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as a function of fragment mass in spontaneous fission & Cf
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A Monte Carlo simulation algorithm to investigate the measurement of the average prompt neutron multiplicity as a function of pre-neutron
mass7(A), for fragments from the spontaneous fissiorf BiCf is presented. The input data consist of experimental measurements of the
kinetic energy and mass distributions obtained lipkset al., and the values af(A) calculated using the FIFRELIN model by Piatial.,

7wn(A). We analyze the output curvgsin (A), obtained by simulation of the 2E technique, which should ideally matchA). However,

we find thatsim (A) exhibits a maximum value at#122, close to mass symmetry, whifg, (A) has a maximum at #118. Additionally,

we observe thatsim (A) > Tyn(A) for A< 90 and A> 169, respectively. We attribute this discrepancy to inaccuracies in the relationship
between provisional mass and the pre-neutron mass used in the 2E technique for data processing in each fission event.
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1. Introduction it would be necessary to detect all neutrons emitted by the

fragment, which represents an unresolved issue in terms of

The fission process begins with the fissile nucleus, culminateficiency [9]. The recoil effect from the emission of those
ing at the scission point, where the nuclear interaction fadesyeutrons is not fully accessible.

and two complementary fragments with proton and nucleon  Gysk et al. [10] and Al-Adili et al. [11] have employed
numbers(Z, Z') and (A, A’) whose excitation energies are {he gouble kinetic energy (2E) technique to calculate the av-
XE and X E', respectively, are formed [1-3]. The study grage prompt neutron multiplicity as a function of fragment
of fission dinamics requires knowledge of the distribution of 555 denoted ag, (A) for the spontaneous fission B Cf.
these variables [4], which is not directly accessible due to theyn the other hand, there are results from calculations based
particle emission from fragments before they reach the detep, theoretical models that compute the values(of), in this

tors [5]. _ _ _ _ work referred to a®,(A). Among these is the FIFRELIN
An intermediate step would involve measuring the dis-mqgel used by Piaet al. [12].

tribution of kinetic energy \{alues acquireq by the fragment_s In this study, a simulation algorithm has been employed
due to the Coulomb repulsion they experience after the sCigy, jnvestigate the disparity between the results obtained
sion point(K E, K E'). Additionally, it is essential to mea- yrough the 2E measurement technique and the values of
sure the excitation energy of the fragme(itSE, and X E'),  the average prompt neutron multiplicity as a function of pre-

which is expressed in the decay through particle emissioneytron mass7y, (A), assumed as real, for fragments from
With these values, the available energy of the reaction can bge spontaneous fission R CH.

calculated [6]:

Q=TKE+TXE 2. Monte Carlo simulation of 7(A) measure-
= (KE+KE') + (XE+ XE'), 1) ment using the 2E technique

whereTKE = KE + KE' is the total kinetic energy and Before neutron emission, the distribution of fragment mass
TXFE = XFE + XF'is the total excitation energy. is characterized by the pre-neutron fragment mass yield
However, for each fission event, the fragments arrive a(Y (A)). The complementary fragments with mgss, A’)
the detectors after having emittéd, n’) prompt neutrons have a total kinetic energy distribution characterized by its
[7]. Thus, the post-neutron values of the kinetic energy ofaverage K E(A)) and its standard deviationa{x z(A)).
the fragmentsge, ¢’), respectively, result from mass loss and  For each pair of fragments with4, A’) and a total ki-
recoil effects due to neutron emission. The final mass and kinetic energyl’ K E, there is a distribution of prompt neu-
netic energy of one fragment may be measured using a mas®n number whose average is representedy, TKE),
separator as the LOHENGRIN at the ILL Institute in Greno-which is approximately a linear function @ K E, having
ble, France [8], but the emitted neutrons are not detected. (0v/0TKE) as slope. The fragments with magdsemit
The so-called double energy (2E) technique consists iprompt neutrons with an average kinetic energy relative to
measurinde, ¢') to calculate the pre-neutron mass. Howeverthe center of mass representediyl ).
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The above functions have been measured lipkCet 6
al. [10]. Piauet al. [12] have calculated the average neutron - 22Cf(sf) .
multiplicity as a function of pre-neutron masg((A)).

The experimental Gok et al. data [10] and the function
Tt (A) calculated by Piaet al.[12] are the input data for the
simulation of the experiment measuring the average prompt

[6)]

— @ Pre-neutron mass, simulated. Taken from Piau et al., 2022. =
Provisional mass, simulated experimental data. This work.

