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The standard deviation of the final kinetic energy distributier) @s a function of mass of final fragments) from low energy fission

of 231U, measured with the Lohengrin spectrometer by Belhefafl, presents a peak aroumd = 109 and another aroungh = 122.

The authors attribute the first peak to the evaporation of a large number of neutrons around the corresponding massntineberis

no peak on the standard deviation of the primary kinetic energy distributiphds a function of primary fragment masd)( The second

peak is attributed to a real peak e (A). However, theoretical calculations related to primary distributions made by H.R. Faust and Z.
Bao do not suggest any peak eg(A). In order to clarify this apparent controversy, we have made a numerical experiment in which the
masses and the kinetic energy of final fragments are calculated, assuming an initial distribution of the kinetic energy without structures on
the standard deviation as function of fragment mass. As a result we obtain a pronounced @gak peurve aroundn = 109, a depletion

fromm = 121 tom = 129, and an small peak around = 122, which is not as great as that measured by Belheifal Our simulation

also reproduces the experimental results on the yield of the final ln@sg, the average number of emitted neutrons as a function of the
provisional mass (calculated from the values of the final kinetic energy of the complementary fragments) and the average value of fragment
kinetic energy as a function of the final magy (From our results we conclude that there are no peaks ongld) curve, and the observed

peaks ornv. (m) are due to the emitted neutron multiplicity and the variation of the average fragment kinetic energy as a function of primary
fragment mass.

Keywords: Monte-Carlo; low energy fissiod'U; fragment kinetic energy; standard deviation.

Las mediciones sobre la desviagiesandar de la distribubn de enert cirética final ¢.) en funcbn de la masa finah{) de los fragmentos
de la fisbn de baja enefg del?**U, hechas por Belhafadt al, presentan un pico alrededor gle= 109 y otro alrededor den = 122.
Los autores atribuyen el primer pico a la evapdradle un elevadoirmero de neutrones alrededor del correspondieintgeno nasico, es
decir que no hay un pico en la desviaitieséndar de la distribubn de enerfa cirética primaria en funéin de la masa primariarg (A)). El
segundo pico es atribuida a un pico reaber{ A). Sin embargo, &lculos téricos relacionados con la distribaai primaria, hechos por H.R.
Faust and Z. Bao, no sugieren nimgpico enoz(A). Para clarificar esta aparente controversia, hemos hecho un experimeédcouen
el que la distribu@n de masa y eneig cirética final es calculada suponiendo una distribndnicial de enera cirética sin estructuras en
su desviadn eséndar en fundn de la masa inicial de los fragmentos. Como resultado obtenemos un pico pronunciado enda(eujva
alrededor den = 109, una depre$in desden = 121 hastan = 129, un pequéo pico alrededor dex = 122, el que no es tan grande como
el medido por Belhafaét al Nuestra simulaéin tambén reproduce los resultados experimentales del rendimiento de la masa’fing), (
el promedio del imero de neutrones emitidos en fultide la masa provisional (calculada a partir de los valores de laiaméngtica de
los fragmentos complementarios) y del valor promedio de la &nengetica como fundn de la masa finak(m)). De nuestros resultados
concluimos que no hay picos ez (A) y los picos erv.(m) son debidos a la multiplicidad de neutrones emitidos y a la vérade la
enerda cirética promedio en fungn de la masa primaria.

Descriptores: Monte-Carlo; fisbn de baja enefg; >>*U; enerda cirética de fragmentos; desviaai esandar.

PACS: 21.10.Gv; 25.85.Ec; 24.10.Lx

1. Introduction system, determined by the Strutinsky prescription and dis-
cussed by Dickmanat al.[2] and Wilkinset al. [3].
One of the most studied quantities to understand the fis- One expression of the above mentioned primary kinetic
sion process is the fission fragment mass and kinetic energgnergy distribution is constituted by the average vallig (
distribution, which is very closely related to the topologi- and the standard deviationx) as a function of primary mass
cal features in the multi-dimensional potential energy sur{A4). The difficulty is that only final fragments -after neutron
face [1]. Structures on the distribution of primary (before emission- are accessible to experimental instruments.
neutron emission) mass and kinetic energy may be inter- Considering that reality, the distribution of final fragment
preted by shell effects on potential energy of the fissioninginetic energy €) as a function of final fragment mass:},
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from thermal neutron induced fissionfU, was measured dress this question, we present a Monte-Carlo simulation for
by Belhafafet al.[4], using the Lohengrin spectrometer. This an experiment measuring kinetic energy and mass distribu-
distribution was represented by the average value of kinetition of final fragments from thermal neutron induced fission
energy €) and the standard deviation (SB) as a function of  of 233U i.e. low energy fission of34U.
m. The results present a first peakau{m) aroundm = 108
and a second one around= 122 (see Fig. 1).

