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Abstract

This report gives a compilation of recent work performed at Technical
University, Dresden by D. Seeliger, H. Miarten and A. Ruben on the topic of

fission neutron emission. In the first paper calculated fission neutron
spectra are presented using the temperature distribution model FINESSE for
fissioning actinide nuclei. In the second paper, starting from a general

energy balance, Terrell's approach is generalized to describe average fragment
energies as a function of incident energy; trends of fragment energy data in
the Th-Pu region are well reproduced. In the third contribution, prompt
fission neutron spectra and fragment characteristics for spontaneous fission
of even Pu-isotopes are presented and discussed 1in comparison with
experimental data using a phenomenological scission point model including
temperature dependent shell effects. In the fourth paper, neutron
multiplicities and energy spectra as well as average fragment energies for
incident energies from threshold to 20 MeV (including multiple-chance fission)
for U-238 are compared with traditional data representations.
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Fission NEUTRON STATISTICAL EMISSION

A. Ruben, H. Mdrten, and D.Seeliger
Technische Universitédt Dresden
Mommsenstr.13, DDR-8027, German Democratic Republic

Abstract = The statistical model approach FINESSE CFlsstion
NEutronS® Statistical Emissiond for the description of fission
neutron multiplicities, energy spectra and angular distributions
is described . Based on an extended Weisskopf ansatz and on a
realistic temperature distridbution it provides a fragment mass
number dependent description of fission neutron data. Model
parameters Coptical potential, n/y competitiorno were fixed on the
basis of the °:CgCsf> Cnuclear data standard>. Combined with a
phenomenological fission model for predicting relevant fragment
data as function of asymmetry, FINESSE can be applied to any
fission reaction of actintdes Iin the Th-Cf region without further
parameter adjustment. Results are presented for zszC/Cs/) and
283 299 292Th.  Effects  of

neutron i(nduced fission of U, Pu,
mul tiple~-chance fission are discussed for z“ﬁ"h.(n.xw.[) reaction.

I. INTRODUCTION

For many applied purposes in different fields as fission
technology, nuclear safeguards, and nuclear power engineering the
exact knowledge of fission neutron data is required. In general,
these spectra are described by either a Maxwellian

_ 2 - E
N(E) = b % exp [— —] (1)
‘mTH TH TH
(E - neutron energy, T - Maxwellisn temperature) or =a Watt'

M
distribution involving one or two free parameters, respectively.

However, both ansatzes are only roigh approximations, whose
parameters have been empirically deduced for applications.

Due to the complexity of the fission process and the corresponding
influence on prompt fission neutron emission, the determination of
more realistic spectra should be based on an adequate statisticsal
model approach (SMA) in conjunction with fission theory to deduce
the intricate fragment distribution®.

As found in several recent works®' °, fission neutrons are mainly
released due to evaporation from fully accelerated fragments.
Emission processes close to scission point (scission neutrons;
neutrons emitted during fragment acceleration7) are secondary
(yield < 5 %sp).

Consequently, the SHA can be based on an ‘“asymptotic” fragment
distribution (i.e. after fragment acceleration and dissipation of
fragment excitation energy) and the assumption of statistical
emission from equilibrated, highly excited fragments.

A general theoretical concept for the description of prompt
fission neutron emission as a fragment de-excitation process as
well as different models were presented in ref.??

Following the general concept, these SMA differ in regard of two
main items:

(i) spectrum ansatz in the center-of-mass system (CMS) (Hauser-
Feshbach theorya, Weiskopf-Ewing ansatzp,
multistep compound theory5 or any approximative spectrum);

statistical

(ii) degree of consideration of the complex fragment occurrence
probability P(A,Z,TKE,E',I...) as a function of the
fragment characteristics mass, charge, total kinetic
energy, excitation energy, angular momentum, respectively.

A more detailed analysis of fission neutron spectra, e.g. the con-
sideration of all important fragment distributions, requires the
exact knowledge of these distribution functions (at least for
asymptotic conditions discussed above). Sufficient experimental
data exist only for & few (fission reactions (e.g. zssz(sf),
*%Y(n,,. ).

In order to do systematic calculations of prompt fission neutron
data on the basis of a tractable model, a simplified SMA |is
required, for which all necessary input data are available. For
applied purposes Madland and Nix*® proposed a temperature-
distribution model (Madland-Nix model MNM) including a spectrunm
description for the most probable fragment pair. This approach has
been generalized in Ref.' in order to incorporate the full
dependence of spectral shape on fragment mass number
(Generalized Madland-Nix model GMNM). The present work relies on

basic ideas of the GMNM. However essential changes concern



- CHS spectrum ansatz including anisotropy due to fragment
spin,

- temperature distribution,

- consideration of n/» competition of fragment de-excitation,

- range of applicability, e.g. multiple chance fission.

This new SMA called FINESSE (code name) as well as several
applications are described in detail in this work.

II. THE MODEL

&> CHMS SPECTRUM ANSATZ

Evaporation of neutrons from fully accelerated fragments is
assumed as the main neutron emission mechanism. According to the
statistical nuclear theoryp the evaporation spectrum e(c:4) for
given mass number A and excitation energy E* is described by

e(c:8) =~ £ o(e:A) o(U:A) (2)

(€ - CMS neutron energy, o(€:A) - cross section) including the
level density o as a function of rest-nucleus excitation energy U,
i.e.

U=Et" -€-8B_ (3)

(E- ~ excitation energy of fragment before neutron emission, B, -~
neutron binding energy). Taylor expansion of entropy S (following
from level density S=SdE/T=1n(p)) by using the thermodynamical

relation between U and temperature t
2
U= a(a) t (4)

(a - level density parameter) results in a first order to the well
known Weisshkopf equationo. Considering the second term of

expansion, too, one gets

2
o(eih) = o(e:n) exp {- - —-‘—a} (5)

T 4a(A)T
‘T is the maximum rest nucleus temperature, i.e. for & = O,
According to Eq. (8) it is related to Uqu = E. - B". In contrast

to the Weisskopf equationp this evaporation ansatz includes the

cooling of the rest-nucleus due to neutron evaporation, which has
an influence especially on the high-energy part of the spectrum (&
> €). The cross-section o can be assumed to be equal to that of
the inverse reaction, i.e. the formation of compound nucleus by
absorption of a neutron. These data depending on neutron energy «¢
and fragment mass A are obtained in the framework of optical model
calculations based on a global optical potential. It will be
discussed in paragraph IV.A.

Pcun

Fig. 1 Distribution in residual nucleus excitation energy U assumed as sum of
all excitation energy distributions of cascade emission steps nil. The
initial distribution (n=0) is also shown.

The initial distribution in excitation energy of &a fragment as
well as cascade emission are considered by assuming a distribution
in residual nucleus temperature P(T:A4) corresponding to a
distribution in E* for all cascade emission steps 2 -1

-
P(U:A) = ) P(E :A) = = (6)
. U - ua)
21 1+ exp[ 4B
As illustrated in Fig.1l, the “"edge parameter” U(A) is equal to the
half distance between average initial excitation energy and that
after first neutron emission. It can be well approximated by

1

Ucay = E%a) - 3

B_(a) . o

Note that all plotted curves in Fig. 1 show distributions in
meximum rest-nucleus excitation energy (# = 0). The second para-
meter d(A) denotes the "diffuseness” of an approximative
dependence of the variance of the initial .distribution, Po(E.,A)



c s . . 12,
on average initial excitation energy , i.e.

o2 (A) % 3.3 NeV E(A). (8)

Based on this empirical relation one gets

aca) = § ETa). (8)
Using the Fermi-gas model equation (4) P(U:4) is transformed into
the temperature distribution needed

au 2a(A) T

P(T:A)dT = T P(U:A)dT = dT (10)
a(A)T?~ UCA)

d(A)

1+ exp [
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Fig. 2 Effective values of the level density parameter as function of fragment
mass number. Experimental data were taken from Refs.6+13, The solid
line represents a spline fitted curve used within FINESSE.

The level density parameter a(A) entering this equation 1is taken
zssz(sf))6 added by data of Lang 8
£)). In order to apply these

from the results of Knitter (
for very light fragments (ZSSU(nlh,
data for & wide range of fissioning nuclei they where smoothed as
shown in Fig.2. These a(A) values are assumed to be representative
for fission fragments with typical excitation energies between 5
and 30 MeV.

Following the presented formalism the CMS-neutron spectrum for a
fragment with mass number A is given by

[» o
2
p(e:h) = o (e:A) € J K(T:A) P(T:A) exp {— £ } dT.(11)
T 4a(A)T
T
(-]
K(T:A) is a temperature-dependent normalization constant
o0
2 Lt
R(T:4) = J o, (£:8) € exp {— L. } de |. (12)
T 4a(A)T
3

To consider neutron-r competition of fragment de-excitation the
lower integration limit T  is introduced. Up to T, only r-ray
emission is assumed. This is confirmed by the fact that r-emission
appears especially for excitation energies Jjust above neutron
binding energy reducing P(T) at very low temperature. This wvalue
is used as a free parameter for model adjustment (see paragraph
4.1).

