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Abstract — Measurements of fission fragment data at incident energies (En) up to several tens of MeV
require prompt neutron multiplicity distribution v(A4) to determine the preneutron fragment properties.
Those v(A4) data are not readily experimentally available. Consequently, model predictions of v(A) at En
where multichance fission occurs are needed. The Point-by-Point model of prompt emission provides
the individual v(A) of compound nuclei of the main and secondary nucleus chains that are undergoing
fission at any En. Total v(4) calculations for n + *>°U and n + 2*’Pu are presented together with
systematic behaviors of individual v(4) with increasing energy.

Keywords — Prompt emission in fission, prompt fission neutron distributions, average number of prompt

neutrons, fission fragment distributions.
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I. INTRODUCTION

The need for accurate nuclear fission data for new
applications (e.g., advanced nuclear systems, incineration
of nuclear waste, production of isotopes, etc.) and for
better knowledge of the fission process implies the study
of neutron-induced fission of actinides at intermediate and
high energies.

The fission fragment mass distribution Y(4) is one of
the most important characteristics of prompt fission. In
the last years nuclear modelings have made large
progress, but a pure theoretical description of Y(4) is
not yet achieved. For this reason the experimental data
of preneutron fragment mass and kinetic energy distribu-
tions Y(4, TKE) are preferred in prompt emission calcula-
tions. A great part of measurements regarding fragment
distributions was focused on actinide fissioning with
thermal neutrons and eventually with neutron energies

*E-mail: anabellatudora@hotmail.com

below the threshold of second-chance fission. Recently,
experiments concerning postneutron fragment distribu-
tions of neutron-induced fission of **®U, **°U, and
23%Pu with energies from hundreds of keV up to several
tens of MeV were performed at the Los Alamos Neutron
Science Center — Weapons Neutron Research (LANSCE-
WNR). The detector used was a Frisch-gridded ionization
chamber, and the double-energy analysis technique was
employed to calculate the preneutron and postneutron
emission data.'

To recover the preneutron fragment masses and
distributions  from the experimental postneutron
fragment data, prompt neutron multiplicity distributions
v(A) are needed. The experimental v(4) data are very
scarce, being measured for only a few actinides and
only at incident neutron energies (En) below the
second-chance fission threshold, i.e., from thermal En
up to about 5 MeV. The v(4) data at thermal En are the
most numerous. Experimental v(4) data at En above 5 to
6 MeV (where multiple fission chances are involved) are

1


https://crossmark.crossref.org/dialog/?doi=10.1080/00295639.2018.1497394&domain=pdf&date_stamp=2018-08-16

2 TUDORA et al. - #°U(n,f) AND %**PU(n,f) PROMPT NEUTRON MULTIPLICITY DISTRIBUTION

completely missing. This lack of data can be
compensated only by model predictions of v(A4).

The Point-by-Point (PbP) model of prompt emission
has answered the need of v(4) at En where multichance
fission occurs by the v(4) prediction for the neutron-induced
fission of 28U up to En = 80 MeV (Refs. 4 and 5).

The prediction of v(4) for the fast neutron—induced
fission of other two major actinides, 25U and **°Pu,
based on the modeling and the indirect validation
procedure described in Ref. 4, is very important for at
least two points of view:

1. the envisage of a systematic behavior of individual
v(A4) distributions with increasing excitation energy
of the fissioning nucleus, which contributes to a
better knowledge of the prompt neutron emission
at high energies

2. a practical purpose, i.e., the need of v(4) (at En up
to several tens of MeV) in the recovering of pre-
neutron fragment distributions from the measured
postneutron fragment data.

The PbP model provides the individual v(4) of all
compound nuclei undergoing fission at each En. The
fission probabilities of these compound nuclei are taken
as fission cross-section ratios (RFs) of the ENDF/B-VIII
evaluation.®

The only experimental prompt neutron data
existing in a large amount and covering a large En
range (from thermal up to more than 20 MeV) are
referring to the total average number of prompt
neutrons <v>,, for both reactions n + 2*°U and
n + *°Pu. These experimental data make an indirect
validation of v(4) possible at En above the threshold
of second-chance fission.

To our knowledge, only PbP results of v(4) at En where
multichance fission occurs were reported (published).*”
Other computer codes (e.g., CGMF, FREYA) include the
possibility of prompt emission calculation at En up to
20 MeV. But, up to now, v(4) results of these codes at En
above the threshold of the second-chance fission have not
been reported. The GEF code (Ref. 7 and references therein)
also provides v(4) at En where multichance fission occurs.
This code is very popular especially for experimentalists
because it is freely accessible and has a very simple input
(requiring only the mass and charge of the fissioning
nucleus and the type of fission). The w(4) results of GEF
were already used in a first preliminary treatment of
postneutron data measured at LANSCE-WNR reported in
Refs. 1, 2, and 3. For these reasons the PbP results of this
paper are compared with the ones of the GEF code.
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Il. BASIC FEATURES OF THE MODELING

At each En, PbP model calculations are performed
for each compound nucleus undergoing fission
(which is formed at the respective En) at its average
excitation energy. The average excitation energies of the
fissioning nuclei acting at a given En are obtained
recursively on the basis of the average excitation energy
of the precursor, the average energy of the emitted
particle, and its separation energy from the precursor.

If the En is less than 25 to 30 MeV, only the
fissioning nuclei of the main nucleus chain (resulting
from neutron emission from the precursor of this
chain) are formed. Their average excitation energies
at a given En are calculated recursively as

Exil) =Fn+ Bng1>
(Ex)V= (Ex) =B, — ) i=2,. .

i—

NG (1)
where

i = compound nucleus undergoing fission
(or the fission chance)

N = number of compound nuclei of the main
chain formed at a given En

(Ex>(1> = average excitation energies of these nuclei

Bn'" = neutron binding energies in these compound
nuclei

<gn>(1> = average center-of-mass energies of the
neutrons emitted before fission.

