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Abstract: Properties of prompt fission neutrons from 2*¥U(n, f) are calculated for incident neutron energies

below 6 MeV using the multi-modal model, including the prompt fission neutron spectrum, the average prompt

fission neutron multiplicity, and the prompt fission neutron multiplicity as a function of the fission fragment

mass v(A) (usually named “sawtooth” data) The three most dominant fission modes are taken into account.

The model parameters are determined on the basis of experimental fission fragment data. The predicted results

are in good agreement with the experimental data.
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1 Introduction

With the development of extended burn-up of nu-
clear fuel and the design of accelerator-driven systems
for the transmutation of nuclear waste [1], the need
for accurate nuclear data has become more impor-
tant. Prompt neutrons afford important information
for understanding the fission process. Thus new cal-
culations are required with a higher accuracy that can
shed some light on the nuclear fission process itself.
[2].

In the calculations of prompt fission neutron en-
ergy spectrum and multiplicity of actinides, some im-
portant approaches, the Maxwellian, Watt spectrum
[3], Los Alamos (LA) model [4, 5], the Dresden model
[6] and the Hauser-Feshbach statistical model [7] have
been developed. The LA model, which has good pre-
dictive power with fewer input parameters, is widely
used. Based on the LA model, the “point by point”
model [8, 9] (PBP) is expanded to calculate prompt
fission neutrons as a function of the fission fragment
mass.

For low-energy fission of actinide nuclei, the ex-
perimental data from fragment mass distributions
show that multi-modal fission is the most promising
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model [10, 11]. The many calculations performed by
Brosa [12], Schillebeeckx [13], Fan [14, 15], Dematte
[16] and Ohsawa [17] et al., have shown that multi-
modal analysis is successful for both understanding
the low-energy fission process and predicting the fis-
sion fragment properties.

Neutrons from the newborn fission fragments con-
stitute the majority of the prompt neutrons. Thus the
prompt neutron properties are dependent on the fis-
sion modes. For neutron-induced fission of actinides,
multi-modal analysis of the prompt neutron spectrum
and the multiplicity is necessary and has been ap-
plied successfully to calculation of the prompt neu-
tron spectrum of actinide isotopes by Ohsawa [18-20],
Hambsch [21-23], Vladuca [24] and Zheng [25, 26] et
al.

In this paper, a new attempt is made to improve
the evaluation of the prompt fission neutron spec-
trum, the average prompt fission neutron multiplicity
and the prompt fission neutron multiplicity as func-
tions of the fragment mass v(A) from 2**U(n, f) for
incident neutron energy below 6 MeV, using multi-
modal analysis in the calculation of v(A) for the first
time. The prompt fission neutrons are calculated
in the framework of the multi-modal approach. The
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three main fission modes, two asymmetric modes
named standard I (S1) and standard (S2), and one
symmetric mode named superlong (SL), are taken
into account. The partial spectrum, multiplicity, and
v(A) of each mode (S, S2 and SL) are calculated sep-
arately by the improved LA [5] and PBP models [9];
the totals are compared with the experimental data.

2 Methods

2.1 Basic features

In the framework of multi-modal fission, the
prompt fission neutron spectrum N (F), the average
prompt fission neutron multiplicity v, and the “saw-
tooth” multiplicity v(A) are calculated by the super-
position of the corresponding quantities associated
with a particular fission mode, respectively, by:

N(E) — ZantnlnlulB) )
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In Egs. (1), (2) and (3), w,, is the branching ratio
of mode m. The quantities N,,(E), (v),, and v(A)rar
are the prompt fission neutron spectrum, average
prompt fission neutron multiplicity and “sawtooth”

U(A)pair —

multiplicity for mode m, respectively. The prompt
neutron spectrum N,,(FE) and average prompt fission
neutron multiplicity (v),, are obtained from Weis-
skopf evaporation theory [27] and energy conserva-
tion, and the detailed procedures can be found in
Refs. [5] and [25].
The prompt neutron multiplicity of each FF pair
(indexed ) of each mode is given by
par _ SRl (1)
’ Sn,im + <E>m +p
where v(A)P*’is given by the sum of the multiplicity

m

for neutron emission from the light fragment L and
from the heavy fragment H

pair __ L H
Vim = Ui,m + vi,'m? (5)

and TXF is the excitation energy of the i-th FFs,
given by

TXEim = E’r,im + En + Bn - TKEzmu (6)
Ay Awi
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where E, ;,, is the energy released to produce the i-
th FFs for the mode m, E, is the incident neutron

energy, B, is the neutron separation energy of the
compound nucleus #*°U, and TKFE,,, is the kinetic
energy of the i-th FFs.

