk [11] calculated TXE for neutron fission of 235U with the
calculated values of TKE. Also, TXE values are evaluated with the experimental values of total kinetic energy
by [13, 14]. Mirea [12] obtained TXE values by using the microscopic equations of motion with time dependent
pairing equations. Here, we want to calculate TXE in a systematic method whose results are consistent with
the experimental data.
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With increasing the excitation energy, TXE increases very slowly for photofission of 23*U and 232 Th
[3, 15]. Of course, Piessens [3] divided the value of TXE by 8.6 MeV and presented the number of neutrons in
Table 4. Therefore, the change of TXE with increasing the gamma energy is neglected in this work.

The theoretical framework and details of calculations are presented in section 2. In section 3, the
calculated results of TXE for neutron fission of 23°U are investigated to reach the proper results, then the
calculated values of TXE for photofission of 23% U are discussed by modifying the model. At last, the TXE of
Uranium isotopes are calculated and plotted as a function of fission fragments by modified model. A summary

is given in section 4.

2. Theoretical framework

The basic energy balance equation describes all partition available energy as

Q(AL/AH)+ E = Epre + Ecout(AL/An) + Eacf (AL, Ar) + Egis + E, (1)

where A;, and Ay are the mass number of light and heavy fission fragments, respectively. FE,,; is Coulomb
potential energy at scission between two nascent fragments, Fg.r is deformation energy of the light and heavy
nascent fragment at scission. Ey;s and Ej, are dissipative energy and intrinsic excitation energy, respectively.
E,. is prescission kinetic energy, and E is excitation energy. Ruben [1] and Génnenwein [16] showed that E,..
is between 10 and 50 MeV and Ey;s increases from 6.2 MeV for 235 U(n,f) reaction to 9.6 MeV for 252 Cf(sf).

The total excitation energy of the complementary fragments is given by

TXE(AL,An) = Eqey(Ar, An) + B + Egis. (2)

The intrinsic excitation energy is assumed as [1]

Eh =F - Acn - Ef,ba (3)

where Ey is height of outer fission barrier. A, is pairing energy of compound nucleus. By combining Egs. 3

and 2, we have

TXE(AL, AH) = Edef(AL, AH) +FE - A, — Ef_’b + Egis. (4)
The pairing energy of compound nucleus (A, ) is calculated by a famous relation as

0 for ZandN even
12/VZ for Zevenand N odd

A, = (5)
12/v/N for N evenand Z odd

24/v/A for Zand N odd.

The deformation energy which could be defined by minimizing the nuclear potential in deformation space
as ([1, 17])

_ Ecoul4
doe? 7,2 (Z — Z1)%

(6)

Egey
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where « is the deformability parameter of each fragment and it is calculated in liquid drop model as [17]

2
a = ap — 0.063 % (7)

By fitting the results of calculation to experimental data, «g equals to 4.86. The atomic number of fission

fragments are obtained with the unchanged charge-density distribution as [6, 18]

Zen (A+v
Zycp = 1(47), (8)

where postscission neutrons v is defined by [19]. v value equals to one by fitting the results of this equation
for photofission are compared with the experimental data of [20].

In photofission phenomena, maximum energy of electron is called the end-point energy. To calculate the
fission fragments mass distribution, this energy is used in formalisms. Otherwise, the values of peak-to-valley
and average mass number are calculated by the average electron energy from zero to end-point energy (< E >)

[21]. Thus, the excitation energy is the average excitation energy (i.e. F =< E >).

3. Results and discussion

The TXE for thermal neutron-fission of 23U as a function of fission fragments is presented in Figure 1. The
squares represent the calculated results using Eq. 4 and the circles represent the experimental data associated
with Figure 13 of [24]. The value of dissipative energy are taken from [1], which is equal to 6.2 MeV ( Eg4;s=6.2
MeV). The height of outer fission barrier is taken from [22], which is equal to 5.9 MeV (Ey;, = 5.9 MeV). The
pairing energy of compound nucleus is calculated by Eq. 5, which is equal to 0.78 MeV (A, = 0.78 MeV).
According to [1], the effect of pairing energy is not considered because the height of inner fission barrier for
235U nucleus is higher than the height of outer fission barrier. The average value of deformation energy ( Eg. £)
is calculated for complementary fission fragments i.e. the sum of the deformation energy of both pair fragments
is divided by 2. Also, E is definitely neglected for thermal neutron fission.