The authors attribute the first peak to a large number o

evaporated neutrong/( around the corresponding primary |n our Monte Carlo simulation, the input quantities are the
mass(l), i.e. there is no peak oo (A4). primary fragment yieldY), the average kinetic energgy,
Based on the small number of emitted neutrons measurefle SD of the kinetic energy distribution £) and the aver-
aroundA = 122, the second peak is attributed to the distri- 3ge number of emitted neutrons) @s a function of primary
bution of the primary fragment kinetic energg). In other  fragment mass4). The output of the simulation for the fi-
words Belhafakt al. assume that the standard deviation of ha| fragments are the yield(, the SD of the kinetic energy
primary fragment kinetic energyy; as a function of primary  distribution ¢.) and the average number of emitted neutrons
mass (1) have a peak around = 122. () as a function of the final fragment mass The idea is to

Belhafafet al.take the supposed peaks onthecurve as  see if a b5 (A)] curve without structure as input can produce
a reflection of the existence of multiple minima in the poten-a [, (m)] curve with structures.

tial energy surface of the fissioning system near the scission
configuration. Their conclusion is that for a given mass and.1. Fragment kinetic energy and neutron multiplicity
charge split; the multiple minima of the potential energy map

do not seem to be sufficient to account for the broadening ofn order to simplify calculation, we also make some assump-
the experimental kinetic energy distribution. In order to in-tions in relation to neutron emission. We assume that
terpret the supposed peak e (A) aroundA = 122, they
take into account the superposition of two or three different

charge splits for a given mass division. ii) the average number of emitted neutromd Corre-

However, more recent theoretical calculations made by sponds to the fragments with the average value of ki-
Faustet al.[5] do not suggest any peak in SD for the distribu- netic energyZ, and

tion of primary fragment kinetic energyg aroundA = 122.
In order to clarify the apparent controversy between re- iii) there is a negative linear relation between the number

sults obtained by Belhafat al. and Fausét al, respectively, of neutrons emitted and the fragment kinetic energy

it is crucial to find the relation between the primary and the

final kinetic energy distributions; the relation between the pri-

mary (' (A)) and the final mass yield{(m)); as well as the

relation between the average value of the number of emitte

?- Monte Carlo simulation model

i) the E values have a Gaussian distribution,

(this assumption is based on the fact that the number emitted
increases with the excitation energy, which decreases when
Hwe kinetic energy increases); then

neutron §{) as a function of the primary fragment mass and E_E
the values corresponding to the experimental results. To ad- v="r [1 -8 ( - ﬂ ; (1)
8 . . . . . 5 whereg is a free parameter.
234 A rerye ) .
, e . s B2l | 2.2. Simulation process
O Cale
. 1\[ /\ | We make several iterative simulations. After each simulation
I Y | result (final distribution), we change input values (primary
o X distribution) for a new simulation in order to get output values
@5 / i \f'( ' LS (new final distribution) closer to experimental results. For the
*o * * \\ ] first simulation, we tak&” and & from Ref. 4. The first SD
Q : . . . .
e¥geo S 40997 og curve is an extrapolation of calculation results obtained
i o %0g, ~ by Faustet al.[5]. Then, we adjust’(A), v(4), E(A) and
3 888egoe o og(A) in order to gety’ (m), v, e(m), o.(m) in agreement
96%09 with experimental data.
0 1o 1m0 im0 In the simulation, for each primary masgls the kinetic
Fragment mass energy of the fission fragments is chosen randomly from a
FIGURE 1. SD of the final fragment kinetic energy distribution as Gaussian distribution
a function of the final mass: (e and«) as measured by Belhafaf 1 (E - E)g
et al.[4], and Faustt al.[5], respectively; and SD as a function of P(E) = exp | — (2)
. p 952 )
primary massdq) as calculated by Faust al.[5] V2nog Ok
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whereP(FE) is the probability density of energy with average S T T e 1 I Expl .
valueF and SDog. 23‘34U 9, 3 v(A)
For eachE value, the simulated number of neutrons N is ) A,AA °o cv(m) e
calculated taking into account the relation (1). The final mass 1 : I : :
of the fragment will be o L
m=A-N. @ = T Bt T P T X
| T3 RN S . A
Furthermore, assuming that the fragments lose energy T ; RS AN
only by neutron evaporation and not by gamma emission or &;_”2“? A f
any other process, and neglecting the recoil effect due to neu- L ¥ e e A Q@A """""" -
tron emission, then the kinetic energfyn) of the final frag- YO L Aot :
ment will be given by 05 U i ! L I | I
N 80 90 100 110 120 130 140 150
e(m) = (1 — Z)E (4) Fragment Mass