B) CHS ANISOTROPY

= of prompt fission

neutrons the CMS-spectrum (Eq. 10) is generalized by a correction

In order to account for CMS anisotropy‘“

function
©(e,0:4) = p(£:4) F(9) (13)

® is the CMS angle of neutron emission with reference to fragment
direction. Based on the semi-classical treatment of Erieson and
Strutinski'® the spin-dependent neutron CHS anisotropy has been
estimated. In agreement with Gavron'’ we assume

1 1 + 7 coszO
4n 1+ /3

F(®) = (14)

with the anisotropy parameter 3 = 0.1. Actually, f depends on £,

However, & linear dependence as consequence of the distribution
given in Ref.’® seems to be too strong (cf. Ref.'*). Actually, the
influence of fregment spin on spectrum shape has to be described
in the framework of Hauser-Feshbach theory8 as done in Ref.*” for
*S2ce(se).



CY) CMS-1S-TRANSFORMATION

The calculated single-fragment CMS neutron distributions have to
be transformed into the laboratory system resulting in N(E,6:8a).
E and é are the LS coordinates. The angle ; is defined with
reference to fragment direction. Due to the different fragment
velocities (given by Kkinetic energy and by mass) this CMS-LS
transformation has to be done before summing up the distributions
from different fragments weighted by their vyield. Momentum
conservation results in the kinematical relations

E + e+ 2 YE_ ¢ cos®, (135)

f f
e=E+E -2 VEE, cosé (16)

with the kinetic energy per nucleon Ef of the fragment

E

T 1 1
E, = TRE(A,,A.) [— - ] (17)
f 1’52 A AFN

(A_,,- mass number of fissioning nucleus). Enmission probability
transformation from CMS into LS results in

—

NCE,6:e) = 7 £ o(e,0:8) (18)

The final LS distribution is given by the superposition of all

fragment spectra weighted by the mass yield Y(A)

N(E,8) = ZN(E,E:A) Y(A) D(A), (18)

- ] for light fragments
where 6 = .

-8 for heavy fragments

Here, 6 is the LS angle of neutron emission with reference to
light-fragment direction.

D) MASS YIELD

The involved fragment mass distribution Y(A) is obtained by
superposition of 5 Gaussians, which are characterized by average
value, variance and weight. These parameters depend on mass and
excitation energy of the fissioning nucleus and have been fitted
on the basis of experimental data for the Th-Cf region. In special

cases it is proper to consider original experimental data on Y(A&)
for calculations concerning Eq. (18). The 5-Gaussian approximation
involving two asymmetric and one symmetric component corresponds
to fission modes which are predominant in the case of actinide
fission.

E)_NEUTRON MULTIPLICITY

The final distribution is normalized to the total average neutron
multiplicity ;iol. This is done on the basis of the fragment
neutron multiplicities deduced in an energy balance of fragment
de-excitation including evaporation of neutrons (multiplicity v,
average CMS energy €) and »-ray emission (average total energy
E).
E¥(A.) = D(A,) (B (A,) + 5(&,)) + E (&) (20)
i’ - i n i i r Uit
The neutron separation energy En(A) is calculated on the basis of
mass tables‘e using an approximated charge distribution according
to Wahl*® and considering the increase of §n(A) with v. This is
due to the shift of the fission fragments towards the 1line of

f3-stability and is approximated by

sz-dis

En(A) = B (a) + C v(a) (21)
with the correction factor C = 0.1 for U isotopes,.= 0.3 for Cf.
According to the results of Frehautzo the average total gamma
energy is assumed to be linear in neutron multiplicity. Thus,
fr(Ai) is given in the Th-Cf region by the following

approximation,
fr(A) = [ 6, V(A) + 2.2 ] MeV. (22)

The constant Gl’ which depends on the mass of the fissioning

nucleus is taken from Frehaut®®

E> ENERGY PARTITION IN FISSION

The average excitation energy f*(A) as well as the total kinetic
energy as function of mass split TKE(A‘/AZ) are obtained in the
framework of a phenomenological scission point model including
semi-empirical, temperature-dependent shell correction energies



for deformed fragments at scission (two-spheroid model TSHZ‘%
This model involves & general energy balance of the fissioning
nucleus at scission with respect to saddle point. conditions. It is
applicable to any induced fission reaction with actinides. As
shown in Ref.z’, TSM reproduces striking trends of mass-
asymmetry dependent fragment energies as function of incidence
energy.

Based on TSM as well as the 5-Gaussian description of mass yield,
the SMA concept outlined above can be used to predict double-
differential emission probabilities as well as angular integrated
distributions (energy spectra N(E)).

G) DOUBLE-DIFFERENTTAL EMTISSTON CROSS SECTION TN INDUCED FISSION

In the case of induced fission reactions, it 1is appropriate to
describe the emission probability with reference to the incidence
particle direction. This distribution G(E,w) (w-neutron emission
angle with reference to incidence direction) can be obtained by
folding up N(E,€) with the fragment angular distribution W(a). By
the help of a Legendre polynom expansion of both N(E,®) and W(e),
the folding integral is given by the simple equation

2

G(E,w) = ZA'\B“W

P _(cosw) (23)

with the Legendre polynoms Bn for the fragment angular distribu-
tion (measured data)

W(e) = ) B P _(cosa) (24)

and the polynoms An(E) fitted from the neutron distribution (€°

s - - . . 22,28
with reference to fission axis) according to

N'(E,8') = 2 ( N(E,8) + N(E,M-6)) = 3 &, P (cose). (25)
In this equation, N' is & symmetric (with reference to 6°=80°)
distribution. Within FINESSE, the total LS distribution N'(E,&")
is transformed into G(E,y) neglecting the mass number dependence
of fragment angular distribution W(e). However, this dependence
has a minor influence on the transformation. Therefore, the
approximation according to Egs.(23-25) is justified.
Multiplying the emission probability G(E,w), which is normalized
to v

ot ? by the fission cross section 9, the double-differential

emission cross section of fission neutrons is obtained.

B> MULTIPLE-CHANCE FISSION

In the case of high incidence energies ( 2 6 MeV for neutrons)
multiple chance reactions appear, e.g. (n,xnf) for neutron induced
fission. Because of considerable differences of fragment
distributions corresponding to the chances at one given incidence
energy, the neutron distributions G(E,w) are calculated
separately. The partial fission cross section % x for chance x
(x=0,1,2,...) corresponds to its weight. Consequently, the total

emission probability is given by
X

G (E,¥) © (26)

©

L
N3

Gv.ov.<E'w> = f,x
f x

where

7 = 3 % 27)

Gtm(E,w) o, is the double-differential emission cross section of
post-fission neutrons (ef. II.G).

The partial fission cross sections % have to be calculated in
the framework of reaction theory including the fission channel.
Possible methods are the use of Hauser-Feshbach theorye extended
by pre-equilibrium contributions as available with the code
STAPRE>*'*®

Obviously, the excitation energy of fissioning nuclei

or the treatment proposed by Madland and Nix*®.

corresponding to higher-order chances (x21) is distributed
according to the emission spectra of pre-fission neutrons. In most
cases, it is justified to «calculate the post-fission neutron
emission probability G»(E,w) for x21 on the basis bf an average
excitation energy of the fissioning nuclei, i.e. the TSM and the
S5-Gaussian spproach to the mass yield are applied only once for =
chance x21. This approximation doesn’'t yield any remarkable
differences from the exact calculation. Deviations are within the
general theoretical uncertainty. On the other hand, the approach
described is not as time-consuming as calculations including the
full dependence on fissioning-nucleus excitation energy for
higher-order chances.
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II1. RESULTS

As a relative well-known distribution the standard energy spectrum
of prompt neutrons from spontaneous fission of 2520r was taken to
adjust the only free parameter T of FINESSE. Criterion for this
adjustment was the agreement of the calculation with the average
LS-neutron energy E, which has been obtained by direct
integration. Based on the evaluation of Mannhart*® one gets To =
0,22 - 0,38 MeV depending on the optical potentialzwao considered
in calculation of inverse cross section 9. (€:8). As plotted in

Fig.3, these differences in v give rise to remarkable changes,

20.0 —T T T——T T —r— T Ty
0of 252 Cf(sf)
00E ¥
— :_ I -
B -100F
—_ T E
= 3
o -20.0 3
.~ E
- E
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E - - Moldauer pot.
_50_05 * evalugtion (Manhart)
E A S I R | 1 Ll 1 11l 1
-60. o 2 0
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LS — Energy [MeV]