At En above 30 MeV, the charged particle emission
occurs, and the fission of compound nuclei of the secondary
chains formed by different paths must be taken into account.
The recursive formulas giving the average excitation
energies of the fissioning nuclei formed by six paths can
be found in Ref. §, i.e., the following ways/paths:

1. “proton” emission from the nuclei of the main
chain, leading to the formation of the first
secondary nucleus chain), usually denoted as “p”

2. “neutron via proton” (denoted as “pn”’) consisting
of the successive neutron evaporation from the
precursor of the first secondary chain

3. “deuteron” emission (denoted as “d”) from the
nuclei of the main chain, leading to nuclei of the
first secondary chain, too
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4. “alpha” emission (denoted as “a”) from the
nuclei of the main chain, leading to the forma-
tion of the second secondary nucleus chain

5. “neutron via alpha” (denoted as “na”) consisting
of the successive neutron emission from the
precursor of the second secondary nucleus
chain formed by alpha emission.

The fission probabilities of each compound nucleus
formed by the ways mentioned above are expressed by the
so-called total and partial RF (Ref. 8). At En up to about 50 to
60 MeV, only the secondary compound nuclei formed by the
“proton” and ‘“neutron via proton” ways are taken into
account, the contribution of other ways (e.g., “alpha”, “neu-
tron via alpha,” etc.) becoming significant above 60 MeV
(see Ref. 8 for more details).

The average excitation energies of the compound
nuclei formed by the “proton” and “neutron via proton”
ways are given by the following recursive relations™®:

(B0 = (BN —spl) = (), i=1,...,NO (2
and
<Ex>ipn): (EX>§f'f)—Sn£>1 - <8,,>Ei>l i=2,... ,N(z)
(Ex)\™"= (Ex)i” (3)

where

N® = number of compound nuclei of the
first secondary chain [denoted as (2)]

Sp" = proton separation energies from the
nuclei of the main chain (1)

Sn® = neutron separation energies from the
nuclei of the secondary chain (2)

(&), <8,,><2) = average center-of-mass energies of
the evaporated proton and neutron
before fission, respectively.

For all fissioning nuclei of the main and secondary
nucleus chains involved at a given En, the fragmentation
range used in the PbP treatment (see Ref. 9 and
references therein) is constructed by taking a large
fragment mass range from symmetric fission up to a
very asymmetric split. For each mass number A4 covering
this range, three charge numbers Z are taken as the
nearest integer values above and below the most probable
charge Zp(A4), which is taken as Zycp(4) (unchanged
charge distribution) corrected with the charge deviation.
Available charge polarizations as a function of 4, AZ(A4),
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or the same average value AZ = |0.5] (with plus sign for
light fragments and minus sign for the heavy fragments)
for all 4 can be considered together with isobaric charge
distributions p(Z,A4) taken as Gaussian functions centered
on Zp(A) with root-mean-square (rms) as a function of 4,
rms(4), or the same average value rms = 0.6 for all A.
Note that in the absence of AZ as a function of 4, the use
of AZ =0.5] and rms = 0.6 does not change significantly
the fragmentation range (i.e., the nuclei Z, A, and their
isobaric charge distribution); for details see Refs. 10
through 14 and references therein.

The compound nucleus cross sections of the
inverse process of prompt neutron evaporation from
the nuclei forming the fragmentation ranges of all
compound nuclei undergoing fission are provided by
optical model calculations using the phenomenological
parameterization of Becchetti-Greenlees.'?

The level density parameters of fragments are
calculated in the frame of the superfluid model in
which the shell corrections of Méller and Nix'® and
the parameterizations of Ignatiuk'’ for the damping
and asymptotic level density parameter were employed.
The superfluid level density parameters of fragments are
calculated twice, at scission [in the frame of the
modeling at scission on which the partition of total
excitation energy (TXE) is based'®2°] and at full
acceleration (i.e., at the fragment excitation energies
resulting from the TXE partition).

The mass excesses entering the Q-values of the frag-
mentations and the neutron separation energies from frag-
ments are those of the Audi and Wapstra database.?!

A detailed description of the PbP model of prompt
emission can be found in Ref. 9 and references therein.

The total v(A4) distribution, at a given value of En, is
obtained by averaging the individual v(A4) distributions
[i.e., the v(4) corresponding to each compound nucleus
undergoing fission at the respective En] over the fission
probabilities of these compound nuclei, i.e.,

N&)
vd) =S REPVI () (4)
k=1

The individual v{(4) entering Eq. (4) are provided by
PbP model calculations performed for each fissioning
nucleus 7 at the average excitation energy given by one
of Egs. (1), (2), and (3) according to the way leading to
the formation of the respective compound nucleus.

In Eq. (4), (k) denotes the ways that are taken into
account at a given En, e.g., neutron evaporation from the
precursor of the main chain [in this case the average
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excitation energies of the compound nuclei are given by
Eq. (1)], proton emission from the nuclei of the main
chain [leading to compound nuclei of the first secondary
chain with average excitation energies given by Eq. (2)],
and neutron evaporation from the precursor of the
secondary chain [leading to compound nuclei with
average excitation energies given by Eq. (3)]. In this
relation the index 7 is running over the nuclei of each
chain or way.

