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Study of excitation energy distribution of fission fragments as a function of its mass and charge is important for
investigation of the fission process mechanism and useful for various applications. Direct measurement of excitation
Method to obtain these
excitation energies is considered using calculated neutron multiplicities and experimental values of differential yields

energy of primary fission fragments (before escape of neutrons) is very problematical.

of fragments pairs after emission of neutrons. We used code Empire II to calculate neutron multiplicities depending

on various characteristics of nuclear structure, fission process and de-excitation of the fission fragments.

PACS: 25.85.-W; 25.85.Ca
1. INTRODUCTION

The study of fission characteristics like average
number of prompt neutrons and fission fragments
excitation energy distribution is very important for
understanding of basic mechanisms of fission process
and useful for various applications - nuclear power re-
actors, nondestructive analysis of nuclear materials,
active and passive detection of special nuclear mate-
rials for nonproliferation application [1] etc. Informa-
tion about primary fission fragments (before escape of
neutrons) is desirable for accurate theoretical analysis
of experimental data. Direct measurement of excita-
tion energy for primary fragments before emission of
neutrons is very difficult. Usually yields, kinetic en-
ergy, neutron multiplicity of fission fragments (inte-
gral values or mass distribution) after emission of all
neutrons are measured. The neutron emission from
fission fragments makes major contribution to total
neutron multiplicity. Information about this emission
is needed to obtain the excitation energy distribution
for primary fission fragments.

Number of escaped neutrons depends from mass
number and charge of the nucleus, total excitation en-
ergy of fission fragments, partitioning the total avail-
able excitation energy between light and heavy frag-
ments, angular momenta of primary fission fragments
(before escape of neutrons). Wide distribution of fis-
sion fragments pairs, difficulties for direct experimen-
tal obtaining of excitation energy, angular momenta
of fragments and excitation energy partitioning - all
these factors could significantly complicate theoret-
ical and experimental study of neutron multiplicity.
Therefore, first of all, averaged values are investigated
in many cases.

The neutron emission from fission fragments
makes main contribution to total neutron multiplic-
ity. Various theoretical approaches to study neu-
tron emission are used [2] - Los Alamos Models,
Dresden approach, Hauser-Feshbach statistical model
approach and other studies with detailed calcula-
tion according to full scheme of excited fragment de-
cay, taking into account consecutive escape of neu-
trons with competition between neutron emission and
gamma-ray emission. It is believed that, ultimately,
the Hauser-Feshbach approach will probably yield
the most accurate results in the calculation of the
prompt fission neutron spectrum and the average
prompt neutron multiplicity. Essential advantage of
such detailed approaches is an explicit treatment of
each fragment in a relatively large number of fission-
fragments pairs, accurate calculation is possible not
only for integral (averaged) values, but for differen-
tial characteristics as well. Monte Carlo simulation of
fission fragment statistical decay (Weisskopf-Ewing)
by sequential neutron emission is developed in Los
Alamos National Laboratory [3].

One can obtain not only integral values but also
differential characteristics of fission process using cal-
culation of characteristics for every fission fragment
and comparing with corresponding differential exper-
imental data. Experimental differential information
for fission-fragments pairs is not very representative,
but within last years interesting experimental results
on neutron multiplicity and yields for selected fission-
fragments pairs were obtained [4, 5, 6]. These ex-
perimental data can be very useful for deriving such
important characteristics of fission process as total
excitation energy and yield of primary fission frag-
ments (before emission of neutrons).
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2. CALCULATION SCHEME FOR
CHARACTERISTICS OF PRIMARY
FISSION FRAGMENTS

According to these experimental data we built up
the equations set with expression for every cell (spec-
ified in the table 1 of ref. [4]) in the following way:
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where Pﬁfl; 2, - relative experimental probability
of population the pair of final fission fragments with
mass number Al; for the first fragment and mass
number A2y for the second fragment, A — mass num-
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relative yield of primary fission fragments pair (be-
fore emission of neutrons) with mass number ¢ for
the first fragment (first subscript) and mass number
A — i for the second fragment (second subscript);
Pj(J5, Bj)ia ™
number of neutrons A —i — A2 (superscript) for the
second fragment of fragments pair i,(A — i) (sub-

relative probability of escaped

script); Pi(Ji, Ez)%( _ - relative probability of es-
caped number of neutrons ¢ — Al (superscript) for
the first fragment of fragments pair i, (A — i) (sub-
script). sz‘( Aoi) " partial relative yield of primary
fission fragments pair for total excitation energy bin
(see Fig.1), where k - energy bin index, N - number
of bins.
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Fig.1. Relative yield of primary fission fragments
pair for total excitation energy (k-index of energy)
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Fig.2. Graphical illustration to equation (1)

