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Abstract: For the n+2**U fission reaction, the total excitation energy partition of the fission fragments, the

average neutron kinetic energy (¢)(A) and the total average energies E,(A) removed by vy rays as a function

of fission fragment mass are given at incident energies up to 20 MeV. The prompt neutron multiplicity as a

function of the fragment mass, v(A), for neutron-induced fission of 2*U at different incident neutron energies

is calculated. The calculated results are checked with the total average prompt neutron multiplicities 7 and

compared with the experimental and evaluated data. Some prompt neutron and  emission mechanisms are

discussed.
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1 Introduction

The prompt fission neutron as the product of a
fission reaction is an indirect probe of nuclear config-
urations near the scission point. Studying the prompt
neutron multiplicity distribution (i.e. the prompt
neutron multiplicity as a function of the fragment
mass, /(A4)) in detail can reveal some interesting char-
acteristics of the fission process itself. In particular,
it shines some light on how the total excitation en-
ergy (Er,) available in the system is shared between
the light and heavy fragments.

To the best of our knowledge, only a limited num-
ber of experimental data exist for v(A4). For #*U,
the v(A) is only experimentally known in the case of
25U (ngy,f). Although there are some theoretical cal-
culations for the v(A) of 23U (n,f) [1-4], the partition
of total excitation energy between the light and heavy
fission fragments is a key and long-standing problem.
In Ref. [2], the v(A) of 25U(ny,,l) was calculated with
the point by point model, and a slow overestimation
of the experimental points was observed in the heavy
fragment mass region. In Ref. [4], the Monte Carlo
approach was used to determine v(A) for neutron-
induced fission of 2*°U at £,=0.53 MeV with two dif-
ferent hypotheses for the partition of the E

tot*
ever, the results of v(A) are not good enough, and the

How-
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calculated average © values are 2.73 and 2.67, respec-
tively, and are larger than the experimental values.

This has stimulated the investigations into this
topic. The main purpose of this paper is to focus on
the v(A) of higher incident neutron energies (E, >5.0
MeV). In this energy range, more than one fission
chance will be involved, and the compound nuclei of
283-236J undergoing fission can be formed. The fis-
sion channels of (n,f), (n,nf), (n,2nf) and (n,3nf) can
open. In this context, the present work is the continu-
ation of Ref. [5], where only the v(A) distributions of
n+2%U at the incident neutron energy below 5.0 MeV
are reported.

2 Theoretical approach

2.1 Total fission fragment excitation energy

The E;, of the fission fragment is given as follows,

E:ot:Er+Bn(Ac)+En_ETKE(AL+AH)3 (1)

where B, (A.) is the neutron separation energy of the
fission compound nucleus, and subscript ¢ refers to
the compound nucleus. F, is the kinetic energy of the
neutron inducing fission. FErxg (A + Ag) is the total
kinetic energy of both light and heavy fragments, and
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is taken from experimental data. E, is the energy re-
leased in the fission process, which can be calculated
with Eq. (4) of Ref. [5].

2.2 Excitation energy partition

The key point for calculating v(A4) is to simulate
the emission of neutrons from each fission fragment
(FF), i.e., it is necessary to know how the E}, is dis-
tributed among the light and heavy fragments. In
previous work [5], we obtained the energy partition
Ry in the case of the thermal neutron, and this is the
first time for giving an energy partition based on the
experimental data without any theoretical hypothe-
ses.

According to the temperature-dependent multi-
mode fission model [6], the shell effect is responsi-
ble for the existence of the asymmetric fission mode,
while the symmetric fission mode can be described by
the liquid drop model. The probability of symmet-
ric and asymmetric fission depends on the excitation
energy of the fission compound nuclide. At a very
low temperature (excitation energy), the asymmetric
fission mode is dominant, and the energy partition
is presented by the case of thermal neutron. With
an increase in temperature (excitation energy), the
shell effect becomes less important and disappears for
high excitation energies (above 50 MeV), making the
symmetric fission mode dominant. In this case, the
energy partition Ry, can be described as in the Los
Alamos model [7]. If the excitation energy is between
the two above-mentioned cases, both the shell effect
and the liquid drop model will contribute to the en-
ergy partition.