With th ble of val di dN FIGURE 3.The average number of emitted neutrons from fission of
! e ensemble of values correspondingrtpe and N, 23477 54 4 function of the primary/() and final fragment mass

we calculateY'(m), e(m), o.(m) andv(m). To obtain ac- () poth as a result of simulation and experimental defatgken
ceptable statistics during the simulation, we have considereglom ref. 6.

a total number of fission events &f*U of the order of102,
and we have computed the SD of all the relevant quantities  As stated in Sec. 2, the primary kinetic enerd({)) is

by means of the following expression: generated from a Gaussian distribution, while the final kinetic
Nj(m) o energy é(m)) is calculated through Eq. (4).

o%(m) = 221 €5(m) — &%(m), (5) The plots of the simulated average kinetic energy for the

Nj(m) primary and final fragments as a function of their correspond-

wherez(m) is the average value of the kinetic energy of final "9 masses are shown in Fig. 4. In general, the simulated av-

fragments with a given mass, andV, (m) is the number of erage fln.al kinetic energy curve as e}functlon of the final mass

fission events corresponding to that mass. (¢(m)) displays a shift roughly similar to that of tre(m)
curve. It is clearly noticed that shifts dn(m) ande(m) rel-

) ) ative toY (A) and E(A), respectively, are greater for higher

3. Results and interpretation neutron multiplicity.

Furthermore, Fig. 5 displays the standard deviation of the

etic energy distribution of the primary fragments and the

SD of the kinetic energy of the final fragments.(m)). The

simulated ¢z (A)) curve does not present any peak.

The simulated curve of the average number of emitted The plots of. (m) reveal the presence of a pronounced

neutronss is shifted fromis( A) in a similar wayv toy” peak aroundn = 109, in agreement with the experimental
with respe((r:?cdif(A) (see Fig (3)) yto¥'(m) results obtained by Belhafat al. [4] and Faustet al. [5],

respectively.

The simulated final mass yield cur¥gm) and the primary Kin
mass yieldY (A) are illustrated in Fig. 2. As expected, due
to neutron emission, th& (m) curve is shifted fromy (A)
towards smaller fragment masses.
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=
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10 E § 70
E ; 2
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° i i ; ; i | R
1 L 50 1 i i i ] 1 1 +
80 90 100 110 120 130 140 150 80 90 100 110 120 130 140 150
Fragment mass Fragment Mass
FIGURE 2. Simulation results for the primaryX) and final (©) FIGURE 4. Average kinetic energy of the primaryX) and the final
mass yields are presented together with experimental #fa ( fragment (©), as a result of simulation in this work, to be compared
taken from Ref. 4. to experimental datas() from [4].
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FIGURE 6. SD of final fragments kinetic energy distribu-

F'AGURE 5 SIDtc:;‘_prltr;ary fri\gments klgettlc eneltrgyfdlstlrlblljtltgn tion calculated under the assumption that i) Y(A) is constant,
(4), as simulated in this work, compared to results of calcula 'Onsii) o5(A) = 5 MeV. E(A) values are taken from Fig. 4.

(0) made by Fausdt al.[5]; and SD of final fragment kinetic energy

distribution @) compared to experimental dat) @s measured b . .
Belhafafet aﬁ).)[ 4 P P e y massn that do not emit any neutron and from fragments with

primary massn + 1 that emit one neutron. With these con-

The peak on the SD around = 122 resulting from our ~ ditions we can show that,
simulation is not as great as that obtained by Belhafel. 1
Moreover, a depletion on the SD in the mass region from 9 2 _ INANE
m = 121 tom = 129 is obtained as a result of simulation. oe(m) = [JE - \/;UEAE + <2> ] - ®
These results were obtained with a simulated primary
fragment 6z (A)) without peaks in the range of fragment whereAE = E(m +1) — E(m)_

massesA from 90 to 145 [see Fig. 54)]. If one simulates As we can see on Fig. 6, the (m) curve, calculated with

an additional source of energy dispersiomwii, withoutany  relation (6), presents a peak aroumd= 109 in agreement

peak, no peak will be observed op. with the experimental data. In that regidn < 0, so from
Both the shape and height of the peaks ofin) are sen-  relation (6) it follows thatr, (m) > og(A).