In Eq. (4), the fission probabilities are taken as RF's. The
multichance fission cross sections are provided by nuclear
reaction codes (e.g., TALYS, EMPIRE, GNASH) and are
usually given in the evaluated nuclear data files (e.g.,
ENDF, JEFF, JENDL) at least up to the traditional upper
energy limit of 20 MeV. At higher En, where the secondary
nucleus chains are involved, the partial RF’s corresponding to
different ways are also needed (for details see Refs. 4 and §).
In the present paper RF's based on the fission cross sections of
the ENDF/B-VIII evaluation® are used, allowing one to pro-
vide the total w(4) of n + U and n + **’Pu up to
En =20 MeV. Individual w(4) results at En above 20 MeV,
including the secondary nucleus chain and ways [with aver-
age excitation energies of the fissioning compound nuclei
given by Egs. (2) and (3)], as well as total v(4) results
(based on RF' from our own neutron-induced cross-section
calculation above 20 MeV) are exemplified, too.

The existence of experimental v(4) data at En below
the threshold of the second-chance fission, i.e., at thermal
En for both 2°U(ny,, f) and *°Pu(n,,, f) and at En of
0.5 and 5.5 MeV for >>°U(n, 1), allows a direct validation
by the comparison of calculated v(4) with these data.

An indirect validation of total v(4) is possible because
the average number of prompt neutrons emitted from
fission fragments <v>p; obtained by averaging the
individual w(4) over Y(A4), is strongly dependent on the
v(A4) distribution while the Y(A4) distribution has only a
very weak influence.** On the other hand, the only
experimental data available in a large amount, for many
neutron-induced reactions of actinides and over a large En
range, refer to the total average prompt neutron number
<v>,, At En below the second-chance fission, <v>,,
experimentally measured is just the average number of
prompt neutrons emitted by fission fragments <v>gn At
higher En, <v>,,, is the sum of <v>g; (emitted by fission
fragments) and the total number of neutrons emitted before
fission, usually named prefission neutrons <v>,,,.s.. At En
where multichance fission occurs, both <v>pr and
<v>,.iss  are dependent on the nuclear reaction
calculations. If evaluated nuclear reaction data from
recently released evaluated nuclear data libraries are
used, then a good description of experimental <v>,,, data
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by the calculated <v>,, can be considered as an indirect
validation®> of total w(4) given by Eq. (4). This indirect
validation can provide valuable indications especially
concerning the magnitude of the predicted total v(4) and
less concerning its shape.

Note that the individual v(4) provided by the PbP
model at a given En [i.e., v(4) of each compound nucleus
undergoing fission calculated at its average excitation
energy given by Egs. (1), (2), and (3)] remains valid
irrespective of the fission probabilities employed to
predict the total v(4). Consequently, the individual v(4)
of PbP can be used with different RFs based on more
recent and/or more refined nuclear reaction calculations.

[1l. RESULTS AND DISCUSSION

I1I.LA. PbP Results of v(4) at En Below the Threshold of
the Second-Chance Fission

The PbP results of v(4) for **°U(n, f) at En where
only one fission chance is involved were already
reported. They describe well the existing experimental
data at thermal En as reported in Ref. 9 and also at 0.5
and 5.5 MeV; see Refs. 10 and 18. For this reason, in
Fig. 1 only the PbP result of w(4) for Z°Pu(n,,f) is
given (full red circles) in comparison with the
experimental data*2° taken from EXFOR (Ref. 27)
(different open symbols and symbols with a cross inside
colored in black and gray) and the v(4) result of GEF
(Ref. 7) (full blue diamonds). It can be seen that both v(4)
results of PbP and GEF are in overall good agreement
with the experimental data.

The PbP result of v(4) gives an excellent
description of the experimental data of Fraser and
Milton?® (squares with a cross inside) at 4 above 130.
It is known that the prompt neutron multiplicity always
exhibits a pronounced minimum at 4 around 130
(due to the magic and double magic heavy fragments
with N = 82 and Z = 50). The v(4) result of PbP
exhibits a minimum at 4 of about 130, too. The
experimental data also exhibit a minimum at 4 around
130, except the data of Fraser and Milton®® for which
the minimum is shifted at 45 ~ 126. The minimum at
Ay ~ 130 exhibited by v(4) of PbP is in agreement with
the data of Nishio et al.,** Apalin et al.,”> and Batenkov
et al.,** and it is more pronounced than the minimum of
the GEF result, which is visibly higher and exhibits
almost constant values at 4y between 127 and 133 (in
agreement only with three data points of Tsuchiya
et al.?®). The v(4) of PbP slowly overestimates the
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Batenkov 2004 RUSRI

Tsuchiya 2000 JPNKTO

Nishio 1995 JPNKTO

Apalin 1965 RUSKUR &5t
® Fraser & Milton

1966 CANCRC

Prompt neutron multiplicity

80 90 100 110 120

A of FF

130 140 150 160

Fig. 1. Prompt neutron multiplicity distribution w(4) of *°Pu(ny,,f): the PbP result (full red circles) in comparison with the
experimental data (different black and gray open symbols and symbols with a cross inside) and the result of GEF (full blue diamonds).

experimental data at 4; between 105 and 109, while the
GEF result describes well these data. Also, it can be
seen that the data of Fraser and Milton (and other data,
too) exhibit a plateau at A; around 97 and another
plateau at Ay between 137 and 144. The PbP result
exhibits and reproduces these two plateaus. At Ay
above 140 and A4; near symmetry (between 115 and
120), the data of Nishio et al.** and Apalin et al.?
(open gray down triangles and squares, respectively)
are much higher than the other data that are not
described by our result nor by the result of GEF. At 4
above 147, the v(4) of GEF underestimates all experi-
mental data.

