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A nuclear fission event of an actinide results in the formation of two complementary primary fragments with masses(A, A′), which subse-
quently acquire kinetic energies(E, E′) due to Coulomb repulsion. Following this, they emit(n, n′) prompt neutrons, isotropically relative
to their respective centers of mass, each with their respective kinetic energies(η1, η2, . . . , ηn; η′1, η

′
2, . . . , η

′
n′). Consequently, due to recoil

effects, the fragments reach the detectors with altered kinetic energies(e, e′). This study simulates an experiment using the 2E technique,
intending to measure the distribution of(e, e′) and (n, n′), from which it aims to infer the distribution ofA, E and the average prompt
neutron multiplicity as a function of pre-neutron fragment massν(A). For this purpose, a distribution of primary or pre-neutron quantities is
assumed as input to a Monte Carlo simulation algorithm of the experiment, whose output data should reproduce the values observed in that
experiment.
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1. Introduction

In neutron-induced fission studies, especially with thermal
neutrons, the crucial quantities to measure relative to the
pre-neutron (primary) fragment mass (A) are the mass yield
Y (A), the average total kinetic energy (TKE(A)), where
TKE = E + E′, its corresponding standard deviation
σTKE(A), and the average prompt neutron multiplicityν(A)
[1-10]. These measurements are fundamental for understand-
ing nuclear fission dynamics and are crucial for practical
applications in nuclear energy, nuclear safety, and nuclear
physics research.

In 2019, using the Monte Carlo simulation method for
the reactions233U(nth, f) and235U(nth, f), Montoya demon-
strated that the measured curve of the average prompt neutron
multiplicity (ν) is highly dependent on the technique used
[11]. In the same year, Montoya and Romero, employing
a similar method, found that for the spontaneous fission of
252Cf, theν curve as a function of the provisional mass, is
overestimated in comparison to the curve as a function of pre-
neutron mass around the mass region of 122 [12]. In 2020,
studying the reaction239Pu(nth, f), Montoya showed that the
ν curve simulated as measured by the 1V1E technique is
overestimated compared to the curve assumed as a function
of the primary mass in the mass region around 116 [1].

In 2020, Al-Adili et al. demonstrated the absence of an
accurate correlation between fragment data and neutron data.
They proposed a new evaluation of the prompt neutron multi-
plicity as a function of mass for the reaction235U(nth,f) [10].

In this work we propose a Monte Carlo simulation algo-
rithm to evaluate the relationship between the curve of aver-
age prompt neutron multiplicityν as a function of primary

mass, and that as measured by the 2E technique [10], that is
expected to be the same.

2. Methodology

In a fission event of a nucleus with massAf , the pre-neutron
masses of the complementary fragments(A,A′) are defined
at the scission point, and they obey the relationship:

Af = A + A′. (1)

After Coulomb repulsion, the fragments acquire kinetic ener-
gies(E,E′), which obey the momentum conservation rela-
tionship [13]:

AE = A′E′. (2)

A first approximation for the final kinetic energy of comple-
mentary fragments, is obtained neglecting the recoil effect
due to neutron emission [1,11]. Under that condition, the
final or post-neutron values of the kinetic energy of the com-
plementary fragments would be given by the following rela-
tions:

e = E
(
1− n

A

)
, (3a)

and

e′ = E′
(

1− n′

A′

)
. (3b)

Here (n, n′) are the numbers of prompt neutrons emitted
from the respective fragments.

In this work, to more accurately calculate the(e, e′) val-
ues, we simulate an isotropic neutron emission relative to the
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center of mass of each emitter fragment, including the recoil
effect. Following the 2E method [10], the provisional mass
(A∗, A∗′) is first calculated:

Af = A∗ + A∗′, (4a)

and

A∗e = A∗′e′. (4b)

The input data for this algorithm include the yieldY (A),
the average total kinetic energy (TKE(A)) and the average
prompt neutron kinetic energyη(A) which are sourced from
the experimental findings of Al-Adiliet al. [10]. Further-
more, we base the values for the derivative of the average
total kinetic energy with respect to the average neutron mul-
tiplicity ∂TKE/∂ν on the data provided by Nishioet al. [6].
Additionally, the curve representing the standard deviation
of the total fragment kinetic energy distribution, denoted as
σTKE(A) is derived from the results presented in Ref. [14].

In each simulated fission event, when we have a fragment
with massA and energyTKE, we suppose that the number of
prompt neutrons emitted by the complementary fragments is
given by the following values:

n(A, TKE)=ν(A)
(

1 +
TKE− TKE

α(A)
+

r

3

)
+ 0.5, (5a)

and

n′(A′, TKE)=ν(A′)
(

1+
TKE− TKE

α(A′)
− r

3

)
+ 0.5. (5b)

The linearity ofn as a function ofTKE was proposed by Al-
Adili et al. [10]. We postulate thatn follows a Gaussian dis-
tribution, introducing the termr with a Gaussian distribution
with a mean of 0 and a standard deviation of 1. We also as-
sume thatr has opposite signs for complementary fragments,
which indicates an anti-correlation between the multiplicities
of prompt neutrons from these fragments, and that the stan-
dard deviation ofn is 1/3 of its average value.