Relative probabilities of escaped number of neu-

trons Pj(J],E])A( ! 32f and Pi(Ji, Ei);

calculated using Empire IT code [7], and YZ’(A%) -

( z) are

are derived from (1).

In Fig.2 one can see graphical illustration to
equation (1) according yields data [4] of fragments
pairs (barium-molybdenum) for spontaneous fission
of #2C'f. Admissible mass numbers (vertical and
horizontal axes in Fig.2) of primary fission fragments
are situated on the hypotenuse (part of diagonal with
total mass number A = 252) of right-angled triangle
for neutron emission transitions to fission fragments
pair after escape of neutrons (vertex of right angle in
triangle).

3. EMPIRE II CALCULATION OF
NEUTRON MULTIPLICITY

Nowadays powerful and effective nuclear reaction
codes for advanced modeling of nuclear reactions are
developed. Such codes potentially allow to calculate
in details a de-excitation of primary fission fragment
before escape of neutrons to final nucleus-product
of fission. Omne of these codes is Empire II code
which uses various modern theoretical approaches,
has an open source status, and some other impor-
tant advantages [7]. We modified code Empire II
and developed additional modules to study photofis-
sion reactions, isomer ratios, excitation energy and
angular momentum dependencies of various reaction
characteristics for fission fragments and other reac-
tions products [8, 9]. It allows to calculate number of
escaped neutrons versus spin and excitation energy
of primary fission fragments. Using calculated distri-
butions and mean values of escaped neutrons from
primary fission fragments one can compare such re-
sults with experimental data and estimate relative
yields of primary fragments and distribution of to-
tal excitation energy. We calculated relative prob-
abilities of escape various number of neutrons from
primary fission fragments of the spontaneous fission
of 252C'f. These data can be used for comparison
with experimental data [4]. We studied fragments
pairs 1383a114M0, 139.Ba113M0, 140Ba112M0,
141 111 \ro 142 Ba110 N p 143 Bo109 N 144 34108 irg
145 B 107 [, 146 B 106 [\ p o 147 B 105 N, 148 B 104\,
19 Bal03 010, 159 B2 0. The total excitation en-
ergy range was 25-55 MeV.
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Ezample of calculation set (averaged values) of neutron multiplicities for primary fragments of 2°2C f
fission (spin of primary fission fragments 4 or 4.5)

