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Abstract According to some experimental and evaluated data, the total excitation energy partitioning way

between both of the fission fragments was given with a semi-empirical method. With the calculated energy

partitioning way, the prompt neutron multiplicity as a function of fragment mass, 7(A), for neutron-induced
fission of 2%°U at E,=0.0253 eV, 3 MeV, and 5 MeV was calculated. The results are checked with the total
average prompt neutron multiplicities 7 and compared with the experimental and evaluated data.
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1 Introduction

Substantial study on the mass, charge, kinetic en-
ergy, neutron and gamma release of the fission frag-
ments has been carried out for a long time, and
the prompt neutrons multiplicity as a function of
fragment mass, 7(A), is one of the most interest-
ing topics in this regard. Prompt neutrons as the
product of a fission reaction afford important in-
formation to understand the fission process quanti-
tatively. In the practical application, an accurate
D(A) can provide a possible way to deduce the pre-
neutron (post-neutron) emission mass yields from the
already known post-neutron (pre-neutron) emission
mass yields.

For 25U, the prompt neutrons multiplicity dis-
tribution 7(A) is only experimentally known in the
case of 23°U(ny,,f), and the theoretical calculation for
7(A) is not so good. The main problem is the par-
titioning of total excitation energy (Erxg) between
both light and heavy fission fragments, and this is a
long-standing problem. In Ref. [1], the Monte Carlo
approach was used to infer 7(A) for neutron-induced
fission of 2*°U at E,=0.53 MeV with two different
hypotheses for partitioning the Erxg, but the results
are not good enough.

The main purpose of this paper is to simulate the
possible energy partitioning in the light and heavy
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fragments using a semi-empirical method. Then, us-
ing this energy partitioning way, the prompt fission
neutron multiplicity distributions of the n+2*U re-
action at thermal, 3 MeV and 5 MeV neutron ener-
gies were investigated based on the statistical evapo-
ration model. In this incident energy range, only one
compound nucleus (**¢U) undergoing fission is formed
(the so-called first chance fission).

2 Theoretical approach

The key point about calculating 7(A4) is to simu-
late the emission of neutrons from each fission frag-
ment, so how the Frxg gets partitioned into the light
and heavy fragments is needed to be known. Accord-
ing to Ref. [1], one semi-empirical method for parti-
tioning the Frxg is considered: the Erxg is split ac-
cording to the experimental values of the average to-
tal number of emitted neutrons [J.,,(A)], the average
neutron kinetic energy [(€)e.p(A)], and the total aver-
age energies removed by vy rays [Eey, ., (4)] as a func-
tion of fission fragment mass. In the present work,
the initial excitation of each fragment is inferred by
considering this semi-empirical method. This condi-
tion reads as follows:

Vexp (Ar,u) (M1 + ngp,y (Arn)
> [Pexp(A) (M) + Eoxp y (A1)]

i=L,H (1)

E* (AL,H) = ETXE
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where Erxg is the total excitation energy for the light
and heavy pairs A, and Ay. L and H refer to the
light and heavy fission fragment, E*(Ay x) is the ini-
tial excitation energy of light or heavy system, (n)y, u
is equal to the average energy removed per emitted
neutron from light and heavy fragment

1
(ML= (€)exp (AL u) + §EB,2n(ZL,H,AL,H)a (2)

where Epo,(ZLu, AL m) is the two neutron binding
energy and (£).,, (AL x) is the average neutron kinetic
energy for neutron emission from a given fission frag-
ment.

The total excitation energy Erxg is given as fol-
lows:

Erxg=FE;+Eg(Ac)+E, — Erge, (3)

where Fg(A.) is the binding energy of fission com-
pound nucleus, and F, is the kinetic energy of the
neutron inducing fission. Erkg is the total kinetic en-
ergy of the two fission fragments, and is taken from
experimental data. FE is the energy release in the
fission process, which is given, in the case of binary
fission, by the difference between the compound nu-
cleus and the fission fragments (FF) masses:

E:=M(Z.,Ac)—M(Zy,AL) — M(Zy, An),  (4)

where M is the mass excess in mega-electron-volts,
¢ refers to the compound nucleus. In the present
work, Fgon(Zuu,ALn), M(Z,Ar) and M(Zy, Ag)
are replaced by their reduced values Fgo,(Apn),
M(AL) and M(Ag), respectively, and as determined
by weighting with the independent fission-fragment
yields Y:(Ap u, Z1, 1) of the same mass chain,

ZM(AL,m ZL,H) X Yf(AL,H, ZL,H)
M(AL,H) = z

S Yi(Avw, Zun) - ©

Epon(ALn) =
ZEB,Zn(AL,Ha ZL,H) X Yf(AL,H, ZL,H)
z

> Yi(Avw, Zin)
zZ

(6)

Now, the average prompt neutron multiplicity of
each fission fragment A is calculated using the follow-
ing relation:

E*(ALu)—Ey(Aun)

(Mru N

E*(ALn)— By (ALn)
() (Avm) + 5 B 2 (Av )

Actually, the experimental data Do, (A), (€)exp(A)

v(ALm) =

(7)

and F.(A) required in the above equation are
available only for the thermal-neutron-induced fission
of 235U, and very few experimental data exist for other
energy points. Therefore, in this work, the partition
of Erxg in #**U(ny,,f) system is first investigated with
the above experimental data, and an energy parti-
tioning way of Erxg in the case of thermal neutron is
obtained. Then using these results, the energy par-
titioning way of other energy points is deduced and
the 7(A) of n+23%U reaction at neutron energies of
0.0253 eV, 3 MeV and 5 MeV are investigated.

3 Excitation energy partitioning at
thermal energy

The quantities entering the calculation are based
on the experimental data or evaluated data and
do not depend on the kind of theoretical model.
Erke.exp(AL, An), Vexp(A), (€)exp(A) and Eee, y(A)
are used as a way of partitioning the Erxg between
the light and heavy fragments. In this work, they
are replaced by Erxg evai(A), Veval(A), (€)evai(4) and
Eqvary(A) respectively, which are determined by fit-
ting the experimental data. The results are shown
with lines in Fig. 1.

With the data of Fig. 1 and Egs. (1-7), the total
excitation energy partitioning way at thermal neutron
induced n+?**U reaction is investigated, and the re-
sult is given by the solid curve in Fig. 2. This is
the first time for giving an energy partitioning way
based on the experimental data, not on any theoret-
ical hypotheses. The dashed line represents the en-
ergy partitioning way, proportional to the mass of the
fragments, presented in the Los Alamos model [6]. Tt
is obvious that the heavy fragment has a relatively
higher excitation energy in terms of the dashed line.
The heavier fragment, which receives a larger por-
tion of the excitation energy in the fission system,
evaporates absolutely more neutrons than the lighter
fragment. This energy partitioning way is used in
the TALYS code [7], therefore, the calculated 7(A)
are discrepant from the experimental data.

According to the temperature-dependent multi-
node fission model [7], the shell effect results in the
asymmetric fission and the liquid drop results in the
symmetric fission. The probability of symmetric and
asyminetric fission depends on the excitation energy.
At a very low temperature (at very low excitation
energy), asymmetric fission mode is dominant, and
the energy partitioning way is presented by the solid
line (in Fig. 2). With an increase in temperature (ex-
citation energy), the asymmetric fission mode melts
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Fig. 1. The data used to partition the Erxg at thermal neutron induced n+2%°U reaction. The points are
experimental data and the lines are evaluated data. ETkEexp(AL, An) is taken from Ref. [2], (€)exp(A) is
taken from Ref. [3], Dexp(A) is taken from Ref. [4] and FEexp(A) is taken from Ref. [5].
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4 Calculations of r(A)

With the calculated energy partitioning ways and
Egs. (2-7), the prompt neutron multiplicity distri-
bution 7(A) for neutron induced n+2*U reaction at
thermal energy, F,, = 3.0 MeV and 5.0 MeV are calcu-
lated. For a thermal neutron case, the Erkp eva(A4),
(&)eval(A) and E.ya o (A) determined by fitting the ex-
perimental data are used to calculate the 7(A). But
no experimental data of Ergg(4), (¢)(A) and E, (A)
are available for n+2%°U reaction at 3.0 MeV and
5.0 MeV. Therefore, some empirical approaches are
used.