£

neutron multiplicity, with the 2E technique. i & A
For the simulation, we assume a Gaussian distribution of < 3 [~ ; “’
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wherer is a number that follows a Gaussian distribution with ps

Average prompt neutron multiplicity

a mean of 0 and a standard deviation of 1.
For the neutron multiplicity, we employ the following ap-
proximate relationship: 80 90 100 110 120 130 140

'\L
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150 160 170
Twm(A, TKE) =T, (A) Fragment mass (amu)

v FIGURE 1. Average prompt neutron multiplicity as a function of
X |1+ = (TKE-TKE)). (3) pre-neutron mass, calculated by P&tal. (7;,: diamonds) [12],
OTKFE . - S
and as a function of provisional mass,{..: squares) for frag-
We assume that complementary fragments with madsesl  ments from the spontaneous fissiorf&fCf, obtained as the output
A’ with total kinetic energyl’ K E emitn andn’ given by re-  of the Monte Carlo simulation.

lationships: which relates the pre-neutron kinetic energy to the final en-
n — int (Pth(A) (1 I f) n 0'5) ’ (4) Cr9Y pf fragments emitting neutrons with zero kinetic en-
ergy in the center of mass frame.
' —int (T (A (1 — T 05 4b _ From the approximate values of kinetic energy obtaingd
" (V“ (4) ( 3) + ) ’ (4b) using Eq.6), we calculate the approximate values of the pri-

wherer is a number that follows a Gaussian distribution with mary fragment masses:
a mean of 0 and a standard deviation of 1.
Additionally, we assume that fragments with mass A as- (A, A") ~ 252 (
sociated with the total kinetic ener@yK E emit isotropically
n neutrons with kinetic energg(A). The recoil effect due
to neutron emission is then calculated to obtain the final ki-

®)

KE' KE
TKE
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netic energy values of the complementary fragmensd
¢’. Based on these values, the provisional mass of the two . »2¢f(sf) ]
complementary fragments is calculated: B B - & Simulated. Taken from Piau et al. calculation, 2022. 7]
( , ) :9' - A Simulated experimental data. This work. .
e.e = |
) = 25212, 5 E4 - L
(1, 1) o (5) : 4
wheretke = ¢ + €. 5 | . i
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3. Results § -
£2 - _
The outcome of the Monte Carlo simulation for the 2E tech- % o “ .
nigue measurement of as a function of provisional mass, § 1 _
Tprov(1t), IS presented in Fig. 1. < | V |
TO apprOXImater CaICUIate the pre-nGUtron Values Of kl- IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
netic energy, we utilize the relationship used by et 80 90 100 110 120 130 140 150 160 170
al. [10]: Pre-neutron fragment mass (amu)
KE =~ tke (”) . (6) FIGURE 2. Average prompt neutron multiplicity as a function of
1= Vprov (1, the) pre-neutron mass, calculated by Pitwal., (7y,: diamonds) [10]
This relation is an approximation of the formula: for fragments from spontaneous fissior?dtCf, and the results of
4 the simulated experiment with the 2E techniqwe.(A): trian-
KE=TKE ( ) 7 (7  9es).
A—n
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FIGURE 3. Average prompt neutron multiplicity as a function of

pre-neutron mass, calculated by Petwal. (7.,: diamonds) [12],
for fragments from spontaneous fissior?&tCf; the results of the
simulated experiment with the 2E technigqug;{,(A): triangles);
and the experimental curve measured byoicet al. (Fexp(A):
circles) [10].

With the values ofn corresponding to each mass the

Tsim(A) curve is constructed and presented in Fig. 2.
Figure 3 presents the curves,(A), 7sim (4), and the ex-

perimental curve’., (A), obtained by ®dk et al. [10]. The

curvesvg, (A) andr,, (A) exhibit similar trends, except for

the regionA < 80, wherev.,(A) greatly surpasseg;, (A).
Both curves reach a maximum value arouhd= 122, while
7 (A) presents its maximum value at = 118. Ad-
ditionally, both curves have higher values than (A) for
A > 169.

4. Conclusions

calculated by Piaet al. [12]. Subsequently, we simulate an
experiment employing the 2E technique to measure this pa-
rameter based on the provisional mass. As a result of this
simulation, we obtain the cunig,,., (x). Figure 1 illustrates
that 7,0y (1) exhibits a peak around = 123, whereas the
theoretical primary mass-related varialitg, (A), reaches a
maximum atA = 118. Moreover,vy, < Tprov for A < 90
andA > 162.

Afterward, we simulate the same experiment, this time
calculating the average prompt neutron multiplicity as a func-
tion of pre-neutron mass. The result of this simulation is rep-
resented by the curve;;, (4), which more closely approx-
imates or aligns with the curve,(A) than does the curve
Tprov (). However, both curves are higher than the curve
7 (A) aroundA = 122 and in the mass regioa > 169.

The discrepancy between the simulated curyg, (A),
generated through the 2E technique simulation, and the in-
put curvery,, is attributed to the inexactness of the relation-
ship 6), which connects provisional mass and pre-neutron
energy. A better approximation could be achieved by consid-
ering the number of neutrons emitted by the fragment in-
stead oftp.ov (1, tke), representing an average value. How-
ever, even with this refinement, the relationship would still be
imprecise, as it does not account for the recoil effect caused
by the emission of. neutrons, which alters the kinetic energy
of the emitting fragment.

If the output data from the simulation algorithm of the ex-
periment based on the 2E technique replicate the experimen-
tal results, we can assume that the input data are compatible
with the pre-neutronic characteristics of the fragments.

The simulation method enables the calculation of pre-
neutron values which, when used as input in the simulation
of any experiment, accurately replicate the values observed
in the experimental findings. In this sense, this method can
be applied in the analysis of the results of experiments based
on other measurement techniques. For this purpose, the cor-

Initially, we assume that the average prompt neutron multiresponding algorithm should consider the physical processes

plicity as a function of the pre-neutron maggy(A4)) is as

involved in these techniques.
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