It is seen from Figure 1 that the experimental values are fluctuated, while the calculated results (square
symbols) have a smooth changing. Beside, the experimental and calculated values are very different. So, we
added neutron binding energy to fit the calculated and experimental values of TXE. Schmitt [25] applied neutron
binding energy to calculate the total excitation energy of fission fragments. Manailescu [6] also presented the
TXE relation with neutron binding energy. In the statistical model, the total excitation energy is discussed
at the scission point, so the fission fragments represent preneutron-emission fragments (i.e. before neutron
emission). Therefore, TXE values of these fission fragments include the binding energy of fragments. Then, the
values of neutron binding energy are taken from [27] and the calculated results (triangular symbols) using the
modified model are presented in Figure 1. This shows that by adding neutron binding energy, the calculated
results are closer to the experimental data.

The calculated values of TXE for photofission of 23® U as a function of mass number of fission fragments
are calculated and plotted in Figure 2. For this nucleus, we have Eg;s ~ 6.6 MeV (taken from [1]), Ef; = 6.1
MeV (taken from [22]). The pairing energy of compound nucleus using Eq. 5 equals to 1.54 MeV, but the
height of inner fission barrier of 23® U is higher than height of outer fission barrier, so A, was chosen as zero

in accordance with [1]. The squares represent the calculated results using Eq. 4 and the circles represent the
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experimental data [15] in Figure 2. It is seen that the calculated (squares) and experimental (circles) values are
very different, so the values of TXE are recalculated by adding the neutron binding energy. The upside-down
triangular symbols in Figure 2 represent the calculated results using the neutron binding energy for photofission
of 238U. Also, the average excitation energy (< E >) is added for comparing the calculated results (triangular)
with the experimental data. It is seen from this Figure that the calculated results of total excitation energy for

each fragment are closer to the experimental data only by using the neutron binding energy.
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Figure 1. Calculated total excitation energy as a func-  Figure 2. Calculated total excitation energy as a function
tion of fragment mass for thermal neutron-fission of 2* U of fragment mass for photofission of *3U at 13.15 MeV
accompany with experimental data [24]. bremsstrahlung energy accompany with experimental data
[15].

According to [15], a huge increase in values of TXE has been obtained for the symmetric mass region
(Acn/2), but there is no huge increase in the energy values of this region (A=110-130) in our calculations. This
difference may be due to the large variation in the deformability parameter («) in mass region A=110 to 130.
In this mass range, the appropriate alpha values are not obtained with the liquid drop Eq. 7.

The values of neutron binding energy depend on the mass and atomic number of fission fragments. For
more accuracy, three points are taken into account: 1. Initially, the atomic number of each fission fragment is
calculated with Eq. 8. 2. The fission fragments that are closest to the experimental data are selected (Table 2 of
[26]). 3. The fission fragments are selected with the maximum value of neutron binding energy. The calculated
results for the fission fragment considering these three points are in good agreement with the experimental data.

By this method, the TXE values for photofission of Uranium isotopes as a function of mass number of
fission fragments are presented in Figures 3—6. The fluctuations in these figures are in range of 2 MeV and are
related to the neutron binding energy values of fission fragments. Also, the calculated values for fission fragments
with mass numbers between 110 and 130 are probably unreliable due to variation in deformability parameter
values. However, the maximum calculated values occur in the symmetric region, but the experimental data are
probably higher than these values. Also, the TXE values decrease with increasing and decreasing mass number

of fission fragments from the symmetric region. The values of TXE range from 20 to 30 MeV.
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Figure 3. Calculated total excitation energy as a function of fragment mass for photofission of *°U (left side) and
21 (right side).
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Figure 5. Calculated total excitation energy as a function of fragment mass for photofission of 2**U (left side) and
5 U (right side).

As it is seen in Figures 3-6 that the TXE values for photofission of 232U to photofission of 239U vary
between 20 MeV and 30 MeV. According to [3, 15], it can be seen that with increasing the mass number of
compound nucleus, the average of TXE values increases. This increase is seen for the photofission of 233U and
232Th when the average values of TXE for photofission of 2?3 U is more than the average values of TXE for
photofission of 232 Th at the same excitation energy. (Of course, to obtain TXE values at different energies from
Table 4 of [3], the number of emitted neutrons must be multiplied by 8.6 MeV.) On the other hand, the value
of deformation energy decreases with increasing mass number, so the value of dissipative energy must increase
as Ruben [1] prediction.