The existing experimental v(4) data of spontaneous
fission and neutron-induced fission at low En exhibit a
systematic behavior of the ratio v,/(v; + vy) as a function
of Ay. This behavior (mentioned by Wah*® and in our
previous papers, e.g., Refs. 9, 10, and 11) consists of a
ratio less than 0.5 for 4y going from symmetric fission up
to about the most probable fragmentation (4, ~ 140 for the
majority of fissioning nuclei) with a minimum placed
around 130 (due to the magic heavy fragments with
N = 82 and/or Z = 50). At Ay above ~140, the ratio
becomes higher than 0.5, and it exhibits an almost linear
increase with 4. In the absence of experimental v(4) data,
the verification if a calculated v(4) accomplishes the sys-
tematic behavior of the ratio vy/v,,, as a function of Ay
can be a validation, too. Such v;/v,; ratios as a function
of Ay, are illustrated in Fig. 2 for *>U(n,f) at (a) thermal
En, (b) at 0.5 and 5.5 MeV, and (c) for 2**Pu(n,,, f). The

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2018

PbP results are plotted with full circles or circles with a
cross inside, the GEF results are plotted with blue
diamonds or diamonds with a cross inside, and the experi-
mental data®>272°% are plotted with different open sym-
bols or squares with a cross inside. As can be seen, the
behavior of the v/v,,;, ratio as a function of A is repro-
duced by both calculations. However, it can be observed
that the vz/v,q;- ratio of GEF becomes higher than 0.5 at
Ay around 122 in the case of *°Pu(ny;, f) and around 123
to 124 in the case of *>>U(n,,, f). This fact contradicts the
systematic behavior of all experimental ratios v/v;qi{(A)
at low energies (especially at thermal En), which always
show Vvg/v,q;- ratios less than 0.5 at 4z going from sym-
metric fission up to about 140 (i.e., in this 4y range, the
light fragments emit more neutrons than the complemen-
tary heavy fragments).

The PbP model results of w(4) at En below the
threshold of the second-chance fission are exemplified for
six values of En in Fig. 3b. The v(A) results of GEF at the
same En values are given in Fig. 3a (with the same symbols
as the corresponding PbP results). It is easy to see that the v
(A4) shapes of PbP and GEF are different. Another feature of
v(A) consisting of the prompt multiplicity increase with En
mainly for heavy fragments is observed in both calculations.
This increase of w(A4) for heavy fragments is more pro-
nounced in the case of GEF. The minimum of v(4) at 4
around 130 is more pronounced in the case of PbP.

Note that the values of the En at which v(4) of >*°Pu
(n,f) are plotted in Fig. 3 are those where experimental
Y(4) data®” exist in the EXFOR database,*® allowing
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0.24 A Boldeman O Vorobyev ]
(b) 0.0 1 & Maslin R  Gook 2017
Tl 2380 o | Muller, Naqvi ' 'éég
= 08 UG | L o5 mev g
+ 1 O 5.5Me) ]
>—' 0.6+ U586 oS N
\I 04— * : ¢ - - N
s 1 bP GEF -
0.2+ (] .Z§ —e—05MeV —o—0.5MeV
14 —%—55MeV —o—55MeV T

(C) 0.0 —

Tsuchiya |

Fraser -
Wanhl

Ay

Fig. 2. The ratio v4/v,- as a function of 4 of 35U, )
at (a) thermal En and (b) at £n = 0.5 and 5.5 MeV and (c)
of 239Pu(n,h, f); the results of PbP (full circles or circles
with a cross inside) and GEF (full diamonds or diamonds
with a cross inside) in comparison with the experimental
data (different open symbols or with a cross inside).

one to calculate the total average number of prompt
neutrons.

The total average number of prompt neutrons (which are
emitted only by fragments when En is below the threshold of
the second-chance fission, i.e., <v>,,, = <v>g) is calculated
by averaging the v(4) distributions of PbP and GEF over
experimental Y(4) distributions®®*° and over ¥(4) provided
by the GEF code.” Note that differences between the
experimental ¥(4) data and the ¥(4) of GEF exist; they are
significant at all En in the case of **’Pu(n,f), while for
B5U(n, f), the ¥(4) of GEF give an overall description of
the experimental data.

Results of the total average number of prompt
neutrons as a function of En are given in Fig. 4
[***U(n, f) in Fig. 4a and **°Pu(n,f) in Fig. 4b] in
comparison with the experimental data retrieved from
EXFOR (Refs. 41 through 85) (different open sym-
bols). The plotted <v>,,, are obtained as follows: by
averaging v(4) of PbP over the experimental Y(A)

@ANS

(full red circles) and over the Y(4) of GEF (full
orange up triangles) and by averaging v(4) of GEF
over the experimental Y(4) (full green down triangles)
and over Y(A4) of GEF (full blue diamonds). The very
close values of <v>,,, obtained by averaging the same
v(A4) distribution over two different Y(A) are easily
seen (full red circles and orange up triangles on one
hand; full blue diamonds and green down triangles on
the other hand). This fact proves again that the aver-
age number of prompt neutrons emitted by fragments
<v>pr 1s strongly dependent on the v(4) distribution
while the Y(A4) distribution has only a weak influence (as
demonstrated in Fig. 4 and Refs. 4 and 5). Consequently,
it can be used as an indirect validation of the w(A4)
distribution in the absence of experimental v(4) data.

As can be seen in Fig. 4a, in the case of ***U(n, f),
the <v>,,, result of GEF at En above 1 MeV overestimates
the experimental data and the PbP result. The difference
between the <v>,,, results of PbP and GEF is of 7% at
En =3 MeV and about 5% at other En.

In the case of **Pu(n, ) (Fig. 4b), the <v>,,, results
of PbP and GEF are close to each other (the differences
being less than 2%), and both describe well the experi-
mental data.