E* MeV 138 3,114 0 [, 139 3,113 ) [0 140 3,112 0, 141 111 7, 142 3,110 17
1.00 0.03 1.11 0.31 1.76 0.43 1.92 0.28 1.92 0.27
25 1.95 0.22 1.67 0.47 1.65 0.48 1.35 0.48 1.15 0.36
2.95 0.22 2.78 0.57 3.41 0.64 3.26 0.55 3.07 0.45
1.00 0.02 1.50 0.50 1.88 0.33 1.97 0.18 1.97 0.17
27 1.98 0.13 1.84 0.37 1.88 0.33 1.70 0.46 1.64 0.48
2.98 0.14 3.34 0.62 3.76 0.46 3.67 0.49 3.61 0.51
1.01 0.08 1.73 0.45 1.94 0.23 1.98 0.13 1.99 0.11
29 1.99 0.09 1.93 0.25 1.95 0.22 1.86 0.34 1.85 0.36
3.00 0.12 3.66 0.51 3.89 0.32 3.85 0.37 3.83 0.38
1.23 0.42 1.86 0.35 1.97 0.18 2.04 0.22 2.00 0.07
31 2.00 0.09 2.04 0.31 1.98 0.15 1.95 0.22 1.94 0.24
3.23 0.43 3.90 0.46 3.94 0.23 3.99 0.32 3.93 0.25
1.56 0.50 1.92 0.27 1.98 0.13 2.21 0.41 2.18 0.38
33 2.08 0.28 2.29 0.47 1.99 0.09 2.00 0.23 1.94 0.24
3.64 0.57 4.21 0.55 3.97 0.16 4.21 0.47 4.11 0.45
1.77 0.42 1.96 0.19 1.99 0.10 2.60 0.49 2.45 0.50
35 2.32 0.47 2.49 0.51 2.00 0.06 2.00 0.23 1.97 0.16
4.08 0.63 4.45 0.54 3.99 0.11 4.60 0.54 4.42 0.52
1.88 0.33 1.98 0.13 2.03 0.18 2.74 0.44 2.62 0.49
37 2.48 0.50 2.70 0.46 2.00 0.06 2.18 0.41 1.99 0.10
4.36 0.60 4.68 0.48 4.02 0.19 4.91 0.60 4.61 0.50
1.93 0.25 2.03 0.19 2.14 0.35 2.84 0.37 2.76 0.43
39 2.64 0.48 2.70 0.46 2.05 0.23 2.38 0.50 2.00 0.07
4.57 0.54 4.73 0.50 4.19 0.42 5.22 0.62 4.76 0.43
We supposed that both light and heavy fragments
share the same temperature and level density param- 1903 150
eter is proportional to mass number of nucleus. These Ba
conditions lead to partitioning of excitation energy 103 B4 A A A A A A A4 A4n
between fragments proportionally its masses. Neu- L 5n
tron multiplicities were calculated for spins of pri- R RS .
mary fission fragments 4 or 9/2 and default configu- o o« "
ration options of Empire II code. Spin of every frag- o
ment was varied in the range 2 - 12 h for energy
dependencies. Part of calculated data set (averaged 014
values) is shown in table. : ‘ ° : oo
J
In the table 1: E* - the total excitation energy of
fragments; vy, Vg, U142 - average neutron multiplicity oy
for the first primary fragment, for the second primary Ba
fragment, and total average number of neutrons; o1, L2 on
09, o142 - standard errors of vy, vy, U1yo. /./:.;:;::&-—1::,::7:;:
2 .l " 3n
o
E* MeV | 138Ba''*Mo )
U1 g1 =N
25 Vg 09 01 _u— " ]
Uitz 01tz 2 4 6 ; 8 10 12

One can see some results of these calculations in
Fig.3,4.  Spin dependencies of relative neutron
yield from primary fragments *®*Ba and !°°Ba
for various number of neutrons (total excitation
energy 30MeV) and spin are shown in Fig.3.
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Fig.3. Spin dependencies of relative neutron yield

(P) from primary fragments 3 Ba and **°Ba for

various number of neutrons (total excitation energy
30 MeV) and spin (J)




o 138 114 At TBanmo
Ba Mo A
v
A
A
54 A
A-A
At
> 4] A
A _e® Mo
/ _e
A ]
34 A-A-A o ®
o ®® my
o« ® " Ba
- o b
2 .70170”'/-‘.,.7-7l—l—l
-
14 m-m-m~
2‘5 3'0 35 4'0 45 50 55
E.MeV
74 AV
144, 108 A" BarMo
] 'Ba Mo at
/A}
A
5 A AA
/A vV
44 _m-m
> /‘ ot . Ba
_AA om
1 4 n-un °
- e A%
./l /./. Mo
24 m-m-m~ .,,.ﬂo—o—o—ofo/°
%
1l e®®
2'5 30 35 4'0 45 50 55
E, MeV
74 AV
147 105 " Ba+Mo
Ba Mo at
6] A
A
A
5 A/A/A/
AT aV
z A "™ Ba
A s
_A _n "
34 A -77.7-,,.,]
I/./ ] v
24 m o0 00O Mo
oo
1{ eo-eo-e-0
2% 30 35 P 45 50 55
E,MeV
" A
%
150 102 _AAT Ba+Mo
o1 Ba Mo a4
A
A
5 /
A Y
/ /.,—l/. Ba
> 44 A A/A ] ]
"
A _m
34 an "
l/./
./
24 o O @O 00000y
o Mo
1] ee-eeee
2'5 3'0 3'5 4'0 4'5 5'0 5'5
E, Mev

Fig.4. Neutron multiplicities (v) versus total

excitation energy (E) of fragments (spin of primary

fission fragments 4 or 4.5)

Neutron multiplicities (v) versus total excitation

energy of fragments are shown in Fig.4.