We assume that the fragments emit isotropically
(n, n′) neutrons, each with kinetic energies denoted as
(η1, η2, . . . , ηn; η′1, η

′
2, . . . , η

′
n′). All these neutrons possess

the average kinetic energyη(A) relative to the emitter frag-
ment center of mass [10]. Additionally, every time a neutron
is emitted, the emitting fragment undergoes a recoil, which
affects both its kinetic energy and its direction of motion.
Consequently, the final complementary fragments that are
detected post-neutron emission have altered kinetic energies,
represented by(e, e′).

Using the values of(e, e′), we calculate the provisional
masses(A∗, A∗′), applying the conservation of mass and mo-
mentum principles as outlined in Eqs. (4a) and (4b). It is
important to note that this calculation is an approximation,
as it disregards the exact impact of recoil resulting from the
emission of prompt neutrons.

In our simulation, we modeled the average prompt neu-
tron multiplicity curve,n(A), without incorporating any peak
at the primary mass aroundA = 112. A significant dis-
crepancy between the curves representing the average prompt
neutron multiplicity as a function of provisional massn(A∗)
and as a function of pre-neutron mass (n(A)), respectively, is
found as result of the simulation. See Fig. 1. The values of
n(A∗) align closely with the experimental findings of Göök
et al. [9]. Notably, these values display a peak at mass 112,
which is 1 unit higher than the correspondingn(A) value.

Based in Eqs. (3a) and (3b), we modify our approach by
using the average prompt neutron multiplicity instead of the
number of emitted neutrons. This is done as a function of
provisional mass and final total kinetic energy. Using this
method, we calculate the approximate pre-neutron values of
the kinetic energies of the complementary fragments through
the following relations:

En =
e

1− n(A∗, tke)/A∗
, (6a)

and

E′
n =

e′

1− n′(A∗′, tke)/A∗′
, (6b)

wheretke = e+ e′. These equations allow us to estimate the
kinetic energies of the fragments before neutron emission,
considering the average neutron multiplicity relative to their
respective provisional masses and final total kinetic energies.

Following this methodology, we then compute the ap-
proximate pre-neutron masses of the complementary frag-
ments using these relations:

FIGURE 1. Simulated average of the prompt neutron multiplicity as
a function of the primary fragment mass (diamonds), as a function
of provisional mass (squares), and the results of the experiment by
Göök et al. [9] (triangles).
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FIGURE 2. Simulated average of the prompt neutron multiplic-
ity as a function of the mass of primary fragments (diamonds), re-
sults from the simulated experiment using the 2E technique taking
into account the average prompt neutron multiplicity as a function
of fragment provisional mass and kinetic energy to calculate pre-
neutron mass (squares), and the results of the experiment by Göök
et al. [9] (triangles).

FIGURE 3. Simulated average of the prompt neutron multiplicity
as a function of the mass of primary fragments (diamonds), results
from the simulated experiment using the 2E technique taking into
account the integer number of emitted neutrons to calculate the pre-
neutron mass (squares), and the results of the experiment by Göök
et al. [9] (triangles).

An = Af
E′

n

En + E′
n

, (7a)

and

A′n = Af
En

En + E′
n

. (7b)

The valuesEn andE′
n are approximate estimates. Conse-

quently, Eqs. (7a) and (7b), which rely on these values, are
also approximate in nature. By employing Eqs. (6a), (6b),
(7a), and (7b), we are able to calculate the primary masses
An from provisional massesA∗. The resulting curves for
n(An) are illustrated in Fig. 2. Notably, the peak of the curve
n(An) in the region aroundA = 112 is observed to be0.5
units lower than the corresponding peak in the curven(A∗).

In Eqs. (6a) and (6b), we make a modification by substi-
tuting the average neutron multiplicities,n(A∗, tke), with the
integer count of neutrons emitted,n(A∗, tke). This adjust-
ment results in the derivation of mass values denoted asAn.
When comparing the resulting curven(An), with the original
curven(A), we find thatn(An) is closer in alignment than
the curven(An). We observe a proximity of the curven(An)
to the experimental results obtained by Al-Adiliet al. [10].
See Fig. 3.

3. Discussion

The primary source of inaccuracy in the simulated 2E tech-
nique stems from the fact that Eqs. (6a) and (6b), which are
used to calculate the pre-neutron fragment kinetic energies,
are only a first approximation. As a result, the mass calcu-
lated from those energies will be different fromA. This dis-
crepancy betweenAn andA causes a dispersion in the cal-
culated average prompt neutron multiplicityn(An) as com-
pared to the average neutron multiplicity based on the pri-
mary mass of the fragments,n(A). This means that the dif-
ferences in kinetic energy estimates influence the accuracy of
neutron multiplicity as a function of fragment mass calcula-
tions in the simulation.

Our algorithm does not consider resolution in the mea-
surement of kinetic energy. This resolution is crucial for pre-
cise calculations. If these experimental kinetic energy reso-
lutions had been included, the resulting curves would have
deviated even more from the curves based on primary mass.

Furthermore,n(An) is a multivariable function that de-
pends on the mass distribution, the kinetic energy of the frag-
ments, the number of emitted neutrons, and the kinetic en-
ergies of each neutron, which measured values lack or accu-
racy.

In summary, to accurately reconstruct then(A) curve, it
is necessary to simulate the distribution of all quantities re-
lated to the fragments. These simulated inputs for the algo-
rithm should be such that the resulting average prompt neu-
tron multiplicity aligns with the experimental values obtained
from the 2E technique or other similar techniques.
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