Note that looking at Fig. 3, it can be seen that the v(A)
shapes of PbP and GEF are different. The shape of v(4)
distributions provided by each of these models does not
vary too much from one En to another. The magnitudes of
w(A4) provided by PbP and GEF are almost the same in the
case of 2*’Pu(n, 1) (leading to the close <v>,,, results of PbP
and GEF given in Fig. 4b), and they are different in the case
of 2°U(n, f) (leading to the visible differences between the
<y>,, results of PbP and GEF given in Fig. 4a). In other
words the indirect validation of v(4), by the comparison of
<v>,, with experimental data, gives valuable indications
especially about the magnitude of v(4) and less about its
shape.

l11.B. PbP Calculation of v(4) in the En Range of
Multichance Fission

Examples of PbP calculations at En where multichance
fission occurs are given in Fig. 5. The individual v(4)
corresponding to the compound nuclei undergoing fission
at each En are plotted with open symbols. Note that at En
up to 20 MeV, only the prompt emission from compound
nuclei of the main chain are taken into account, i.e.,
236-233(7 o1 240-237p

Regarding the evolution of the individual v(A)
shape with increasing En, a less pronounced sawtooth
shape of v(4) of the main compound nuclei **°U and

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2018
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Fig. 3. Prompt neutron multiplicity distribution v(4) results of (a) GEF and (b) PbP exemplified at six incident neutron energies
covering the range where only the first fission chance is involved.

3.5

{ 0O

—
QO

L4
L4
A

v

w
o

‘other data from EXFOR
R D

A Manero and Zang
Howe USALRL 1984
Howe USALRL 1976
Frehaut FR BRC 1982

, v Frehaut
FRBRC 1980

Y(A) exp.
V(A) PbP averaged over —&— —A—
V(A) GEF averaged over —v—  —&— -

{4 B
®
*

Total average prompt neutron multiplicity

"Kolosov RUSFEI 1973
o,

2.5
4.0_ 5
A
1 =&,
1V
354 ¢

O Liu Zu-Hua CPRAEP 1976

, A Manero and Konshin ZZZIAE 1972
® Frehaut FRBRC 1976

Zang CPRAEP 1980
Nurpeisov RUSFEI 1975

, B Volodin RUSFEI 1972
Walsh AULAUA 1971
Soleihac FR BRC 19

s Nesterov RUSFEI 1970
Savin RUSKUR 1970 -
Conde WDFOA 1966 i
, ¥ Mather UKALD 1981 |
Hopkins USALAS 1963

Smirenkin RUSFEI 1958

other data from EXFOR
— T

4 5

|

| 3

|
wHleoop4m >

m
S
>
S

Fig. 4. Total average prompt neutron multiplicity in the En range of the first fission chance obtained by averaging the v(4) results
of PbP and GEF over the experimental Y(4) data and over Y(4) of GEF (full red, blue, orange, and green symbols) in comparison
with the experimental data from EXFOR (different open symbols and symbols with a cross inside colored in black, gray, olive,
and violet and full symbols colored in olive and gray).

NUCLEAR SCIENCE AND ENGINEERING - VOLUME 00 - XXXX 2018

@ANS



8  TUDORA et al. - #°U(n,f) AND %**PU(n,f) PROMPT NEUTRON MULTIPLICITY DISTRIBUTION

(@)

(b)

1En =6 MeV I1En=6 MeV
4 n+2°U n+ *Pu
—o— 236U otal —o— 240Pu
3{ —o—235U —e—RF ENDF/B-VIII  § —2—239Pu —e— total
—s—RF our calc. .'I¢
2 2l o nf % Sty
§ o [ o e o
= \ o a
_g_ DDFP AD}D\ 2 D} ?mnﬂﬂjp
?Es 1 ) DD%{JEP
9 X DD
c thboodj %
§ 0 St t + ; ;
o En =20 MeV total
) 1 —e—
5 H _o— 2361 —e—RFENDFBVIIl | —o_ 240pu *— total
g- —o— 235U —«—RF our calc. —o— 239Pu
o 31— 234U ‘?znsz; —o— 238Pu By o
o o

80 90 100 110 120 130 140 150 16080 90 100 110 120 130 140 150 160

A

A

Fig. 5. Individual v(4) (open symbols) and total v(4) (full circles and circles with a cross inside) for the neutron-induced fission
of (a) ?>>U and (b) **’Pu exemplified for each reaction at two incident neutron energies (En = 6 MeV for both reactions,

En =20 MeV for n + 2**U and En = 18 MeV for n + 2*°Pu).

240py (open red circles), having the highest average
excitation energy, is observed. The average excitation
energy of the other compound nuclei being lower, the
corresponding individual v(4) do not show significant
changes of the sawtooth shape with increasing En.
Consequently, the shape of the total v(4), as a
superposition of individual v(4) shapes weighted with
RF, does not show significant changes of the sawtooth

character. This kind of changes in shape and the ten-
dency to an almost linear behavior occur at much
higher En than 20 MeV (see, e.g., Ref. 4).