Using this idea and the systematic parameters of
the FF mass distribution of the n42?*U fission sys-
tem [8], in which the portion of symmetric and asym-
metric fission as a function of incident energy was
given, the energy partition at F, can be deduced. In
Ref. [8], the yields Y; (symmetric fission) and Y, +
Y.e2 (asymmetric fission) can be calculated for every
energy point (<20 MeV), here, Y, 4+2(V,e1 +Yos2) =2.
With the above two energy partitions (R, and Ry,)
and the symmetric and asymmetric fission probabili-
ties (Y; and Y, +Y,.), the energy partition Ry, for
a given energy F, (<20 MeV) can be calculated as

REn :(I—R)XRO+RXRL,
2
) Y. (2)

R =-X77—F
2 }/asl"_}/aSZ

With Eq. (2), the energy partitions at several en-
ergy points were calculated, and these are shown in

Fig. 1. One can see that the energy partition tends
to the Ry line with increasing energy of the incident

neutron.
1.0
s Rn
— Ry (A /Ac)
08 9.0 MeV
------ 14.0 MeV

0 1 1 1 1 1
80 100 120 140 160
fragment mass A4
Fig. 1. The energy partition at different neu-

tron energies.

With the energy partition Ry, and the E; , of FF,
we can get the excitation energy of each FF, E*(A),

E*(A) = Ra, x E,,. (3)

For a fragment with excitation energy E*(A), it
could de-excite through emitting neutrons and vy rays.
Let E,(A) donate the total energy released by 7y ray,
then the remaining energy E'(A) = E*(A) — E,(A)
is available for neutron emission. The energy carried

by the first emission neutron is (n),; = {(€)n1(4) +

1
§B2n (A) (where Bs,(A) is the two neutron separation

energy and (€),;(A) is the average neutron kinetic en-
ergy), and the remaining energy can be expressed by
BN (A—1) = B1(A) — (Mu(A). Tf EX(A—1) >0,
then the second neutron emission will occur, and the
remaining energy would be E* (A4 —2) = E*(A -
1) = (n)n2(A—1), where (n),» denotes the energy car-
ried by the neutron emitted from (A—1) nuclide, and

1
can be written as (n)ne = (€)n2(A—1)+ §BQH(A —1).
E?*(A —2) denotes the excitation energy of (4 —2)
nuclide. This procedure continues until the remain-

ing energy E¥*(A—v) =0, then the emission neutron
number v(A) can be determined.

2.3 (e)(A) and E,(A)

For the thermal neutron case, the experimental
data of Exkp (AL+An), (€)(A) and E,(A) are avail-
able. But no experimental data of (¢)(A) and E, (A)
are available for the n+2**U fission reaction at other
energies. Therefore, some empirical approaches were
used.

According to Ref. [9], an empirical expression for
the average total v emission energy of the n+2*U
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system is as follows,

(B (E,)) = (6.60040.03)+(0.0777£0.004) E, (MeV).

(4)
Therefore, a linear relation in (EY°*(E,))/(E.*(th))
is used. (E!°*(th)) is the experimental value for the
case of a thermal neutron. For a given E,,

(EY*(E)) =

Ey 5, (A) = (B (th) x By n(A). (5)

Based on our investigation, Eq. (4) is only valid for
(n,f) channel. For (n,nf), (n,2nf) and (n,3nf) chan-
nels, the numerator of Eq. (5) becomes

(Bt) = (5.29740.03) + (0.0777£0.004) E,,
(Eiot) = (6.845+0.03) + (0.0777£0.004) E,,  (6)

(Bety = (5.743+0.03) + (0.0777+0.004) E.".

5.297, 6.845 and 5.743 are the neutron separation en-
ergy of the compound nuclei 23°U, 24U and 2*3U, re-
spectively. E,,
neutron energy for the (n,nf), (n,2nf) and (n,3nf)
channels. For example, when a 9 MeV neutron in-
duces ?%°U fission, (n,f) and (n,nf) channels will open.
For a (n,f) reaction, the compound nucleus is 2*¢U,
and the excitation energy is 9+6.546=15.546 (MeV).
For a (n,nf) channel, ?*°U emits a neutron(with en-
ergy € = 1.056 MeV) and becomes ?**U with the ex-
citation energy E* = 15.546 — 1.056 — 6.546 = 7.944
(MeV). This can be considered as a neutron with en-
ergy E. which induces 2**U fission, and forms the

EI,: and E;” are the equivalent incident

compound nucleus ***U with excitation energy of
7.944 MeV. Therefore, we can determine the E, =
7.944 — 5.297 = 2.647 (MeV). This method is also
extended to other fission channels and other energy
points.