Fig. 3 Calculated prompt fission neutron spectrum for 252Cf(sf) represented
as deviation from a Maxwellisn with Ty = 1.42 MeV in comparison with the
evaluation of Mannhart2®, Calculations were based on several optical
potentials as indicated (Refs.27-30),

especially in the high-energy region of the neutron spectrum. It
has to be pointed out that these changes as well as the shape of
the prompt fission neutron spectrum itself is very similar to

‘the results of calculations in the framework the

cascade-evaporation nodel** ™ (CEM). Note that the spectrunm tail
at energies above = 15 MeV is very sensitive with respect to

changes in the fragment distribution.92
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Fig. 4 Angular and energy distribution of emitted prompt fission neutrons in
the laboratory system for 2352Cf(sf) (top-calculation,
bottom-experimental data taken from Ref .33).
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In addition to the comparison of calculated spectra with the
evaluation, double-differential emission probabilities N(E,€) have
been considered. The best description of the integral spectrum as
well as of the angular distributions has been obtained
Holmgvist®® Fig.4 double

emission probability N(E,;) in comparison with data”.
Note that the behaviour of this distribution as the
remarkable structure in the 0° and 180° region at E close to 0.88
MeV and 0.55 MeV, effects
(low-energy neutron emission in CMS) is by the

that the

using the

potential. differential

shows the

measured
general

respectively, due to
well reproduced
FINESSE calculation. Hence, the conclusion can be drawn

assumed emission mechanism is the predominant one.

kinematical
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Fig. 5 Average CMS neutron energy as function of fragment mass number for

252¢f(sf) (solid line - FINESSE calculation, dashed line - cascade
evaporation modell2,31, points - experimental dsta taken from
Refs.4.6),

Fig.5 shows the average neutron energy in the CMS depending on
fragment mass number. The calculated values (FINESSE and CEM) are
compared with experimentsl data deduced.. by Knitter and Budtz-
Jorgensen6 and Seregina et al.® Excepting the heavy-fragment
region with mass number close to 130, the calculated and
data are in a good A = 130, the

heavy-fragment

measured

agreement. At influence of

N . ? . N
secondary fission modes'’ with large deformation,
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Fig. 6 Calculated prompt fission neutron spectrum for 235y(n,£) at 0.5 MeV
incidence energy plotted as deviation from a Maxwellian
with Ty = 1.318 MeV in comparisen with experimental data34.
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Fig. 7 As for Fig. 6, but for 239py(n,f) with reference to a Maxwellian with

Ty = 1.383 MeV (experimental dats taken from Ref.34).



i.e. high fragment excitation energy, leads to rather high average 24Er‘||wm.aw
CHS neutron energy, whereas the less-deformed double-magic

fragments belonging to the predominant fission mode (for the 2.3
given mass split) do not emit neutrons due to the very low

235 U(n,f)

excitation energy. Consequently, in spite of the 1low total 22

LELER I B et 1 B o et 2 0

optical potential and the fragment energies have less influence.

IIIIIAIIIJllelII'Illllllll[lllllllll'llIlIllllllllllllll

neutron multiplicity for A = 130, the average CMS energy is T :
rather high. However, this mass number region corresponds to a ; _
small fragment yield. Therefore, the effect discussed has no %2_0_— _
considerable influence on the total neutron emission probability. — L +
FINESSE reproduces the Cf standard neutron spectrum in a wide Eﬂl.Qa ‘
. . 1e . . °© Johnsson/75,77/ ]

energy range. As already discussed in Ref. ', the consideration of 18 f o Lovchikova/89/ 3
CHS anisotropy of neutron emission results in a more reliable 3 a Conde/85/ ]
description of the total energy spectrum at low energy. Here, the |.7§ ; gr?':lttts;/SZ)Z// _
0 y

. K 4.0
Incidence Energy [MeV]
BY ENERGY DEPENDENCE OF INDUCED-FISSION NEUTRON SPECTRA
Fig. 8 Average LS neutron energy as function of incidence energy for 235U(n,f)

(solid line ~ FINESSE calculation, experimental data - Ref.34-39).
Considering the Holmgvist potential as well as the TO value
adjusted on the basis of the Cf standard spectrum, FINESSE
combined with TSM and 5-Gaussian approach to fragment mass yield

can be applied to any fission reaction without any parameter

changes. ZG”ﬁ"" T T T T
The incidence ener‘gy dependence of neutron emission spectra has 2_5:_ -
been studied in the case of the neutron induced fission of 23y F —
and *°°Pu. Experimental data exist only for a few incidence 2_4E 239 Pu(n,f) 3
energies points. In contrast to the zMCI’(sf)-st:amdzau-d spectrum, [ -
the shape of those fission neutron spectra is less certain in most —23 F + -
cases. Further, the energy range covered in the experiments |is E)z.zé -
often limited due to special conditions in the experiments = r ]

(background, detector type). As well established examples, we 2.1 F
consider the fission neutron spectra measured by Johansson et + » Loychikovo/89/
al.™ Figs. 6 and 7 represent the deviation of neutron spectra 20¢ g é;‘;?:ﬁr{\782772/
from a Maxwellian (Eq. 1) for the 0.5 MeV neutron induced fission 19: a Smith A/80/
of ***U and 2wF’u, respectively. The data are well reproduced by ' t ® /\i(lbhonsdson/;%é/
+ Alexandrova

TSM-FINESSE. Note that the average energies of the calculated 185 .....L.JL........“......,,....“,.“JO...‘..L..“,.“..L.

) . oz . 4. 6.0
neutron spectre (and, consequently, Maxwellian temperaturg Tu) are Incidence Energy [MeV]

about 2% higher then those deduced by Johansson et al. The slight
) - . K Fig. 9 Average energy of the LS neutron spectrum as function of incid
overestimation of the experimental spectra by the calculation for 2§9Pu(n,f) (solid line - E‘INEng caleuletion ;xpesim;::;le:::aer_\ersy
. . . 4-3 '
between 4 and 7 MeV points to &a somewhat higher Maxwellian Ref.34-36,38,40,41),

temperature compared to the value given by Johansson et al.
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For systematic studies the most important quantity is the average
energy E = 1.5 TH of the emitted neutrons. In Fig. 8 and 9 the
dependence of E on the incidence energy 1is shown for the two
fissioning nuclei. The calculated data differ from the
experimental ones up to 10%. It has to be emphasized that a fit of
experimental data to a Maxwellian distribution 1is influenced by
the energy range considered. One should account for deduced T, as
effective values. Due to the typical spectral shape as shown in
Figs. 3, 5, and 6, fitted T" values differ remarkably, if
considering only the low-energy (£ 2 MeV) or the high-energy (2 2
MeV) part. In particular, the neglect of the low-energy region
part leads to an underestimation of E. Therefore, only a
qualitative comparison between experimental and theoretical values
is possible. As depicted in the figures, the general increase of
the average neutron energy with incidence energy is well
reproduced.

As shown in paragraph III.A. for the spontaneous fission of #320¢
(cf. Fig. 4) it is possible to calculate both energy and angular
distributions of prompt fission neutrons. For induced fission
reactions the angular distribution in the laboratory system with
reference to the direction of the 1incidence particle is of
interest. Thus, the fragment angular distribution has to be taken
into account according to Eq. (20). The neutron &anisotropy with
reference to incidence-beam direction increase with neutron
energy. This increase depends on incidence energy. To illustrate
this behaviour, Fig. 10 shows the asymmetry (0°/90°—ratio) of the
neutron spectrum for the neutron induced fission of U at
different incidence energies. In general, a higher neutron
anisotropy is found in the case of threshold fission (1.5 MeV) due
to the large fragment anisotropy. For higher incidence energies
the decreasing fragment anisotropy leads to lower 0°/90°-neutron
ratio.

C) NEUTRON SPECTRA FOR MULTTPLE CHANCE FISSTON

In the case of high incidence energy (E»>B,, B.- binding energy of
incidence particle) neutron emission prior to fission becones
energetically possible. Consequently, different fission chances
(n,xnf) with x=0,1,2,... occur. The calculation of the prompt
fission neutron spectra in the case of these so-called multiple
chance fission reactions have been explained in paragraph II.H. As
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Fig. 10 LS-anisotropy (0°/90°-ratio) of emitted neutrons as function of
neutron energy plotted for different incidence energies of 238y(n,f)
(fragment anisotropy taken from Ref.46).
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Fig. 11 Average energy of the LS-neutron spectrum as function of incidence energy

for neutron induced fission of 232Th (solid line - FINESSE calculation,
experimental dats were taken from Ref.36.42-44),
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an example, the emission spectra for the neutron induced fission

of 2921h have been calculated up to 10 MeV incidence energy. In
Fig. 11, the calculated average neutron energies are presented as
function of incidence energy. In the case of wmultiple chance
fission, E is deduced by superposition of those values E; of the
several chances x according to,
m
E=:—1 — Y E 5 o (28)

Vlol af,l.ot
The comparison of calculated average energies with experimental
dataaz“ﬁ7 indicates good agreement. The dip in the
above 6 MeV can be understood as an effect of second-chance

E(Ei)-ourve

fission characterized by a 1lower excitation energy of the
fissioning nucleus (compared to first-chance fission at this
incidence energy). Due to the strongly increasing probability of
the second-chance contribution between 6 and 7 MeV the average
post-fission neutron energy as function of Ei shows the dip, which

has also been found in the experiment.