sitive to the value of parametgrappearing in Eq. (1). The The depletion on the simulated (m) on the mass region

effect of 5 on peak depends to a great extent on mass regioetweenn = 121 andm = 129 is explained by the fact that
For the regionm = 109, a higher value ofs will produce @  in that mass regionAE > 0. Using relation (6), we obtain
larger peak ob.. The simulated results for.(m) presented  thato,(m) < op(A).

in Fig. 5 were obtained wit[¥=0.35. The presence of a peak If we assume that fragments wiffi > £ emit one neu-

atm = 109 could be associated with neutron emission Chal’-tron and fragments witl® < E do not emit neutrons, then
acteristics (approximately = 2) and a very sharp fall in

kinetic energy fromk =96 MeV to £ =90 MeV, correspond- 7
ing to A=109 andA=111, respectively. A similar result was
obtained for low energy fission 8t5U [7].

4. Schematic analytical interpretation

MeV)

We are going to use a simple analytical way to interpret the E
effects of neutron emission, examining separately the influ- ¢)
ence ofE/(A) andY (A) variations, respectively, om.(m).

4.1. Influence of average kinetic energy variation on .
standard deviation of final kinetic energy distribu- a0 100 110 120 130 140
tion

Fragment Mass
In order to analytically evaluate the influence of the variationg, s \re 7. sp of final fragments kinetic energy distribu-
of £ ono,(m), we assume that i) Y(A) andz (A) are con-  ion, calculated under the assumption thar i) Y(A) is constant,
stant and ii) fragments with’ > E' do not emit neutrons and  jj) or(A) =5 MeV. iii) fragments withE > E emit one neutron
fragments withZ < E emit one neutron. Then, for each final and fragments withz < E do not emit neutrons&(A) values are
massm there is a contribution from fragments with primary taken from Fig. 4.
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FIGURE 8. SD of final fragments kinetic energy distribu-
tion, calculated under the assumption thatoi}(A)=5 MeV
(i) E(m~+1)=E(m) iii) fragments withE > E do not emit neu-
trons and fragments witll < £ emit one neutronY (A) values
are taken from Fig. 2.

for each final mass: there is a contribution from fragments
with primary massn that do not emit any neutron and from
fragments with primary mass: + 1 that emit one neutron.
With these conditions we get,

2 NN
U%"’\/;UEAE‘F(Z)] ) (7)

whereAE = E(m + 1) — E(m)

This results shows how sensitive(m) is to variation of
E as a function ofA.

As we can see in Fig. 7, the.(m) curve, calculated with
relation (7), presents a peak around= 122 in agreement
with the experimental data. In that regidnZ > 0, so that
from relation (7) it follows thatr.(m) > og(A). The de-
pletion in the simulatedr.(m)on the mass region around
m = 109 is explained by the fact that in this mass region,
AFE < 0. Using relation (7), we obtain that (m) < oz (A).

oe(m)

4.2. Influence of mass yield variation on standard devi-

ation of final kinetic energy distribution

In order to analytically evaluate the influence of the variation

of Y(A) ono.(m), we assume that

) Y(A+1)=rY(A),

M. MONTOYA, J. ROJAS, AND I. LOBATO

i) op(A) are constant,
iy E(m+1)= E(m)and

iv) neutron emission have no recoil effect on fragment ki-
netic energy.

Then we can show that,

: 8

The SD curve calculated with relation (8) is presented
in Fig. 8. We can get a peak at = 122 assuming that
around this mas¥” increases very rapidly withl except at
Y (123) = Y (122). However, we can not reproduce the pro-
nounced peak obtained by Belhaédfal. [4]

5. Conclusions

From results of our Monte Carlo simulation (validated by an
simple analytical model) of an experiment measuring final
mass and kinetic energy distribution of fragment from low
energy fission of34U/, we may conclude that:

i) there is no structures on the standard deviation of pri-
mary kinetic energy energy as a function of primary
mass;

the peak arouneh = 109 on standard deviation of fi-
nal fragment kinetic energy as a function of final mass
o.(m), observed by Belhafaét al. [4] and Faustet

al. [5], are a result of high multiplicity of neutron emis-
sion and the variation of average kinetic energy in the
neighboring of that mass value;

iii) our assumption of non-existence of a peak on stan-
dard deviation of primary kinetic energy distribu-
tion as a function of primary mass agrees with re-
sults of theoretical calculations obtained by Fagist
al. [5], as opposed to the assumption of the exis-
tence of a peak around aroudd= 122 proposed by
Belhafafet al.[4].

This result suggests that shell effects on potential energy
of the fissioning syster??*U are not necessarily reflected in
the standard deviation of primary fragments kinetic energy as
a function of mass.
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