One can see that spin dependence of multiplici-

ties is not very strong. As a rule the escape probabil-
ity of more number of neutrons decreases with spin
increasing. Neutron multiplicity dependencies have
some peculiarities for different fragment pairs. It is
necessary to take into account these differences. Cal-
culated data allow more accurate studying the char-
acteristics of primary stages for fission process.
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OITPEAEJIEHNE SHEPTYN BO3BY2XXKJAEHN{ OCKOJIKOB AEJIEHNA
C UCIIOJIb3OBAHUEM PACCUUTAHHBIX MHOXXECTBEHHOCTEI HEMTPOHOB

O.A. Becwetixo, JI.A. I'oaunkxa-Becwetixo, U.H. Kadenxo, P.C. /Iscuzadno

Wsyuenne pacupemesieHnsi SHePrun BO30YK/IEHUsT OCKOJIKOB JIEJICHUS KaK (PYHKIUA MACChI U 3apsia
OCKOJIKOB MOXKET JIaTh BaKHYI0 WH(MOPMAIUIO O MEXaHM3MaX IIPOIECca JeJeHUsl U ObITh TOJIE3HBIM JIJIst
EJIOT0 psijia TpHJIOKeHuit. [IpsiMoe sKcIepuMeHTaIbHOE OlIpeiesIeHIe SHEPrun BO30YKIEHUsT OCKOJIKOB Jie-
JIEHUST CTAJIKIBAETCS C TIEJIBIM PSIJIOM IIPOOJIEM PA3IMIHOIO XapakTepa. PaccMOTpeH HOIX0/T J1J1st OIIPe/IeIeHUS
SHEPIUU BO3OYKIEHUSI OCKOJIKOB JIEJIEHUs] C UCIIOJIb30BAHINEM PACCUNTAHHBIX MHOXKECTBEHHOCTEH HEHTPOHOB
7 9KCIEPUMEHTAJIBHBIX BETUINH I DEPEHITNATBHBIX BBIXOIOB I1aP OCKOJIKOB IIOCJIE BBLJIETa U3 HUX HEHTPO-
HOB. JIj1s1 pacaeToB MHOXKECTBEHHOCTEH HEHTPOHOB MCIOIH30BAJICA TporpamMMubiil koa, Empire I1.

BU3HAYEHHA EHEPTIi 3BYIKEHHS YJIAMKIB IIOILIY
3 BUKOPUCTAHHSIM PO3PAXOBAHUX MHOXXVWHHOCTE HEMTPOHIB

0O.A. Beswutxo, JI.0. Toainka-Beswutixo, I.M. Kadenxo, P.C. [lotcuzadno

TH BaXKJIUBY 1HMOPMAIIIIO TPO MEXaHI3MU MIPOIECY MOy Ta MOXKEe OyTH KOPUCHUM JIjisi BHPIIMIEHHS I(LJIOTO
pany mpukIagHUX 3a7ad. [IpsiMe ekcriepumMeHTa bHe BU3HAYEHHsT eHepril 30yMKeHHs yJIaMKiB MOy 3i-
IIITOBXYETHCA 3 TJINM PSIOM TpobJieM pizHOTro xapakTepy. Po3rmsHyTo miaxis /s BUBHAUYEHHST eHepril 30y/1-
2KEHHS YJIaMKiB 3 BUKOPUCTAHHSIM PO3PAXOBAHUX MHOXKUHHOCTEH HEHTPOHIB Ta €KCIEPUMEHTAJBHUX BEJIMTINH
IbepeHIIiTHIX BUXO/IIB AP YJIAMKIB IIC/Is BUJIBOTY 3 HUX HEUTPOHIB. [lj1st po3paxyHKiB MHOXKMHHOCTEI Heli-
TPOHIB BUKOPUCTOBYBaBcs nmporpaMunit kox Empire I1.
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