IV. CONCLUSIONS

Fission neutron spectra have been calculated within the
temperature distribution model FINESSE for fissioning actinide
nuclei. Due to the consideration of main fragment distributions in
a rather complex form (in particular occurrence probability as
function of 4, Z, E*. and TKE), prompt fission neutron emission is
well described. Adjusted on the basis of *>-Cf(sf) data
spectrum as well as double-differential distribution in emission
(energy

(standard

energy and angle) FINESSE in conjunction with TSH
partition model) is an sadeguate model to describe energy and
angular distributions of prompt fission neutrons for &any fission
reaction in the actinide region. Especially the applicability to
fission at any incidence energy up to about 20 MeV has to be
pointed out. Experimental fission neutron spectra exists only for
some actinide nuclei for few incidence energies. All calculations
shown in this paper have been done in a consistent manner, i.e. on
the basis of a unique parameter set as described and without any
further fit. In order to avoid model uncertainties regarding
optical potential, level density etc. it is proposed to apply the
model with reference to the Cf standard neutron spectrum.
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Energy Partition in Nuclear Fission

A. Ruben, H.Hérten, and D.Seeliger
Technische Universitdt Dresden, Sektion Physik
Mommsenstr.13, DDR-8027, German Democratic Republic

Abstract - 4 scission point model C(two spheroid model TSH2
including semi-empirical temperature-dependent shell correction
energies for deformed fragments at scisstion is presented. It has
been used to descride the mass—asymmetry-dependent partition of
the total energy release on both fragments from spontaneous and
induced fission. Characteristic trends of experimental fragment
energy and neutron multiplicity data as function of incidence
energy Iin the Th-Cf region of fissioning nuclei are well
reproduced. Based on model applications, Information on the energy
dissipated during the descent from second saddle of fission

barrier to scission point have been deduced.

I. INTRODUCTION

The progress achieved in nuclear fission theory have 1led to a

qualitative understanding of most of known fission
characteristics'. However, it Ffails to reproduce experimental
fission data with adequate gquantitative accuracy in a global
manner, in particular the dependence of fission observables on
excitation energy Ecn of the Ffissioning nucleus (including
spontaneous fission, i.e. Ecn=0). One of the important questions
with relevance to applications, e.g. nuclear data -evaluation for
actinides, is the problem of partition of total available energy

(as the sum of Q-value and E DO on both cohplementary

binary-fission fragments. °n

The well-known neutron multiplicity saw-tooth v(A) depending on
fragment mass number A, which can not be understood in the
framework of the liquid drop model LDHZ, has been discussed as due
to shell effects by Brunner and Paul® and later by Vandenbosch®.
Terrell5 proposed a simple model to describe fission energetics as
function of mass asymmetry Al/AZ' Idealizing the scission
configuration by two spheroidically shaped fragments with major
semi-axis Di' the deformation-dependent part of the potential has

been minimized leading to simple expressions for describing the

energy partition. The crucial parameter is the deformability a (a
measure of stiffness) strongly influenced by shell effects. Based
on Terrell’'s approach Kildir and Aras® studied fission energy
252ce(sf). Using Myer's and Swiatecki’s’ shell
correction energies 6w they adjusted an empirical relation for

partition for

describing a as function of ©&w. Corresponding a values were
deduced from experimental quadrupole moments.

The static scission point model proposed by Wilkins et 81.° is
suitable to explain most of the fission characteristics. Shell and
pairing effects are considered for deformed fragments (spheroids)
as function of intrinsic temperature. Statistical equilibrium is
separately accounted for collective degrees of freedom yielding a
"collecdtive” temperature.

The assumption of statistical equilibrium at scission was declined
by Brosa®. His random-neck-rupture model accounts for a fissioning
nucleus with a rather 1long neck connecting the two nascent
fragment volumes. The neck cut~up is chosen randomly. This
semi-stochastic approach including Raleigh’s instability criterion
gives a fair description of observable averages as well as
width’s. However, one should keep in mind that the most probable
neck cut up position is determined by statiecs. It differs for
various fission modes which are already visible in the potential
energy surface.

The aim of the present work 1is to give a simple (and easily
applicable) model for the description of average fragment
energies, i.e. total kinetic energy Tﬁf(Al/Az) and excitation
energy f*(A), in spontaneous as well as induced fission. Starting
with a general energy balance Terrell’'s approach has been
generalized by the incorporation of most important microscopic
effects.

The model is applied to study fragment energies as function of
incidence energy in comparison with experimental data. Note that v
data are a measure of f*. Most emphasis is put to reproduce
striking trends of fragment energy data in the Th - Pu region.

ITI. GENERAL ENERGY BALANCE IN INDUCED FISSION

Before describing the scission point model, general relations to
account for the energy balance in induced Ffission are outlined.

Fig. 1 represents a scheme of main energy values which are



important during the fission process starting at compound-nucleus
excitation of energy Ecn and passing the double-humped fission

barrier with the heights E and Ef g 8S well as the scission

£,A
point. We describe the scission point energy parts with reference
to saddle B. Here, the intrinsic excitation energy is assumed to

be

E,L = E - E - A (1)

with the constraint Ehéo, i.e. Eh vanishes in the case of

spontaneous and subbarrier fission. Ap is the pairing gap above

barrier B. Its intrinsic temperature dependence 1is calculated
. N . 10

according to Kristiak .

The potential energy release between second saddle and scission

point, i.e. &E

pot

is assumed to be the sum of pre-scission kinetic
energy E and dissipative energy E

pre dis" The sum Edis+Eh
corresponds to the total intrinsic energy at scission point
(Eint)' Eint is distributed on the complementary fragments

according to statistical assumptions (equal intrinsic

temperatures, cf. pasragraph 3). The basi¢c energy balance equation

A
1 (1),p(2)
F[Az] Eint+Eint
b
I )
A A
st 1 - -1 (1) (2)
Q[A2]+ Ecn - Epre + Ecoul[Az] + Edef + Edef * Edis + Eh 2)
{ ] L J
T T
J— Y A
2 2
Ecoul - Coulomb potential energy at scission,
Eé;g - deformation energy of fragment i at scission,
Edis - dissipative energy
Ei;g - intrinsic excitation of fragment i at scission,
Eh - intrinsic excitation energy ("heat”) at second saddle
F - potential energy at scission for given mass asymmetry
Epre - pre-scission kinetic energy,

describes the partition of total evaeilable energy, i.e. sum of

Saddle
&
A B L
5 B
w E 3
‘3 ¥
U g
gl
Barrier =
Scission point
@
2
1]
?
c .
Deformation

Fig.1 Potential scheme in the case of induced fission

average Q-value and fissioning nucleus excitation energy, on both
fragments. Ecou1 is the coulomb potential at scission, Edef is the
deformation energy. The "asymptotic” excitation energy of a single
fragment, i.e. after dissipation of deformation energy into
intrinsic energy but before de-excitation, is obtained by

E*(A) = Ego? * Egy2 @

Further, the total kinetic energy of fission fragments for given
mass number ratio is given by

TKE(AI/AZ) = Ecoul(Al/Az) + Epre (4)
F denotes the deformation-dependent part of scission point

potential specified in paragreph 3.

III. THE TWO-SPHEROID-MODEL

According to Terrell” we describe the fissioning system by two
spheroidically shaped fragments nearly touching at the scission
point. The nuclear forces between the fragments cause a small

distance d = 1.4 £n°. Ecoul is assumed to be the coulomb repulsion
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energy of two charges effectively located at the centers of the

fragments, i.e.

E - Z(l)Z(z)ez/(D(1)+D(2)+d) ) (5)

coul

The deformation energy is taken to be quadratic in ;adius change
with reference to a spherical nucleus with radius R(l)

(i) . (i) (1)_p(i)|2 8
Edef T« (D R ) (8)

(D(i) - major semi-axis of spheroid i, a(l) is the deformability
parameter of fragment i). Minimizing the nuclear potential F in
deformation space the most probable scission configuration is

found. Adopting GF/aD(1)=O one gets a set of equations

E4
E(i) - - —conl (7
def 4 ey Z(1)2 Z(2)2 e2
(1) (2) _ (2),,(1) 8
Eqer/Bder = & 7/° : (8)
As shown by Terrells, the deformability parameter a(l) is related

to the stiffness parameter C%l) (quadrupole deformation) as

(1) _ 5 (i) p(i)2 9
C2 = or @ R (9)

Consequently, the deformability parameter a(i) can be deduced in
the framework of the Liquid-Drop Model® (LDK). However nuclear
stiffness is strongly influenced by shell effects. In order to
calculate effective shell correction energies éw(A) for fragments
with typical deformations at. scission the following semi-empirical

relation according to Kildir and Arras® is used,

- R-SH(A)
a(A) = oy pu(A) FoEcaS (105

K is & constant determined by a fit of experimental stiffness
data: K= ( 8.0 ¥ 0.1 ) MeV.