The total w(4) plotted in Fig. 5 with full black circles
are obtained by averaging the individual v(4) over the RFs
of the ENDF/B-VIII evaluations® according to Eq. (4).
These RFs are plotted in Fig. 6 with solid red lines, together
with RF of the JENDL4 evaluation®® (blue dash-dotted

—
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Fission cross section ratio
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Fig. 6. Fission cross-section ratio of (a) n + 2*°U and (b) n + **°Pu of the evaluations ENDF/B-VIII (solid lines) and JENDL4
(dash-dotted lines). The RFs from our neutron-induced cross-section calculation for n + 23°U are plotted with dashed lines.
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lines) and RF of our neutron-induced cross-section calcula-
tion performed for U up to 50 MeV (black dashed lines).
This calculation is based on the fission model with subbar-
rier effects implemented in an improved version of the
GNASH code, used for the neutron-induced cross-section
calculations of many actinides. Details about the modeling,
the prescriptions, and the parameters used can be found in,
e.g., Refs. 87 through 90 and references therein. As can be
seen in Fig. 6, for both reactions, RF's of ENDF/B-VIII and
JENDLA4 do not differ much from each other. Consequently,
the differences between the total v(4) based on these RF's
are insignificant, and only the total v(4) obtained with RFs
of ENDF/B-VIII are plotted with full black circles in Fig. 5.
Even if the RF's from our evaluation differ visibly from RFs
of ENDF/B-VII and JENDL4 evaluations, the total w(A4)

based on our RFs (plotted in Fig. 5 with gray circles with
a cross inside) differ less than 5% from the total v(4) based
on RFs of ENDF/B-VIIIL. This fact proves again the low
sensitivity of total v(4) to the RFs of different calculations,
already discussed in Ref. 4 for the case of n + ***U.

A comparison of total v(4) results of PbP (full circles)
and GEF (open squares) at eight En covering the range
from 6 to 20 MeV is illustrated in Figs. 7a and 7b. As can
be seen in the case of n + **°U (Fig. 7a), the total v(4)
results of PbP and GEF are visibly different in shape and
magnitude. The total v(4) of GEF are higher and exhibit a
pronounced increase at 4 around 122 to 124. This increase
can be interrelated with the behavior of the individual v/
Vpair Tatios of GEF, which exhibit an increase above 0.5 at
these A values (i.e., the heavy fragments emitting more

235
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.\ L g % o

4 a G ) o b e 0 ®

2] o £ 5 &£ 1 o o D@”?Pu C=3) ]
o f‘h 2% a © -A
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P .

1 ' ]
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B 3] 4 s ]
.2 ‘ QP o o mz_m‘%
= ua é’qh%%% B Soapet® ]
s 2] - e, P g
= s e
€ 1- \,-" ]
5 ¢ |
5o
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2 s o o
g 2] ", - /p{;ﬁ% % 5 iﬁ%’-
E 1- V M '..\:?

0
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Fig. 7. Total v(4) of (a) n + 2*>>U and (b) n + **’Pu, at eight incident neutron energies ranging from 6 to 20 MeV. The results of
PbP are plotted with full circles and those of GEF with open squares.
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Fig. 7. (Continued).

neutrons than the complementary light fragments) as can
be seen in Fig. 2. Consequently, the GEF results of total v
(A) as a superposition of individual v(4) of several com-
pound nuclei exhibit a pronounced increase at 4 around
122 to 124, too.

Compared to the reactions n + 2*> **%U when large
differences between the predicted v(4) of PbP and GEF
occur, in the case of n + >*°Pu, the total v(4) results of
PbP and GEF are much closer; see Fig. 7b. Differences in
shape between the total w(4) results of PbP and GEF
appear only at 4 between 120 and 140.

An indirect validation of predicted total v(4), at En
where multiple fission chances occur, is also possible via
the total average number of prompt neutrons <v>,,,
which can be compared with experimental data.

@ANS

A
(b)

The average number of prompt neutrons emitted by
fragments <v>z can be obtained by averaging the total
v(A) of PbP over available Y(A) distributions above the
threshold of the second-chance fission. Such Y(4)
distributions are provided by the code GEF (Ref. 7).
Taking into account that <v>pr is strongly dependent
on the v(4) distribution and Y(A4) has only a very low
influence (as demonstrated in Fig. 4 and Refs. 4 and 5),
the obtained values of <v>p can reflect well the v(4)
prediction. They are plotted with red stars in Fig. 8a for
n + 2*3U and Fig. 8b for n + **’Pu. The average number
of prefission neutrons <v>,..q is plotted with red cir-
cles with a cross inside, and the total average number of
neutrons <v>;,, (as a sum of <Vv>pp and <V>,,.4) 1S
plotted with full red circles. The GEF results of <v>g,
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Fig. 8. Total average number of prompt neutrons <v>,,,
of PbP (full circles) and GEF (full diamonds), <v>pr of
PbP (stars) and GEF (crosses), and <v>,,..4, of PbP
(circles with a cross inside) and GEF (open circles) as a
function of En for (a) n + ***U and (b) n + **’Pu. The
present results are in red color and the GEF results in
blue color. The experimental data are plotted with differ-
ent symbols (colored in black, olive, violet, and gray).

<V>,efiss » and <v>,,, are also given (blue crosses, open
circles, and circles with a cross inside, respectively).
The experimental <v>,,, data®*®™® taken from EXFOR
(Refs. 41 and 42) are given with different black and gray
open symbols and symbols with a cross inside. As can
be seen, in the case of n + 22°U, <y>,,, of PbP describes
well the experimental data over the entire En range. The
<v>,, result of GEF slightly overestimates the majority
of the experimental data up to about 15 MeV. Above this
energy, <v>,,; of GEF becomes a little bit lower than the
PbP result.