Sh,im 1s the neutron separation energy from the
i-th FF, and (g),, is the first-order moment of the
center-of-mass system spectrum of each mode, and
the P and g are parameters corresponding to the com-
pound nucleus [28]:

2
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In the prompt fission neutron calculation, the pa-
rameters include the average energy released, the av-
erage neutron separation energy from the FFs, the
average total kinetic energy of the FFs, and the

level density parameter. For incident neutron ener-
gies below (n, nf) thresholds, multi-modal calcula-
tions of prompt fission neutron are implemented by
multi-modal calculation of these parameters, and the
method is discussed in the following section.

2.2 Multi-modal parameter calculation

The parameters of the LA model are calculated
multi-modally for ?*¥U for incident neutron energy
below 6 MeV, including the average energy released
for each fission mode, the average neutron separation
energy from the FFs for each fission mode, the av-
erage total kinetic energy of the FFs for each fission
mode, as well as multi-modal calculation of the level
density parameter.

A systematic multi-modal analysis of the experi-
mental data [29] of the fragment mass distributions
for 28U (n, f) is performed, and the experimental FF
mass ranges Ay, € [63, 119] and Ay € [120, 176] are
taken into account, a few spread experimental dis-
tribution points corresponding to far asymmetric FF
mass pairs being neglected. The experimental data
are analyzed to determine multi-modal branching ra-
tios w,,. For each FF mass pair, four isobars per
mass are taken into account with values of the nu-
clear charge Z which are the nearest integer values
above and below the most probable charge.

Calculations of the LA model parameters have
been processed for other actinide isotopes; the de-
tails can be seen in Ref. [25]. In the present paper,
we just show the main multi-modal results of the fis-
sion fragment mass distribution, the kinetic energy
distribution, and the procedure of the multi-modal
calculation of the level density parameter, not con-
sidered in our previous work.

Comparisons between the calculated results and
the experimental data for 2®*U (n, f) at FE, =
1.8, 3.0, 4.5, 5.8 MeV are shown in Fig. 1, where
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it can be seen that the multi-modal calculation can
reproduce the experimental data, the branching ratio
of SL mode increases with incident neutron energy,
and the positions of the S1 and S2 models are invari-
able, corresponding to the shell effect.

The calculated values of the average total ki-
netic energy TKE(A) of the FFs from 23U (n, f)
at F,=3.0 MeV are plotted versus heavy fragment
mass in Fig. 2(a). It is evident from this figure that
there are some differences between the calculated and
experimental data, whereas the difference of average
total kinetic energy between them is within 0.5% as
shown in Fig. 2(b).

Unlike previous calculations, the present work
considers the multi-modal calculation of the level den-
sity parameter. The average value of the level density

10!

parameter for each fission mode m is calculated as

> Y.
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where m is the index of the mode (S1, S2, SL), 4 is the
range of FF pairs, Y,,; is the FF mass yield for mode
m and FF pair ¢, and pz; is the charge distribution
corresponding to the FF pair ¢, approximated by a
Gaussian function [30]. The full width at half maxi-
mum (FWFM) of the Gaussian function is 0.25. a; ;
is the level density parameter of each FF, calculated
using the back-shifted Fermi gas model [31, 32]. The
dependence of (a),, on the incident neutron energy
F, is plotted in Fig. 3.
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Fig. 1.

A

Mass distributions of fission fragments for 2**U(n, f) for incident neutron energies of 1.8, 3.0, 4.5,

5.8 MeV. The contributions of fission modes are shown with dashed (for S1 mode), dotted (for S1 mode),
and dash-dotted (for SL mode) lines. The solid curves show the superposition results of the three modes.