IV. PHENOMENOLOGICAL SHELL CORRECTION ENERGIES

One possible way to apply the formalism shown above is to calcu-
late semi-empirical, i.e. effective, shell correction enerﬁies on
the basis of well known fragment data. However, it should be
emphasized that shell effects are washed out by intrinsic
excitation. The diminution of shell c¢orrection energies due to
intrinsic temperature v at scission can roughly be described using

the Bohr-Mottelson'* relation

t? sinn%t
Su(A,7) = Sw(A,7=0) ——M—m (1L
cosh t
with
2
_ 2 n
t = HF—— 7 (12)
sh
-1/3 . 11 .
(hw =~ 25 A - shell energy distence ). According to the

general energy balance (paragraph 2) the intrinsic excitation

energy Eint includes both dissipative energy E and heat energy

dis
above the second fission barrier Eh. The partition on the
intrinsic
(1)=T(2)%

fragments 1is defined by the condition of equal

temperatures v of complementary fragments at scission (7

Thus T(i) can be calculated on the basis of the Fermi-gas model
approach,
(i) - (1) 2
Eint(A) = a (A) 7 (13)

The level density parameter a(i)(A) is described =applying the
Ignatyuk formelism® including shell effects.

Fig.2 shows the calculated phenomenological shell correction
energies reduced to =zero excitation at scission (7=0) for
different fission reaction. Note that these energies are very
close to each other in the most probable mass region.

On the other hand, these datas agree with the Strutinski-type shell
energiesa quite well. Note that the shell correction energies
depicted above are only effective phenomenological quantities for
fragments with averaged properties (charge, deformation, fragment
energies...) without microscopic foundation.

To apply the TSM to any fission reaction & set of most reliable
23%(n,,,£) and 25%ce(st) were
determined. Interpolating these parameters and considering the

shell correction energies (7=0) for
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Fig.2 Calculated semi-empirical shell correction energies

(t=0) for different fission reaction (v data taken from
18,14

ref.**, TKE(A;/A,) from ref. )

intrinsic excitation, fission fragment energies and, conseguently,
neutron multiplicities can be obtained for any fission reaction in
the actinide region.

V. DISSIPATIVE ENERGY IN SPONTANEOUS AND INDUCED FISSION

A relative vacant problem in nuclear fission is the decrease of
potential energy between saddle and scission point. A wide range
of possible values of the dissipative and the pre-scission kinetic
energy between 0 and 50 MeV was given up to now. One method to
deduce Edis was presented by Gannenwein‘s. Analyzing the proton
pairing effect ép he has estimated dissipative energies as
increasing with the fissility 22/A from about 3 MeV in the case of
Thorium up to 11 MeV for Californium.

First applications of the TSM have shown that the calculated
energy partitions are rather sensitive to the dissipated energy
assumed. In deducing the phenomenological &w-parameter set this
quantity is calculated according to Gonnenwein based on
experimental ép data;

15

235U(n

JE) : 6= 25 % > E,._ = 6.2 eV
252 th P

16 -
Cf(sf) : 6p_ 12.1 % —_—> Edis 9.6 MeV
It has been found that an approximative parameterization of

dis

Gonnenwein's E datas for any TSM applications is not reliable.

dis
Therefore, dissipative energies have been fitted for many

fissioning nuclei. These dats together with the energies deduced

by Gonnenwein are plotted in Fig.3 for different fission
reactions.
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Fig.3 Fitted dissipative energies as function of fissility
ZZ/A for different fission reaction in competition with
the data deduced from proton odd-even effects by
Gonnenwein'® and deduced with 6p data taken from

10-22
ref.

One might expect that AEpot in the case of threshold fission with

reference to spontaneous fission is enhanced by E i.e. the

en,thr’
threshold

we assume that the

compound nucleus excitation energy for fission.

dis and Epre‘
fragmentation process is separable into two phases:

Discussing the differences in E

1. Charge separation connected with rather strong friction: The
main part of potential-.energy release is concentrated on Edis'
2. Neck formation and rupture in conjunction with a pre-
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acceleration of the nascent fragments: The potential release

in this phase results Epre mainly.
It is likely that differences between threshold and spontaneous
(tunneling) fission concern the first phase predominantly, if
AEPot
TKE differences are very small. However for rather light
fissioning nuclei (ZZ/A < 36), phase (2) 1is shifted close to
barrier penetration in the case of spontaneous fission. E and,

— pre
consequently, TKE becomes lower compared to threshold fission.

is sufficiently high. Even in this case, i.e. for ZZ/A > 386,

e

o Malinovski
= TSM

"
97 54 96 98 700

Fig.4 Change of TKE from spontaneous to threshold fission
according to Halinovski'a and fitted results obtained
in the framework of TSM

Spontaneous fission compared with threshold fission exhibits a

dis and Epre (see Fig.4).

This interpretation is confirmed by the experimental-data trends.

remarkable trend in changes of E

4 remarkable difference in TKE between spontanecus and threshold
fission, ATKE, exists only for nuclei lighter than Plutonium (cf.

Fig.4). On the other hand, neutron multiplicity changes &v

(connected with Edis) increase with the atomic mass of the fission
nucleus as shown for instance by Gladkow'’.

VI RESULTS
VI.A. TOTAL EKINETIC ENERGY OF FISSION FRAGMENTS

As shown in paragraph 2, the total kinetic energy as function of
mass split is given by the sum of coulomb and pre-scission kinetic
energy, where Epre is approximated to Gonnenweins'®> values and
Ecoul is deduced from the minimization equations (equ.5,6)
combined with the general energy balance (equ.1). Here, the
knowledge of averaged Q-values ﬁ(Al/Az) as the main part of the
available energy 1is of special importance. These data are
obtained on the basis of mass tables” considering an approximated
charge distribution of fission fragments according to the results
of Wahl®*.

The next figures show some typical examples of calculated TKE data
in comparison with experimental results. Trends of changes in TKE
with mass number and/or with incidence energy can be explained by
the help of TSM as due to the influence of shell effects.

The total kinetic energy of two complementary fragments is
essentially determined by the Coulomb repulsion. According to TSHM,

Ecoul
charges and consequently on fragment 's deformation.

depends on the effective distance between the two fragment

High negative shell correction energies (cf. Fig.2) are related -to
a strong stiffness. The nearly spherical shape of these fragments
leads to a small distance between the charges. Thus, heavy
fragments with mass number close to 132 which are characterized by
extremely negative 8w are connected with the maximum in TKE. An
increasing incidence energy diminishes this value because of
decreasing stiffness due to the washing out of shell effects.

In the symmetric mass region the fragments with positive shell
correction energies are quite soft concerning deformability. Since
the centers of charges are far separated'TKE is rather 1low. In
this case, the diminution of shell effects is connected with
smaller shell energies. Therefore, the stiffness and the kinetic
energy increase with incidence energy.

The dependence of TKE on incidence energy and freagment mass is
shown in Fig.5 where TKE changes
ATKE(Ei,A)=TKE(Ei.A)-TKE(thermal,A) with reference to
neutron induced fission is plotted as function of fragment mass

thermal

for 3 different incidence energies in the neutron induced fission
of 235U. The results are in good agreement with the experimental

data measured by Straede>".
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8 special point to note is the general increase of TEKE 1in the

whole mass region in the case of Eizlhev. As shown in Fig.B this

increase is connected with a maximum of the average totasl kinetic

energy,

TRE(E ETKE(E V878, Y(E;,B,/85) (14)

(Y(Ei,Al/Az) - fragment mass yield) for given incidence energy.