In the case of n + 23°Pu, the <v>,, results of PbP and
GEF are close to each other and describe well the
experimental data, which exist up to 14.5 MeV. Above
this energy, again <v>,,, of GEF becomes lower than the
PbP result. The differences between the <v>,,, results of
PbP and GEF above 15 MeV are higher in the case of
239py than for 2°U. Above 15 MeV, the present result of
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<v>,, keeps the same increasing trend, which is also in
agreement with the recent evaluations ENDF/B-VIII
(Ref. 91), JENDL4 (Ref. 92), and JEFF3.2 (Ref. 93).
Concerning the components of <v>,,, in both
cases as well as in the previous studied case of
n+ 28U (Ref. 4), the <v>p results of GEF are higher
than those of PbP. The compensation effect between
the components <v>gpz and <v>,,.;, of GEF works
well in the case of n + **’Pu leading to a result of

<v>,, which is in good agreement with the
experimental data up to about 15 MeV.
PbP  calculations of individual w(4) (e,

corresponding to each compound nucleus of the main
chain and of the secondary nucleus chains formed by
charged particle emission) can be performed at any En
above 20 MeV. The total v(4), depending on the total
and partial RFs, can be predicted only if neutron-induced
cross-section calculations are available above 20 MeV.

Examples of PbP results of individual v(4) of the
main U chain (open symbols) and Pa secondary chain
(solid lines) at four En above 20 MeV are given for
n + ?*U in Fig. 9. The change in shape of individual
v(4A) with increasing FEn, i.e., a less pronounced
sawtooth character, is visible especially for the main
compound nucleus **°U, which has the highest
average excitation energy. See the open circles in
each frame of Fig. 9.

The individual v(4) of **°U at En = 50 MeV (plotted
with open circles in the lower frame of Fig. 9b) exhibits
an almost linear increase (except the A4 region 120 to
135), and it can be fitted well. This individual v(4) is
plotted with open red circles in Fig. 10 together with its
linear fit (a red solid line).

At limit when an individual v(4) is taken linear, i.e.,
v(4) =04 + B, the corresponding prompt neutron
multiplicity of a mass pair (4, + Ay = Ao) becomes
constant (independent of 4), i.e., Vpuir = ado + 2. The lin-
ear fit of v(4) plotted with a solid line in Fig. 10 leads to the
Vpair Value of 7.461 (indicated by a horizontal black line),
which approximates very well the calculated v,,,;(4) of Béy
plotted with open squares in Fig. 10.

The almost linear increasing behavior of the
individual v(4) at high excitation energies of the
fissioning nuclei (i.e., the main compound nuclei at high
En, above 40 to 50 MeV) is due to the excitation energies
of fully accelerated fragments (E*) coming from these
fissioning nuclei, which also exhibit an almost linear
increase with the fragment mass number 4. This almost
linear shape of E*(A4) at high excitation energies of a
fissioning nucleus is the consequence of the vanishing
of shell effects entering the superfluid expression of
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Fig. 9. Individual v(4) corresponding to the fissioning nuclei of the main U chain (open symbols) and of the secondary Pa chain
(solid lines). The total v(4) obtained by averaging these individual v(4) over RF of our evaluation is given with stars. The total v(4)
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fragment level density parameters that are involved in the
modeling at scission on which the TXE partition is

based.*!%1°
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The PbP calculations of individual w(4) at high excitation
energies of the fissioning nuclei, performed for the compound
nuclei involved in three neutron-induced reactions n + ***U
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(Ref. 4), n + 2*°U, and n + **°Pu (this work), allow one to
emphasize interesting systematic behaviors of the prompt
neutron multiplicity distributions v(4), v,4i{4) and of the
ratio Vy/Vpai{Ay) with increasing energy.

Such systematic behaviors can be illustrated by
schematic representations of the shapes of individual v(4)
and v,,(A4) and their evolution with increasing energy
(i.e., simplified shapes by connected line segments). An
example is given in Fig. 11 for the main fissioning nucleus
236 of the reaction n + **°U: (a) the qualitative schematic
representation of w(4) and (b) of v, {(4x).

In Fig. 11a, three examples of simplified schematic
representations of v(4) at En below the threshold of the
second-chance fission are illustrated by the solid red,
dashed dark yellow, and dotted cyan lines. With increasing
En, the sawtooth shape of v(4) becomes less pronounced,
this behavior being illustrated by the gray dash-dotted and
wine dash double dotted lines, which correspond to En of
about 10 and 20 MeV, respectively. At higher En (where
many fissioning nuclei of the main and secondary nucleus
chains are involved), the sawtooth shape of individual v(4)

8
T T ) I- -I T T 2‘36 T
(@) | fissioning nucleus “'U
— - En below the 2-nd chance threshold
6 J—— multiple chances, only the U chain
- - multiple chances, U and Pa chains, ]
4 - e
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S - e
S 21 o
S
S
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o +r——r——rT——rr
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A

Fig. 11. Schematic representation of the evolution of the
shapes of (a) v(4) and (b) v,4;{4) with increasing En,
illustrated for the main fissioning nucleus **°U of the
reaction n + 2*°U.
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corresponding to the first few compound nuclei is washing
out, arriving to an almost linear increase. This behavior is
schematically illustrated by the blue short dashed and the
black solid line.

It is known that the prompt neutron multiplicity of
fragment mass pair v,,;{(4) is almost constant over the
fragment mass range except the near-symmetric region
where it is higher. This behavior of v, as a function of
Ay is qualitatively illustrated in Fig. 11b, using the same
type of lines as the corresponding schematic v(4) given in
Fig. 11a. The solid red, dashed dark yellow, and dotted cyan
lines illustrate v,,;{4) at En below the threshold of the
second-chance fission. The gray dash-dotted and wine
dash double dotted lines are the schematic representation
of v,,i{A) for En where three to four fission chances are
involved (up to 20 MeV). With increasing En, i.e., the
increasing average excitation energy of the main compound
nucleus, its v,4{(A4) tends to be constant over the entire
fragment mass range including the region near symmetry,
too. See the green short dashed, blue short dash dotted line
and the solid black line corresponding to En ranging from
about 25 to 50 MeV or even higher values.

