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Abstract: Three-parameter formula for the prompt-fission-neutron
integral spectrum is derived from a thermodynamical model. Two para-
meters, scission-neutron weight p=11% and anisotropy factor for acce-
lerated fragments b=10%, are determined from experimental data, the
same values being assumed for any type of fission. The thermodynamical
theory provides the value of the third parameter, temperature ¥ , thus
prognozing neutron spectrum and average energy with an error about 1%.

(prompt fission neutrons, scission neutrons, anisotropy factor)

The Thermodynamical Model with scission-neutron-emission being
taken into account within the framework
Earlier/1/ authors suggested a of the same thermodynamical model. The
formula for the prompt-fission-neutron scission-neutron effect is reported in
integral spectrum with pre-equilibrium refs./2,3/.
effects for fully accelerated fragments Assuming the dependence of neutron
taken into consideration. The formula emission on the angle €& in the fission-

provides a good fit in the energy region fragment CMS +to be

E2 1 MeV, however theoretical curve is

consistently lower than experimental 1+ Bcos?p, (1)
points when E —0O (see dashed line in

fig.1). This discrepancy can be removed we obtain for laboratory spectrum

N(E)=(4-PIN(E;T, ol ,8,Es)+ PgN(E;T, olg, 8+0, Eg>0), )
N(E;T,&,8,E5)= No(e - €™ )+ BN, P(E) /HE; (1+8/3),
P(E)=, [(xP+2x+2-L2)e - (y2ray +2-LY) € ¥ -2(E-Eg/5)(E ~ed)+
+‘E%—Ef) {e“[sim-o{)—rzi(y-ot)]-e‘[E1(9c+oL)-Ei(g+ot)]} . (3)
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Pig.1 Percentage deviations of the E, MeV
U=235(0.53 WMeV) gpectra from Maxwel-
lian with Ty=1+321 MeV, Solid line Fig.2 The same as in fig.1, but for Cf-252
corresponds‘ to set 5 from Table 1, (sf), TM-1 +42 MeV. Solid line corresponds
dashed line is obtained without
to set 1 in Table 1, dashed - to set 2.
scission-neutron emission/1/. Data:eref/4/, a ref. /6/, o Tef./10/.
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Pig.3 The same as in fig.1, but for Pu-239(n,f) with
TM=1.438 eV, So0lid curve corresponds to set 7 in

Table 1, dashed - to set 8, Data: @ ref./9/, 0 ref./8/
for 1 €0.525 MeV and E » 6,792 MeV.

is the
the

fission-fragment kinetic energy per
nucleon, pre—equilibrium parameters are
functions of fragment mass number A and
compound-nucleus mass number Aps

-4 -
L=dy A 2 N 0(3'-‘0(.9AF i/z; (4)

The first term in eq.(3) is the expres-
sion derived earlier/1/ for the spectrum.
The CHS neutron anisotropy is described
by the second term in eq.(3). Spectrum
(2) is normelized to unity and corres-
ponds to the mean neutron energy

<E>=(4-P)[1.5TKg (L) Ky (L) +Eg]+

A parameter p_ in expression (2)

scission-neutron weight, Ep - is

+i.5PgTK2(is)/K1(L5). (5)
Analysis of Experimental Data
The formulas derived were used +to

analyse data for Gf-252(sf)/4-6/, U-235+
n{0,53 WeVv)/7/, Pu-239+n(0.53 and 0.215
MeV)/8,9/ with o,=303 as the best fit

to the experiment. The values of fit pa-
rameters T, Pg» b are listed in Table 1,

deviations of spectra(2) from Maxwellian
distributions NM(E’TM) with appropriate

temperatures TM are presented in figs.1-

-3+ The spectrum of Cf=252(sf) which is
obtained from a large body of experimen-
tal data over the wide . energy interval
0.0003-28 lleV, gives the reliable indi-
cation of scission-neutron contribution
and CHS neutron anisotropy. It is note-
worthy thet from the integral laboratory
spectrum result the same parameters Pg

and b, which were determined from
difficult multi-parameter measurements
in the CMS of fragments/3/. [for the mean
scission-neutron energy we have

<E>= i.STKa(dg)/Ki (dg) = 1.46(5)MeV

that coinsides with the value 1.5(3) leV
in ref./3/.

ile performed also fitting data from
ref./5/ which are a part of information
utilized in ref./4/. This additional