This behaviour of TRE for small incidence energy differs for
various fission reactions (cf. Fig.7). In the framework of TSM,
these changes in TKE are caused by slterations in the heat energy
sbove the second fission barrier due to pair breaking. As
introduced in chapter 2 (cf. Eq.2) the avaeilable intrinsic
excitation energy is reduced by the pairing gap for odd-even,
even-odd and especially for even-even~fissioning nuclei. If the

available energy above barrier, i.e. Eh=Ecn+Bi+Ei-E is lower

f,b’
than the pairing gap Ap, the heat energy Eh is additionally
reduced by Ap, which is a function of saddle point
temperature’o.Until the energy Eh=Ap, increasing incidence energy

gives rise to a higher kinetic energy of the fission fragments.
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Above it, TKE(Ei) decrease with Ei as the result of the
temperature dependence of the shell energies.
It is emphasized that the barrier structure differs for the

fissioning nuclei studied in this .work systematically. In
particular, Ef,A<Ef,B for A = 235 and Ef,A)Ef,B for A 2 238

The higher value determines the effective fission threshold. For
the fissioning nuclei 233Th, 236U and 240u considered in Fig. 7,

the barrier values Ef,A / Ef,B are”®

6.55 / B8.85 MeV

5.63 / 5.53 MeV and

5.57 / 5.07 MeV, respectively.
Obviously, the influence of pairing on energy partition as
function of incidence energy is minor or negligible, if Ef,A is
remarkably higher then Ef,B' This is the case for Pu-~fission. The
compound nucleus excitation energy for thermal neutron induced
fission is 6.52 MeV™® compared to the 5.07 MeV barrier B. Here,
pairing at saddle doesn’'t play any significant role. TKE decreases
as function of neutron incidence energy in the full energy range

considered.
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Fig.8 Total kinetic energy as difference to the value of
threshold fission plotted &as function of the heavy
fragment mass (solid line - TSM Ei=5.8 MeV, points -

averaged values for Ei= 1.72, 1.77, 2.2, 2.96 and 5.3
MeV according to Trochon27)

232Th(n,f) reaction has the opposite behaviour at low

The
incidence energy. Further a shift of the most probable mass in the
mass yield for E.>3MeV towards fragments with higher kinetic
energies (cf. ref.27) leads to an increasing Tif(Ei) above 3 MeV
incidence energy as shown in Fig.7 in the Th-case.

Fig. 8 illustrates this assumption showing the fragment mass
dependence of TKE. The plotted experimental points27 are summed

values for incidence energies 1.72, 1.77, 2.2, 2.96 and 5.9 MeV.

VI.B. THE AVERAGE NEUTRON MULTIPLICITY

To deduce the neutron multiplicity of fission fragments an energy
balance of fragment de-excitation is proposed including the
evaporation of neutrons (multiplicity ¥, average CMS energy ) and
r-ray emission (average total energy Er)’

X _ - - - =
E (A;) = v(4;) (Bn(Ai) + £(4;)) + Er(Ai)' (15)
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The average neutron separation energy is calculated on the basis
of mass tables”® using an approximated charge distribution
according to wahl®* (—45:_d“(A)). To consider the increase of
En(A) with v due to the shift of the fission fragments towards the

line of B-stability these data are corrected according to,

B (a) = BL %A + € U(a) (18)
with the correction factor C (0.1-Uranium ...0.3-Californium).

According to the results of Frehautza the average total gammea
energy is assumed to be linear in the neutron multiplicity. Thus,
Er(Ai) is given in the Th-Cf region by the following
approximation,

E,(A) = [ Gy ¥(A) + 2.2 ] HeV (17)

The constant Gl‘ which depends on the mass of the fissioning
nucleus as depicted in Fig. 8, is taken from Frehaut®®.

In the next figure calculated neutron multiplicities as a function
of fragment mass are shown for two different incidence energies
(0.8 and 5.55 MeV) for the neutron induced fission of 237Np. The
plotted experimental data were taken from Mialler>®.

In the framework of the TSM, the ssaw-tooth curve of neutron
multiplicity corresponds to the shell structure of the fragments.
After scission the deformation energy is dissipated into
excitation energy which give rise to neutron emission. Therefore,
fragments with & large deformation (positive dJw) cause &8 high
number of evaporated neutrons. On the other hand the negative
shell correction energies of the heavy fragments lead to a dip in
the »(A) curve.

Both experimental and calculated data show that differences in
v(A) with increasing incidence energy exist in the region of heavy
fragments (125<A<145) mainly. As shown in Fig.2 these fragments
are characterized by extremely (negative) shell correction
energies which are especially changed due to intrinsic excitation.
A last remarkable test of the accuracy of description of energy
partition and neutron emission with the TSM is the dependence of
neutron multiplicity averaged over all fragments on incidence
energy. The last three figures show this behaviour for three
different fission reactions. In the case of Thorium (Fig.1l1) this
investigation includes both (n,f) and (n,n’f) reactions. To
account for multiple chance fission, in general (n,jnf), the

100 e
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1 for relation between average total r-energy

and average neutron multiplicity as function of mass of

fissioning nucleus according to Frehaut”
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Fig.10 Calculated neutron wmultiplicity as function of
fragment mass in comparision with experimental data®®

for the 237Np(n,f) reaction
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neutron mnultiplicities ;j(Ei) for both reactions have been

calculated and added considering the partial fission cross
sections af,j(Ei) of chance j,
jmax
v (E.) = S v.(E.) o, .(E.) (17)
tot* 71 af,tot 4: J U1 £,3°71
3=0
The bend in the ;(Ei) curve above 8 MeV incidence energy 1is a

consequence of second chance fission characterized by lower TKE as
in the first chance case and consequently, higher » values. The
TSM calculation reproduces the experimental data.

Fig. 12 and 13 show a similar investigation as discussed above for
f 235 d 239Pu for the
emission (n,f). Even these figures show a good

neutron induced fission o U a&n first chance

agreement between

measured and calculated data.
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VII. SUMMARY AND CONCLUSIONS

The TSM as =&
temperature-dependent

model with

correction

scission point semi-empirical,
shell

fragments at scission is successful in describing the main features

energies for deformed
of energy partition in fission as function of mass asymmetry. The

diminution of shell effects due to scission point temperature,
which depends on the dissipated energy as well as incidence energy
(influenced by pairing effects), cause considerable changes of
fragment energies as function of incidence energy.

spontaneous
effect of

systematic alterations in the dissipated and pre-scission

Remarkable changes in the fragment energies between
and threshold fission are explained by the TSM as an
kinetic
energy. Fitting the calculsted fragment data dissipative energies
for both types of fission reaction have been obtained.

The average fragment excitation

energy has been used used to

obtain neutron multiplicity by the help of an energy balance of

fragment de-excitation, which includes neutron evaporation and
r-ray emission. The typical saw-tooth in the D(A) curve as well as
the dependence of ¥ on incidence energy is reproduced by the TSHM
with good accuracy.

The TSM

calculation of

provides the basis for several applications &as the

fragment data as well as neutron emission
probabilities. This model will be used for

systematics in next future.

corresponding data
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PROMPT FisSION NEUTRON SPECTRA AND FRAGMENT CHARACTERISTICS FOR
SPONTANEOUS FISSION OF EVEN PU - IsOToPEs

H. Mdrten, A. Ruben, D. Seeliger
Technische Universitét Dresden
Mommsenstr.13, DDR-8027, German Democratic Republic

Abstract: 4 phenomenological scission potint model including tempe-—
rature—-dependent shell effects has been used to solve the energy
partition prodblem as function of mass asymmetry for Pu-fisstion.
Relevant fragment data were used as the dbasis for applying a tem—
perature—distribution model, which yields neutron multiplicity,

energy and angu%gf dig}gibutton 2& prompt fission neutrons. Calcu-
lated data for Pu, Pu, and Pu are presented and discussed

in comparison with experimental data.

1. Introduction

. - /1,2/
As emphasized in refs.

,.fission neutron data for spontaneous-
ly fissioning Pu-isotopes are relevant to nuclear safeguards, e.g.
for neutron coincidence counting techniques applied to Pu-assay
systems. However, experimental data on energy spectra are scarce.
They exhibit remarkable uncertainties.

In this work , we consider the calculation of fission neutron data
for even Pu-isotopes as a typical example of applying a theore-
tical model to describe nuclear data without a sufficient
experimental data base for model parameter variation.
Recently Walsh et al.”> have analyzed the Pu fission neutron
spectra on the basis of the Madland-Nix model (MNM) including
emission anisotropy in the center-of-mass system (the so called
"spin-dependence”). Since this model relies on a reduction of the
fragment parameter space in fact , an intricate distribution in
mass and charge number A, Z, total kinetic energy TKE, excitation
energy E., angular momentum I, etc. to a representative fragment
pair, it is easily applicable to any fission reaction.

. . 3~ N .
As discussed in refs.” 6/, the physical consistency of a

fission
neutron model can be understood as “internal” (concerns the emis-
sion model applied to a fragment diversity described by a given
fragment distribution) as well as “external” (concerns the

description of the fragment distribution for any fission reaction)

consistency.

Based on studies within a complex cascade-evaporation wodel” "’

and a Hauser-Feshbach-calculation”?” with explicit consideration

of fragment spin’®’ the complex temperature-distribution model
Ve 74

FINESSE
as well as its generalized version

has been developed. It relies on basic ideas of the MNM
7%©7  FINESSE involves a rea-
listic temperature distribution of the fragments as function of
mass number. The description of the fragment parameter sets
necessary within FINESSE, i.e. E‘(A). TKE (A‘/Az), mnass yvield
Y(A), etc., is done on the basis of a phenomenological fission

riLs

theory (e.g. the two- spheroid model TSH ).