Figure 1 shows the TXE distribution of neutron fission of 235U and Figure 5 (right side) shows the TXE

distribution of photofission of 23°U, the results of these figures for same nucleus are so close together. This

confirms that TXE values depend on the mass number of the compound nucleus, not the type of fission.

4. Summary

The satisfactory agreement between the calculated and experimental values of TXE have been seen for photofis-
sion of 23U and neutron fission of 234U using the modified statistical model. This indicates that the calculated
results are in good agreement with the experimental results with the addition of neutron binding energy of the
fission fragments to the deformation energy. Then, total excitation energy for photofission of Uranium isotopes
are calculated by adding the neutron binding energy. Of course, there may be a large increase in TXE values
for the symmetrical region, which is not seen in our calculated results. This is because the liquid drop relation

(Eq. 7) for deformability parameter is not proper for mass region A = 110 to 130.
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Figure 6. Calculated total excitation energy as a function of fragment mass for photofission of 36U (left upper side)

and 237U (right upper side) and #*°U (lower side).

To fit the calculated and experimental values, the fission fragments are selected with the highest values
of neutron binding energy. In new modified method, the gamma external energy and average center of mass
system are not used in calculations. Also, because the dissipative energy values and the height of outer fission
barrier are in the same range, TXE can only be calculated with deformation energy and neutron binding energy
of fragments. Also, it is seen that TXE values depend on the mass number of the compound nucleus, not the
type of fission.

370

9 100 110 120

130 140 150 160 170



(1]

[10]

[11]

[12]

[13]

JAMIATI and MEHDIPOUR KALDIANI/Turk J Phys

References

Ruben A, Mérten H, Seeliger D. Energy partition in nuclear fission. Zeitschrift fiir Physik A - Hadrons and Nuclei
1991; 338: 67-74. doi: 10.1007/BF01279116

Brosa U, Grossmann S, Miiller A. Nuclear scission. Physics Reports 1990; 197 (4): 167-262. doi: 10.1016/0370-
1573(90)90114-H

Piessens M, Jacobs E, Pomme S, Frenne DDe. Mass and kinetic energy distributions for the photofission of 232Th
with 6.44 to 13.15 MeV bremsstrahlung. Nuclear Physics A 1993; 556: 88-106. doi: 10.1016/0375-9474(93)90239-T

Madlan DG, and Kahler AC. Refinements in the Los Alamos model of the prompt fission neutron spectrum. Nuclear
Physics A 2017; 957: 289-311. doi: 10.1016/j.nuclphysa.2016.09.005

Visan I, Giubega G, Tudora A. Total excitation energy partition between fully accelerated fission fragments in the
frame of the Point-by-Point model. Romanian Reports in Physics 2015; 67 (2): 483-493.

Manailescu C, Tudora A, Hambsch F-J, Oberstedt S, Manailescu C. Modelling of the total excitation energy
partition including fragment deformation and excitation energies at scission. Journal of Physics G: Nuclear and
Particle Physics 2012; 39 (5): 055103. doi: 10.1088,/0954-3899/39/5/055103

Tudora A, Hambsch FJ, Visan I, Giubega G. Comparing different energy partitions at scission used
in prompt emission model codes GEF and Point-by-Point. Nuclear Physics A 2015; 940: 242-263. doi:
10.1016/j.nuclphysa.2015.04.012

Tudora A. Experimental prompt fission neutron ”"sawtooth” data described by the "point by point” model. Annals
of Nuclear Energy 2006; 33 (11-12): 1030-1038. doi: 10.1016/j.anucene.2006.04.007

Ignatyuk A. Handbook of RIPL-1 Database IAEA TECDOC-1034. Vienna, Austria: International Atomic Energy
Agency (IAEA), 1998, pp. 65-80, chapter 5.1.