Note that similar schematic representations of v(4)
and v,,;,(4) can be plotted also for other fissioning nuclei
by shifting the A range.

The systematic behaviors of w(4) and v,,;(A4)
mentioned above have as consequence the evolution with
increasing energy of the ratio v/v,.; as a function of A,
which was schematically illustrated in Ref. 4 for the main
fissioning nucleus 23%U. The shape of vi/v,qi (A1) evolves
from the behavior at low En described in Sec. IIL.A
(Fig. 2) up to an almost linear increase at high En, with
a lower slope than of v(4). At the limit when v(4) = a4 + B
and v, 1s a constant equal to 0.4y + 2, the ratio v/v,q;-as a
function of 4z becomes linear, too.

As an exercise, total v(4) can be calculated by using
the RF of our evaluation. Examples of such total v(4) of
n+2*U at En above 20 MeV are given with black stars in
Fig. 9. The total v(4) of GEF are also plotted with full blue
diamonds. Significant differences in shape and magnitude
between the total v(4) results of GEF and PbP are visible.

A comparison of the present results of <v>gp
V> refisss and <v>,,, with the results of GEF and the
experimental data is given in Fig. 12 (using the same
symbols and colors as in Fig. 8).

Note that our <v>,,. result (plotted in Fig. 12 with
red circles with a cross inside) includes the preequilibrium
component, too.

As can be seen in Fig. 12, the <v>,,, results of PbP
and GEF above 20 MeV are in agreement with the data of
Fréhaut** (down triangles), Ethvignot et al.*” (open
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black circles), and Hove*® (diamond with a cross inside)
taken from the EXFOR library.4] Even if both <v>gr and
<V>,,¢fiss Of PbP and GEF are different (i.e., <v>gp of PbP
is lower than <v>pr of GEF, and <v>,..4 of our
calculation is higher than <v>,,.4.; of GEF) by a com-
pensation effect in the sum <v>pp + <v>,,.4., both <v>,,
of PbP and GEF describe the experimental data and do
not differ much.

IV. CONCLUSIONS

Postneutron fragment data for the neutron-induced
fission of #°U, #**U, and **’Pu at incident energies up to
several tens of MeV were measured at LANSCE-WNR. To
obtain preneutron fragment distributions, these data need the
correction of prompt neutron emission, i.e., the prompt neu-
tron distribution w(A4). The lack of experimental v(4) data at
En where the multichance fission occurs imposes the use of v
(A4) predicted by prompt emission models.

The PbP model of prompt emission has answered to this
request by the prediction of total w(4) for the reaction
n + 2®U in Ref. 4 and for the reactions n + **°U and
n + ?**Pu in the present work.

The individual w(4) distributions corresponding to each
compound nucleus undergoing fission of the main and
secondary nucleus chains can be provided by the
PbP model at any En where multiple fission chances are
involved.

The total v(4) distribution is obtained by averaging
these individual v(4) over the fission probabilities of the
compound nuclei formed at a given En. These fission
probabilities can be expressed as total and partial RFs.
These RFs can be obtained from neutron-induced cross-
section calculations performed either up to the tradi-
tional upper En limit of 20 MeV (included in the eval-
uated nuclear data libraries, e.g., ENDF/B, JENDL,
JEFF) or up to higher En (by taking into account also
the fission of compound nuclei of secondary chains
formed by charged particle emission). In the present
work the RFs of the ENDF/B-VIII evaluation are used
to obtain the total v(4) distributions of both reactions up
to 20 MeV.

The PbP results of individual v(4) at En above
20 MeV are exemplified for the n + *>°U reaction up to
En =50 MeV.

The PbP calculations for three neutron-induced
reactions at incident energies where multiple fission
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Fig. 12. The <v>,,;, <v>pp, and <v>,,..q, results of the present work (full circles, stars and circles with a cross inside,
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chances are involved allows one to emphasize the
systematic behavior of the shapes of individual prompt
neutron distributions v(4) and v,,;,(4) with increas-
ing En.

The w(A4) shape evolves with increasing excitation energy
of the fissioning nucleus from a shape with a pronounced
sawtooth character at low excitation energies (corresponding
to En below the threshold of the second-chance fission) up to
an almost linear increasing shape at high excitation energies
(corresponding to the first few compound nuclei at En above
40 to 50 MeV).

The prompt neutron multiplicity of fragment mass
pair v,,{(4) at low excitation energies of the
fissioning nucleus (i.e., Ern below the threshold of
the second-chance fission) is almost constant over
the 4 range except the near-symmetric region where
it is higher. v,,;,(4) of the first few compound nuclei
becomes almost constant over the entire fragment
mass range at En above 40 to 50 MeV.

In the En range where only one fission chance is
involved, the PbP results of v(4) for *°U(n,f) and
9Pu(n, f) are directly validated by their very good
agreement with the existing experimental data.

An indirect validation of predicted total v(4) at any
En is possible via the comparison of the total average
number of prompt neutrons with the experimental data,
which are available in a large amount compared to
other prompt emission data, which are scarce or com-
pletely missing. This indirect validation is possible
because the average number of prompt neutrons
emitted by fragments <v>p [obtained by averaging v
(4) over Y(4)] is strongly dependent on the v(4) dis-
tribution while the Y(4) distribution has only a weak
influence.

The present v(4) results are compared with the
results of the GEF code. In the case of n + 2*°U, as
well as in the previously studied case of n + 2**U
(Ref. 4), significant differences in shape and magni-
tude between the predicted v(4) of PbP and GEF
exist. In the case of n + 2*°Pu, the predicted v(4) of
PbP and GEF are closer to each other especially at
incident neutron energies between 6 and 14 MeV.
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