Pu fission data, a&as TKE (A‘/Az)/lz-m/, Y(a)y =, Y(A,TKE)“B/
and 5;“/2J°/ have been measured in the last years by several
groups. These results are considered as basis for the comparison
with calculated fragment data. It should be emphasized that even
for the Pu-isotopes studied in this work Wagemans et al./‘m’ found
a remarkable influence of neutron number of the fissioning nucleus
on the yield of fission modes (cf. refs.”* "%y,

One of the open questions is the dependence of neutron wultipli-
city on mass number v(A), which hasn't yet been measured. This
quantity as a measure of f‘(A) is strongly correlasted to the shape
of the fission neutron spectrum. »(A) should show a saw-tooth be-
haviour as typical in the Th-Cf region of fissioning nuclei. How-
ever, the gquantitative characteristic of the dependencé is
strongly influenced by shell effects and, consequently, correlated
to fission mode yields. Thus, it is obvious that the applied pur-
pose of the present work is strongly connected with some fundamen-
tal questions of fission physics at low (or even zero) excitation

energy of the fissioning nucleus.

2, The Model Complex TSM - FINESSE
2 1. Pl logical fissi tel (TSH)

1/ . :
sclssion

As described in 1:ef./1 in more detail, the TSM 1is =a
point model including temperature-dependent, semi-empirical shell
correction energies ow of deformed fragments at scission.

Applying the TSM including potential energy minimization at
scission (in regard to variation of fragment deformation), shell
energy data have been deduced from fragment data for well-investi-
gated fission reactions as ~Cf(sf) and " U(n,,£).

It has been found that the dependence &w (A) is quite similar for
fissioning systems in the Th-Cf region. Thus it has been concluded

that the use of these shell energy data sets (reduced to zero
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temperature) to determine the &w(A) function for the actual
fission reaction by interpolation is Jjustified.

The TSM energy balance includes dissipative energy as well as
pre-scission kinetic energy. The first one has been adjusted for
many fissioning systems in the Th-Cf region. Systematic
differences between spontaneous fission and threshold fission have
been found. The empirical dissipative energies (3.5 MeV, 1.8 MNeV,
and 0.6 MeV for -
used in this work. Within TSM, TKE (A,/A,) is considered as the

sum of Coulomb potential at scission and pre-scission kinetic

Pu, z‘ol:’z.z.and 2‘zlPu, respectively) have been

energy. The average excitation energy of an individual fragment is
given by its deformation energy &t scission point (which
dissipates into internal excitation within about 10-z°s) as well
as by a certain part of intrinsic excitaetion energy at scission
(i.e. the sum of dissipative energy and the excitation energy of
the fissioning system at the second saddle of the double-humped
fission barrier). The latter one 1is estimated by statistical
assumptions. Assuming unique temperature of the scissioning
system, the ratio of excitation energy of both complementary
fragments at scission is given by the inverse ratio of level
density parameters (also influenced by shell energy).

Based on the f.(A) data, v(A) can easily be estimated by & further
energy balance concerning fragment de-excitation as due to neutron
and y-ray emission mainly. Here, the correlation between ¥ and the
average total »-ray energy and the increase of neutron separation

energy during & neutron emission cascade are taken into account,

see ref./u/,
=X _ = _ — _
E(Ay) = v(A;) (B (A;) + €(4;0) + E (A). (1)
B (8) = ﬁn'o(A) + C v(&) 2)
E(B) =[Gy v(8) + 2.2 ] HeV . (3)

Neutron evaporation from fully accelerated fragments is considered
as the predominant mechenism of fragment de-excitation. This as-
sumption has been verified in several recent studies (ef.

'/B/).

In order to derive & tractable fission neutron model, which can be

ref

applied to any fission reaction in connection with TSH, the

full-scale distribution P(A,Z,TKE,E',I) of fission fragments is
reduced to:

(i) a distribution P(E",8), which is transformed into & dis-
tribution in rest-nucleus temperature T resulting in
P(T:A) (considering cascade emission),

(ii) an A-dependent charge distribution P(Z:A) to derive ave-
raged structure data &s neutron binding energy,

(iii) averages TKE (A,/4,) &s basis for the transformation of
center- of-mass system (CMS) spectra into laboratory
system (LS) distributions,

(iv) total average I giving rise to a CHMS anisotropy, which
is considered in dependence on CMS energy as in s

An extended Weisskopf ansatz is applied to calculate the CMS spec-
trum for given T, i.e.

o(eiT) * e o (o) exp {2 - =} 4
This equation accounts for-the second-order term of the entropy
expansion in powers of energy.
Assuming a Gaussian distribution in initial excitation energy the
total distribution in U (rest-nucleus excitation energy) 1is very

well approximated by

1
P(U:4) = - (5)
1 + exp[ Q_é?%%él ]
(d - "diffuseness” parameter, ﬂ ~ ‘“edge" parameter ).. P(U:A)
vields the temperature distribution P(T:4) directly via

transformation on the basis of Fermi-gas model relation U=a(A)T2.

In contrast to MNM, where an idealized P(T) shape is assumed, this
procedure results in a more realistic distribution in T. Further,
effective a(A) values for fission fragments are used/p/.

Finally, we obtain the CMS spectrum of fission neutrons by
e(e:A) = JK(T:A) P(T:A) o(e:T,4) dT (8)
T

1=

K(T) normalizes eq.(6) to 1. The value To, the 1lower 1limit for
integration over T, has been introduced to account for competition

between neutron and y-ray emission approximately.
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Fig. 1 Calculated total kinetic energy (lines) as function of

heavy fragment mass number for spontaneous fission of
Pu-isotopes in comparison with experimental data of

g 74
Wagemans et al

After transformation of double-differential CMS distribution in
emission energy and angle into LS yielding N(E,©:4) (E - LS
emission energy, © - LS angle of neutron emission with reference
to light fragment direction), we obtain the total distribution by

N(E,®) = ) P(A) N(E,®:4)-(4) (7
A
The mass yield curves P(A) for Pu-isotopes have been taken from
ref. .
3. Results

3.1 Fission F i .

Fig.1l represents the calculated total kinetic energy as function
of mass asymmetry. Compared with the measured data of Hagemans/m/
there is a rather good agreement for heavy-fragment mass-number 4
135. In the case of more symmetric fission there are remarkable
deviations, which should be interpreted as due to the influence of
the high-yield fission mode with Xﬂz 130. Since the mass yield
curves have their maxima at AH close to 140, TKE values (averaged

over A) calculated within TSM sgree with measured data (table 1).

Tab.1 Fissility parameter, total neutron multiplicity, and
total kinetic energy for even Pu-isotopes

Reaction _%: ;tot TKE
measured TSM measured TSH
23%py(sf) 37.13 2.217*%| 2.205 176.57*%7 | 177.2
24%y(sf) 36.82 2.15687%7| =2.187 179.17*%7 177.9
242pyu(se) 36.51 2.1457%7| 2.160 180.47*%*7| 178.5

In Fig.2 the fragment mass dependence of the average neutron
multiplicity is shown for the Pu fission reactions studied in this
work. The small differences between the curves are caused by the
general increase of v with fissility (Zz/A). Total neutron
multiplicities exhibit the same trend (table 1).

The good agreement of measured and calculated iol is of special

importance for the calculation of the prompt fission neutron
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Fig. 2 Average neutron multiplicity calculated within TSM as
function of fragment mass for the spontaneous fission

of the Pu-isotopes

spectra because of the strong influence of the fragment excitation
energy (correlated with v) on the temperature distribution P(T).

3.2 p Fissi

Based on the fragment data (ﬁ‘(A), TKE (A‘/Az), P(A)) discussed in

paragraph 2., the prompt fission neutron distribution spectra

N(E,®) have been calculated within FINESSE. The integral
N(E) are represented Figures 3-5 as deviation from a Maxwellian.

spectra

NCE)

M(EY 1) 100 % (8)

D(E) =

The temperatures T of these Maxwellian distributions M(E) have
been deduced from the average neutron energies (T_=2/3 E).

Note, that the calculated Maxwellian temperatures, which are re-
presentative for the spectrum in the whole region, may
Experimental data (as for
(about 2-12

spectra (see

energy
differ from those found in experiment.
z‘OP‘u(st’)) are available for a limited energy
MeV).
Fig.3), Maxwellian temperatures deduced from experimental data are

range

Due to the spectral shape of fission neutron
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Fig. 3 Calculated fission neutron spectrum of 2 Pu(sf) shown

as percentage deviation from a Maxwellian with T,1.36
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comparison with experimental data taken from Belov/zv
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systematically lower than value representing the whole spectrunm.