According to Ref. [9], an empirical express of the
average total 'y emission energy for the n+23°U sys-
tem is as follows:

(E'") = (6.640.03)+ (0.0777+0.004) E, (MeV), (8)

where F, is the incident neutron energy. Therefore,
a linear relation with (E}°*(E,))/(E}*(thermal)) is
used. For 3.0 MeV neutron,

(E5*(3.0)) _
T Ttot Fel o I\ E ermal A =
(Etet(thermal)) X By thermar (4)

10353 X Ey,thcrmal(A)v (9)

E%B»O (A) =

and for 5 MeV, E, 50(A)=1.0588x E, inermai(A)-

For the average neutron kinetic energy (at F,
energy) as a function of the mass number of the
FF, ()g, (A), according to the statistical theory [10],
the average energy of Maxwell evaporation spectrum

3
(e) = §TM' Tw is the nuclear temperature and is

proportional to the excitation energy of fission frag-
ment VE*. So a relation of the (€)e,p thermal (4) and
(e)m, (A) is given, namely for a given initial fission

fragment,
E3,
<€>ErJ (A) - - X <€>cxp,thcrmal (A)7 (10)
thermal

where EJ_. . is the excitation energy of the fis-
sion fragment gained from the Erxg at thermal neu-
tron, and £}, is the excitation energy of the fission
fragment gained from the Frxg at En energy point.
() exp.thermal (A) is the experimental values of the ther-
mal neutron case.

According to the experimental data [2], it is found
that the total FF kinetic energy Frxg almost does
not change with the increase of the incident neutron
energy in n+23°U reaction, and this is reasonable, be-
cause Erkg is the result of Coulomb repulsion. There-
fore, in this work, Frkg is assumed independent of
the neutron incident energy.

With Egs. (3-10) and the data of Fig. 2 and Fig. 3,
the prompt fission neutron multiplicity distributions
v(A) for n+2*°U reaction at £, = 0.0253 eV, 3.0 MeV
and 5.0 MeV are calculated with statistical evapora-
tion theory. The calculated results of thermal neu-
tron (open circle) are shown in Fig. 4, and are in
good agreement with the experimental data (solid cir-
cle and solid triangle) of Nishio and E.E.Maslin [4]
within uncertainties except for some fluctuations be-
tween the mass number A=100 and 125, where the
uncertainties of the experimental data are also large.
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Fig. 4. The average neutron multiplicity o as
a function of the FF mass for n(0.0253 eV)+
2357 reaction.

In order to check the calculation results, the aver-
age prompt neutron number 7 from 7(A) distribution
with the chain yields of the thermal-neutron-induced
fission of #**U is calculated. The chain yields are
taken from ENDF /B-VII. The result is 7=2.368189,
and is in good agreement with the experimental data
taken from EXFOR [11].

The calculated results of 7(A) at E,=3.0 MeV
and 5.0 MeV are presented in Fig. 5. Since no exper-
imental data are available for 7(A) at these energies,
these results can not be checked directly, but it can
be checked indirectly by the calculation of ». This
value can be deduced from the chain yields and the
v(A) distribution calculated in this work.

Evaluated data exist for the chain yield of the
n+2%U system in ENDF/B-VII library, but only for
thermal neutron, 0.5 MeV and 14.0 MeV. The chain
yields for the n+2*5U system at 3.0 MeV and 5.0 MeV
are given by linear interpolation between 0.5 MeV and
14.0 MeV. The calculation results of the total average
prompt neutron number from 7(A) are 7=2.7541 for
3.0 MeV and v=3.0412 for 5.0 MeV, and compared
with the evaluated values [12] (line) and experimen-
tal values [11] (open symbol) in Fig. 6. The results
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show the present calculation well reproduces the aver-
age prompt fission neutron multiplicity 7 for the first
chance fission in the n+2**U system.
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Fig. 5. The average neutron multiplicity v as a
function of the FF mass for n(Fy,)+2*U reac-
tion.
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Fig. 6. The calculated results (solid circle) and

comparisons with the experimental data
(taken from EXFOR [11]) and the evaluated
data (taken from ENDF/B-VII [12] with solid
line).
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