Faust HR. A model for fragment excitation and kinetic energy in nuclear fission. The European Physical Journal
A-Hadrons and Nuclei 2002; 14: 459-468. doi: 10.1140/epja/i2002-10028-6

Ivanyuk F. The scission point configuration of fissioning nuclei. EPJ Web of Conferences 2016; 122: 01002. doi:
10.1051 /epjconf/201612201002

Mirea M. Microscopic description of energy partition in fission fragments. Physics Letters B 2012; 717: 252-256.
doi.: 10.1016/j.physletb.2012.09.023

Lang W, Clerc HG, Wohlfarth H, Schrader H, Schmidt K-H. Nuclear charge and mass yields for 235U (nth, f) as
a function of the kinetic energy of the fission products. Nuclear Physics A 1980; 345: 34-71. doi: 10.1016/0375-
9474(80)90411-X

Nishinaka I. Nagame Y, Ikezoe H, Tanikawa M, Zhao YL et al. Partition of total excitation energy between frag-
ment pairs in asymmetric and symmetric fission modes. Physical Review C 2004; 70: 014609. doi: 10.1103/Phys-
RevC.70.014609

Pomme S, Jacobs E, Piessens M, Frenne DDe, Persyn K et al. Excitation energy dependence of fragment charac-
teristics for the photofission of 232Th. Nuclear Physics A 1994; 572: 237. doi: 10.1016/S0375-9474(97)00156-5

Gonnenwein F, Bocquet JP, Brissot R. Energy dissipation in fission close to the barrier, In: Proceedings of the
XVIIth International Symposium on Nuclear Physics; Gaussig, Germany; 1987. p. 129.

Terrell J. In: Proc. Prompt neutrons from fission, IAEA Symposium on Physics and Chemistry of Fission, Vol. II;
Salzburg, Austria; 1965. p. 3.

Sugarman N, Turkevich A. Radiochemical Studies: The Fission Product. In: Coryell CD, Sugarman N (editors).
New York, NY, USA: McGraw-Hill, 1951. p. 1396.

Umezawa H, Baba S, Baba H. Systematic behaviour of the most probable charge in the medium-energy fission.
Nuclear Physics A 1971; 160: 65. doi: 10.1016,/0375-9474(70)90174-0

371



[20]

21]

[24]

[25]

[26]

372

JAMIATI and MEHDIPOUR KALDIANI/Turk J Phys

Naik H, Nimje VT, Raj D, Suryanarayana SV, Goswami A et al. Mass distribution in the bremsstrahlung-induced
fission of 232Th, 238U and 240Pu. Nuclear Physics A 2011; 853 (1): 1-25. doi: 10.1016/j.nuclphysa.2011.01.009

Pahlavani MR, Mehdipour P. Study of photofission fragment mass distribution of 232Th, 238U, 237Np and
240Pu isotopes in various v-ray energies, International Journal of Modern Physics E 2018; 27 (3): 1850018. doi:
10.1142/S0218301318500180

Bjgrnholm S, Lynn JE. The double-humped fission barrier. Reviews of Modern Physics 1980; 52: 725. doi:
10.1103/RevModPhys.52.725

Jacobs E, Clercq ADe, Thierens H et al. Fragment mass and kinetic energy distributions for the photofission of with
12-, 15-, 20-, 30-, and 70-MeV bremsstrahlung. Physical Review C 1979; 20: 2249. doi: 10.1103/PhysRevC.20.2249

Nishio K, Nakagome Y, Yamamoto H, Kimura I. Multiplicity and energy of neutrons from 235U (n, f) fission
fragments. Nuclear Physics A 1998; 632: 540-558. doi: 10.1016/S0375-9474(98)00008-6

Schmitt HW, Neiler JH, Walter FJ. Fragment energy correlation measurements for Cf252 spontaneous fission and
U235 thermal-neutron fission. Physical Review 1966; 141: 1146. doi: 10.1103/PhysRev.141.1146

Naik H, Carrel F, Kim GN, Laine F, Sari A et al. Mass yield distributions of fission products from photo-
fission of 238U induced by 11.517.3 MeV bremsstrahlung. The European Physical Journal A 2013; 4: 94. doi:
10.1140/epja/i2013-13094-7

Audia G, Wapstra AH, Thibaulta C. The Nubase evaluation of nuclear and decay properties. Nuclear Physics A
2003; 729: 337-676. doi: 10.1016/j.nuclphysa.2003.11.001



	Introduction
	Theoretical framework
	Results and discussion
	Summary