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

energy of a Maxwell evaporation spectrum (g) = §TM.

Ty is the nuclear temperature and is proportional to
the excitation energy of the FF, vV E*. So a relation
of (€)exp.n(A) and (g) g, (A) is given for a given initial

FF,
)= | 2 5 ), (@)

where E7; (A) is the excitation energy of the FF ob-

tained from the E for the case of a thermal neutron,
and E7}, (A) is the excitation energy of the FF gained
from Ef,
ues for the case of a thermal neutron.

According to the experimental data, it is found

. at . (€)exp.on(A) are the experimental val-

that the total FF kinetic energy FErxg almost does
not change at incident energies up to 20 MeV in the
n+23°U fission reaction, which is reasonable because
FErxg is the result of the Coulomb repulsion. There-
fore, in this work, the Erkg is assumed to be inde-
pendent of the neutron incident energy.

3 Calculations of v(A)

For the n+235U reaction, when incident neutron
energy F,>5.0 MeV, the compound nuclei 236U, 235U,
2317 and ?**U undergoing fission will be formed in
succession. Therefore, the multi-channel fission must
be taken into account, and the calculations will be-
come more complex.

Ounly the (n,f) channel opens at E,<5.0 MeV;
(n,f) and (n,nf) channels will open when 5.0 MeV<
E,<10.0 MeV; at 10 MeV<E,<15.0 MeV, (n,f),
(nnf), and (n,2nf) channels will open; and (n,f),
(n,nf), (n,2nf) and (n,3nf) channels open when
E,>15.0 MeV.

For the (n,f) channel, the compound nucleus is
2367, so we calculated the n+2%°U reaction with the
neutron energy F,, and the prompt neutron multi-
plicity as a function of fragment mass v(A)a36 is ob-
tained.

For the (n,nf) channel, the compound nucleus is
257, so, the n+2**U reaction with the neutron energy
E. is investigated, and v(A),s5 is obtained.

For the (n,2nf) and (n,3nf) channels, the v(A)a34
and v(A)q.33 are determined in a similar way.

At a given E,, the total v(A) is calculated as
a superposition of the v(A) for each fission channel
weighted by the fission cross-section, taking into ac-
count the multi-channel fission. It can be expressed
as

0 .
V(A = |(A)age x (14 w Jr238
5236 Or

[ 1 1 01235
A 1
+ _V( )235><( +5 ) <

_ )\
+V(A)234X(1+ )Xaf234

Sasa OF
_ 3 -
o (1455 )] <222 )
L 233/ | OF

where or is the total fission cross-section, and o,
O35, O34, Opa33 are the fission cross sections of the
(n,f), (nnf), (n,2nf) and (n,3nf) channels, respec-
tively. The numerators 0, 1, 2 and 3 stand for the
numbers of pre-fission neutrons evaporated from the
compound nucleus of 2*¢U. The denominator S; is a
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factor to describe the pre-fission neutron and is as-
sumed to be uniformly distributed for each mass A.
It can be written as S; =), ¥(A); x Yeun(A);, with
i standing for 236, 235, 234 or 233. Youn(A) is the
chain yield of mass chain A. The chain yield of the
n+2°U, n+24U, n+23U and n+2*?U systems used
in the calculations are taken from the ENDF/B-VII li-
brary [11]. In the cases where no evaluated data exist,
the linear interpolation or extrapolation was adopted.