The experimental data [29] are shown with solid circles.
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a) Comparison of experimental data [29] with the corresponding fit of the TK E(A) for 238U (n, f) at
g

F,=3.0 MeV, (b) Calculated average total kinetic energy (TKE) of the fragments from 2**U(n, f) for the
S1, S2 and SL modes as a function of the incident neutron energy, and comparison between the calculated

and experimental data [29].
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Fig. 3. Average value of the level density param-
eter for the S1, S2 and SL modes as a function
of the incident neutron energy for 233U(n, f).

3 Results and discussion

3.1 Multi-modal calculation of the prompt
fission neutron spectrum

In the present work, the prompt fission neutron
spectra of 23¥U(n, f) for incident energies below 6.0
MeV are calculated in the framework of the multi-
modal LA modal. The calculation shows that the
larger the deformation of the compound nucleus, the
harder its corresponding spectrum will be. These
results agree with the experimental observation and
previous calculations.

The present multi-modal calculation results of
prompt fission neutron spectra from 2*U(n, f) for
E, =2.0 MeV, the multi-modal calculation of Ham-
bach [21], and the experimental data are shown in
Fig. 4. It shows that the multi-modal calculations
agree well with the experimental data [33]. There is
some difference between the two calculated results,
and the difference is from the different multi-modal
analysis of the FFs mass distributions.
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Fig. 4. Comparison of the calculated total neu-

tron spectra with the experimental data [33]
and the multi-modal calculation of Hambach
[21] for 2 MeV neutron induced fission of 2*3TU.

The multi-modal calculation results of prompt fis-
sion neutron spectra of 23¥U(n, f) for F, = 2.9 MeV
are shown in Fig. 5(a), along with the experimental
data [34] and single modal calculation results. There

is an obvious difference between two calculation re-
sults, and the multi-modal calculation can repro-
duce the experiment result much better. The present
calculated prompt fission neutron spectrum ratio to
252Cf spontaneous fission spectrum at F, =2.9 MeV,
and the experimental data are shown in Fig. 5(b). It
shows that the two results are not as coincident as in
Fig. 5(a). The main reason may be due to the data
of the standard spectrum.
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Fig. 5. Comparison of the multi-modal LA

model calculated prompt neutron spectrum of
2387 (n, f) at E, =2.9 MeV with (a) the orig-
inal LA modal calculation and experimental
data [34]; (b) the prompt fission neutron spec-
trum of the 2°2Cf (s, f) spectrum used as a
reference.
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Fig. 6. Average prompt fission neutron multi-

plicity (solid line) as a function of incident

neutron energy, compared with the experi-

mental data [35], and the contributions of the

three fission modes are also shown.

The multi-modal calculation of average prompt
fission neutron multiplicity (PFNM) for incident neu-
trons below the (n, nf) threshold and the experimen-
tal data [35] are shown in Fig. 6. The partial prompt
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fission neutron multiplicity of fission modes S1, S2
and SL are also given in Fig. 6.

The prompt fission neutron multiplicity as func-
tion of the fission fragment mass v(A) is calculated
from Egs. (3)—(7) in the framework of the multi-
modal approach.

3 b Um0 i
= E,=5.0MeV J-
3 -
= . % S i
=N - . -
2 = ” . #u.
s
R - g
£ o w5
:E .'\n.-.r‘ '
=
=
or « MM-Cal
70 80 90 100 110 120 130 140 150 160 170
4
Fig. 7. Multi-modal calculation of the prompt

fission neutron multiplicity as a function of the
fragment mass for 2*3U (n, f) for E,=5 MeV.

Because the experimental data of v(A) for 2*¥U(n,
f) are scarce and unavailable, the present paper

just shows the results of multi-modal calculations in
Fig. 7.

4 Conclusions

The Los Alamos model and the point-by-point
model in the framework of the multi-modal approach
are used to calculate the prompt fission neutron
properties from #**U(n, f) for incident neutrons be-
low 6 MeV. The present calculation is on the basis
of multi-modal analysis of the FFs mass distribu-
tions. Compared with the original LA calculation, the
multi-modal calculation of the prompt fission neutron
spectrum is in better agreement with the experimen-
tal data. The multi-modal calculation of the average
prompt fission neutron multiplicity can reproduce the
experimental data well. The present calculation of
the prompt fission neutron multiplicity as function of
FFs mass v(A) can be used as reference. The method
of prompt fission neutron calculation has many useful
applications.
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