Table 1. Parameter sets for spectrum (2), with asterisk are the
parameters not varied in fitting
e experiment < p % b% B <E> J/DF
MeV nkv MeV
1. Cf£=252(sf) /4,6/ 0.904(3) 11.2(1.1) 10(3) 0,784 2.,132(5) 0.38
2. Cf-252(sf) /5,6/ 0.901(6) 10.3(1.2) 2(3) 2.134(6) 0.43
3. 0.905(3) 11.2" 10" 2.134(5) 0.55
4, U-235+n(0.53 HeV) /7/ 0.823(5) 10.3(1.8) 10" 0.800 2.021(8) 0.24
5. 0.824(3) 11.2° 10" 2.016(5) 0.24
6. Pu-239+n(0.215 HeV) /9/ 0.884(5) 12.1(1.1) 1of 0.803 2.108(6) 1.19
7o ‘ 0.879(3) 11.2 10" 2.,107(5) 1.20
8. Pu-239+n(0.53 HeV) /8/ 0.836(8) 1,0(1.8) 10(6) 0.801 2.115(8) 0.37
9. 0.877(3) 11.2" 10" 2.102(5) 1.40
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Table 2. Calculated parameters and mean energies (in ileV) for
fission induced by thermal and reactor neutrons. For Pu~239(th)
averaged values from analysis of data /8/ and /9/ are given.

nuclide T (th) Eg <E> T(2) Eg <E>
Th-229 0.751 0.775 1.88 0,736 0.771 1.93
=232 0.803 0.774 1.96

U =233 0.795 0.800 1.97 0.830 0.796 2.02
=235 0.803 0.802 1.985 0.833 0.794 2.025
=236 0.837 0.794 2.03
~238 0.845 0.794 2.045
Pu-239  0.875(3) 0.804 2.101(5) 0.899 0.795 2.13
=240 0,901 0.784 2.125
=242 0.894 0.792 2.12
Am=241 0,906 0.805 2.15 0.93 0.796 2.18
Cm-245 0.935 0.791 2.185 0.96 0.785 2.22
Cf~-249 0.973 0.786 2.24 1.00 0.782 2.28

analysis provides the same values of Py

and <E> within errors - see sets 2,3
in Table 1. Thus Py» <E> , and T are

not sensitive to experimental data change.
However, the varying of parameter b is
not worth when we have not got reliable
information in the region O<E < 0.4 leV.
Data for U-=-235+n(0.53 lieV) and Pu-
239+n(0.215 LeV) are well fitted with
formuls (2) and values ps=11.2%, b=10%

which are obtained for Cf-252(sf). Data
from ref./10/ have unreliable bump in the
eniergy region I <0.35 leV(see fig. 2),
and fitting with this bump would give a
lowered mean energy <L> =2,120 eV,

A big dip at E=12 MeV in the spect-
rum from ref./8/ also may not be consi-
dered reliable, the dip having essential
influence on the analysis of data.Fitting
the data/8/ with fixed parameters (set 9
in Table 1) leads to a high value X%/DF=
1.4 becauge of points in the energy range
E > 10 eV, whereas X2/D#=0,7 for £<10
lieV, The fit is practically the same as
for Knitter s data/9/, the curve passing
through the dip region between the points
from ref,/8/ and ref,/9/ - see solid line
in fig.3. Having extrapolated parameters
N29 from Table 1 to the thermal fission,
we obtain the mean energy <E> =2,095(5)
leV which coincides with the wvalue
2.087(15) eV from ref./4/.

Prediction of Spectra

The results obtained indicate that
two parameters Pg and b may be considered

the same for any case of fission., A third
parameter T is related to a temperature
T from the thermodynamical fission
model/11/ in the following manner: T=T_+

T o+ Substituting values of T obtained
from fission-product mass distributiong
and using the approximation

To=1.609+0.004(350~Ap-Z:) MeV, (6)

we can make spectrum prediction for

arbitrary compound-nucleus (AF’ZF)' The

values of calculated parameters with
errors AT%AEfas 0.01 eV, a<E>=0,02

eV for some thermal- and reactor-neutron
—-induced reactions are listed in Table 2.
For all the cases ps=0.112 and b=0.1, and

we can neglect a change in parameters(4)
substituting o =27.8 and og=19.6, Formu-
la (5) can be written in the simple form

<E>=4.585T +0.888E; (7)

with an accurasy about 0.001 leV,
Formulas (2),(3) are applicable in

excitation energy region B < 6 eV
where emission channel (n,nf) is closed.
Transformation to different excitation
energies may be performed with derivati-
ves AT/aE*=0,018 = 0.012; a<E>/aE*=
0.027 - 0,014 as in previous publica-
tions /1/.
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