Since no experimental data are available for the
calculated v(A) at these energies except for the ther-
mal neutron, the calculated results cannot be checked
directly, but can be checked indirectly by calculating
the total average prompt fission neutron multiplicity
v, according to Eq. (9). For 7, plenty of experimental
and evaluated data are available,

v= ZA [V(A)total X YCHN (A)236]- (9)
4 Results and discussions

With Egs. (1-8) and the energy partitions at
different neutron energies (Fig. 1), the prompt fis-
sion neutron multiplicity distributions v(A) for the
n+2%°U fission are calculated at 9.0 MeV, 14.0 MeV
and 20 MeV, as shown in Fig. 2.

l‘:‘I!
% ethermal  ©3.0 MeV
4+ Soo, YSOMeV  v9.0MeV
o o%*  *140MeV  ©20.0 MeV
ke s y _.'\"{\‘-’0:'
A

> * "

70 80 90 100 110 120 130 140 150 160
fragment mass 4
Fig. 2. The prompt neutron multiplicity v as a
function of the FF mass for the n+2**U reac-

tion.

The calculated results at E,<5.0 MeV in Ref. [5]
are also presented for comparison. The behavior of
the calculated sawtooth data v(A) shows an obvious
dependence on the incident neutron energy consist-
ing in the increase of the prompt neutron numbers
emitted by each individual fragment and in a slow
flattening of the sawtooth character at mass number
A=~100 when E, is increasing. The same behavior is
found in Ref. [3] for 3"Np(n,f).

A comparison of the calculated 7 (Eq. (9)) with
the evaluated values [12](line) and experimental val-

ues [13](open symbols) are shown in Fig. 3. We also
present the results of the thermal neutron, 3.0 MeV
and 5.0 MeV, which are taken from Fig. 6 of Ref. [5].
These show that the present calculations reproduce
the total average prompt fission neutron multiplicity
v well, and the largest difference is less than 3.0% at
9.0 MeV.

6
e this work
ENDE/B-VII
5 L other symbol: Exp. data [}

b2
e
=
o

0 12 14 16 18 20
E,/MeV
Fig. 3.
experimental data and the evaluated data.

Comparison of the calculated 7 with the

The good agreement of the total average prompt
fission neutron multiplicity © illustrates that the cal-
culated results of v(A) are acceptable, and also in-
dicates that the total excitation energy partitions
among the light and heavy fragments in this work
are reasonable.

According to Egs. (4) and (6), although the (E™*)
depends on the incident neutron energy F,, the main
component of (E1°°) is neutron separation energy, and
the factor on the F is small. Therefore, we can con-
clude that there exists y competition in the course of
neutron emission, but the competition is very weak.

The experimental data of ()(A) are not available
for the n+2*U fission except for the thermal neu-
tron case. The (g)(A) distributions used in this work
are obtained according to the statistical theory. The
present results show that this method is reasonable.

The agreement between the calculated v(A) and
the experimental data at thermal neutron energy
could be given with the sum of neutron numbers emit-
ted by the light fragment and heavy fragment of a FF
pair as function of the FF mass number. It can be
seen from Fig. 4(a) that the calculated results are in
good agreement with the experimental data.

Figure 4(b) shows the neutron multiplicity of the
FF pair at higher incident neutron energies where ex-
perimental data do not exist. It can be seen that the
number of neutrons emitted by the FF pair increases
with the incident neutron energy F,, and the number
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of neutrons emitted by each of the complementary
fragments is approximately constant (i.e.
dent of A) for a given E,, except for some structure
near symmetric mass region. In addition, the dips
occur near Agy=130, and in the complementary FF,

indepen-

near A=104. This is probably related to the proxim-
ity of Z and N of the heavy fragment of the spherical
Z=50 and N=82 shells, where the fragment kinetic
energy is high, therefore, the excitation energy and
neutron emission are small.
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Fig. 4. FF pair multiplicity of the **U(n,f) reaction at thermal neutron energy (a) and higher neutron energies (b).

5 Conclusion

The total excitation energy partitions between the
complementary light and heavy fission fragments for
the n+23°U fission reaction are given at incident en-
ergies up to 20 MeV. The average neutron kinetic
energy (e)(A) and the total average energies removed
by vy rays E,(A) as a function of FF mass at different
incident neutron energies are presented. The prompt
neutron multiplicity distribution v(A) for n+2%U fis-

| sion at different incident neutron energies are calcu-

lated. The results are checked with the total average
prompt neutron multiplicities 7 and compared with
the experimental and evaluated data. These results
can be used for the prompt fission neutron multiplic-
ity and spectrum evaluation, and the calculated v(A)
distribution provides the data to deduce the post-
neutron emission mass yields from the already known
pre-neutron emission mass yields. The former is very
important for the application.
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