Further, the uncertainty of experimental data and, consequently,

of the Maxwellian temperatures are rather high.As shown in Fig.3

there is a good agreement between the calculated and measured

4t -4

spectra (Alexandrova ) up to 10 MeV emission energy for
Z‘OPu(sE).The shape of the z"z}?u(sf) spectrum measured by Belov et
al.”® doesn’t correspond to systematics in the Th-Cf region. As

shown in Fig.4 the agreement between
TSM-FINESSE calculation is Fig. S5, the
238 . .

Pu(sf) is this reaction,

experimental data does not exist. An important question for

experimental data and the

moderate.In calculated

spectrum for represented. For

many

applications is the ratio of the emission spectra of the

Pu-isotopes studied in this work. As depicted in Fig. 8 both the

zaePu(sf) and the z‘zPu(sf) spectra are enhanced with reference

to the high
higher

energies which correspond to the relative high

(cf. Tab.l).For zdoPu(sf) and a2

excitation energies are quite similar.

2"oF’u(st’) spectrum in the energy range. For the

Ha?u—isotope, this is caused by the fragment excitation

neutron multipli-

city Pu(sf) the fragment

However, a shift in the fragment mass yield towards symmetric fis-
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fragments (around A=108). These remarks are supported by Fig. 7,
where average neutron energies of CHS emission spectra are plotted
versus fragment mass. The spectrum ratios calculated in this work
do not correspond to the results of Walsh et al.””

. i ; i f t i

In the framework of FINESSE, both energy and angular distributions
of neutron emission in nuclear fission are calculated. Angular
anisotropy in the laboratory system (with reference to the
direction of the fission axis) is described by

N(E,© =0") + N(E,® =180")
2 N(E,® =80")

R(E) =

as function of neutron energy. As shown in Fig. 8 all fission
reactions are characterized by a similar strong increase of
anisotropy with neutron emission energy. The small differences of
R(E) curves of Pu-isotopes at high energy are a consequence of
different average CHS energies (cf. Fig.8).

This should be interpreted in connection with calculated total

neutron multiplicity v Whereas our calculations are in good

oL’
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Fig. 8 Calculated anisotropy of the emission spectra as
function of neutron energy in the laboratory system

for spontaneous fission of even Pu-isotopes

agreement with experiment (within N 0.7%), the ~calculations by

Walsh differ from experiment by < 10%

4. Summary

In the framework of the model-complex TSM/FINESSE,
fragment characteristics and neutron

fission
emission spectra for
spontaneous fission of even Pu-isotopes have been predicted. The
total kinetic energies and the average neutron multiplicities are
in good agreement with measured data. The <calculated prompt
fission neutron spectra as representative for the whole energy
range point at a higher average neutron energy than deduced from
experiment for a limited energy range. Remarkable deviations of
our calculations from the theoretical results by Walsh et al.”™
have been found. It has been shown that the fragment data
calculated within TSM are in good agreement with experiment even
in most probable mass number range. These data are assumed as a
reliable basis for the FINESSE calculation. In contrast to Walsh

737 - . - .
et al. Yo values are very well reproduced. Since v is a

measure for the total average excitation energy (averagegogver a),
the present excitation energy distributions are confirmed in
absolute scale.

Finally we mention that TSM-FINESSE has already successfully
applied to describe fragment data, neutron multiplicity and
neutron emission distributions (energy spectra as well as angular
distributions) For a large number of actinides undergoing sponta-
neous and induced fission (up to = 20 MeV neutron incidence ener-

gy). TSH-FINESSE reproduces experimental trends without parameter
fit.
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Theoretical model application to the evaluation of fission neutron

data up to 20 MeV incidence energy

A. Ruben, H. Hérten, and D. Seeliger
Technische Universitat Dresden

ahstract: 4 complex statistical theory of fission neutron emission
combined with a phenomenologtical fission model has been used to
calculate fission neutron data for zsﬂJ. Obtained neutron mul t i -
plicities and energy spectra as well as average fragment energles
for tincidence energies from threshold to 20 HeV Cincluding
multiple- chance fission) are compared with traditional data re-

presentations.
1. Introduction

Recent reguirements of neutron data for nuclear engineering
include fission neutron multiplicities and emission spectra in a
wide incidence energy rangde. For the development of
fusion-fission-hybrid reactors, the knowledge of the prompt
fission neutron spectrum as & main part of the total neutron
emission cross section for neutron induced reactions of U is of
special interest. Present nuclear data applications are based on
fission neutron spectra approximated by a simple Maxwellian or
Watt distribution with parameters deduced empirically.

%  are described

In the present work, fission neutron data for
in the framework of the statistical evaporation model FINESSE /1/
combined with parts of fission theory. Statistical reaction theory
including fission channel has been applied to determine partial
cross sections for multiple chance fission occurring at incidernce
energies higher than about 6 MeV. Based on these calculations the
average neutron energies which are correlated with the
temperatures of an approximative Maxwellian are presented. Changes

in the deviation from reference Maxwellians are discussed.

2._The Maodel

In the sense of consideration of the complexity of nuclear fission
to a necessary extend, the present calculations of fission neutron
data have been based on fission fragment characteristics relevant
within FINESSE. These data, i.e. excitation energy f*(A) and total

kinetic energy TKE(A), are obtained within a phenomenological
scission point model (two-spheroid-model TSM /2/) including
semi-empirical, temperature- dependent shell-correction energies.
Based on a general energy balance of scission (c¢f. Terrell /3/)
extended by considering pre-scission kinetic energy as well as
dissipative energy the nuclear potential depending on fragments
deformation is minimired to determine the most probable energy
partition. In this way it is possible to deduce average excitation
and kinetic energy of the fragments. To describe fragment
deformation at scission we use an empirical relation between
deformability and shell-correction energy according to Kildir and
Aras /4/.

Based on the well known fragment data of z

**cr(sf) and  *u(n,, . )
a set of semi-empirical shell-correction energies for zero
excitation at scission has been obtained. It provides the basis
for any application. In the calculation of the fragment data for
?%y+n the actual shell-correction energies are deduced by
interpolating these parameter sets taking into account the
diminution of shell correction energies due to the intrinsic
temperature at scission. This washing out of shell effects,
depending on the excitation energy of the fissioning nucleus, is
considered according to Bohr and Mottelson /5/. Using these shell
energies the fragment deformabilities and, consequently, the
excitation and kinetic energies are calculated.

Energy balance of fragment de-excitation after scission yields the
relationship between the everage neutron multiplicity »(&) and the
fragment excitation energy f*(A). .

The fragment mass distribution Y(A) is obtained by superposition
of 5-Gaussians. This approach is supported by the existence of
several fission modes. Each Gaussian is characterized by the
average value, the variance and the weight. These parameters
depend on the mass and the excitation energy of the fissioning
nucleus and have been fitted for the Th-Cf region.

Based on these fragment data the prompt fission neutron spectra
are calculated within the model FINESSE. Assuming evaporation of
neutrons from fully accelerated fragments as the main emission
mechanism the center-of-mass system (CMS) spectrum is calculated
by the help of an extended Weisskopf ansatz. Considering cascade
emission mechanism as well as the initisl distribution in fragment
excitation energy a temperature distribution P(T) can be deduced



taking intoc account the relation between excitation energy and
temperature as given by statistical thermodynamics.

The effect of competition between neutron and »-ray emission on
spectral shape sapproximated within temperature integration by
introducing alower temperature limit. This 1limit as =& free
parameter has been adjusted on the basis of well-known zssz(sf)
standard spectrum. Further, spin-dependent CMS-anisotropy is
included. Thus, the CMS-spectrum is calculated for each fragment
of mass number A. After transformation into the laboratory system
(LS) the final spectrum N(E) is calculated by the superposition of
fragment spectra weighted by the fragment mass yield.

Multiple=Cl Pissi

At incidence energies higher than about 6 MHeV multiple-chance
fission has to be taken into account, i.e. (n, xnf), where x
denotes the number of pre- fission neutrons for a given chance.
Note that fission fragment characteristics as well &as fission
neutron spectra in the case of multiple chance fission have to be
calculated for all chances energetically possible.This has to be
considered in the model application by separate calculation for
each chance and a following summation weighted by the partial
fission cross sections.

Starting with the calculation of fragment data for all chances
within TSM taking into account the changes in mass and excitation
energy of the compound nucleus after emission of pre-fission
neutrons, FINESSE is applied to deduce the neutron data.
As discussed sbove, the total value of neutron multiplicity and
total kinetic energy are given by & superposition weighted by the
partial fission cross section af,x for chance x,

— 1 xﬁ&x -
Yeot G tot af,x ¢ Yx +x) S
x=0 (including pre-fission neutrons)

1 *nax

T I':r.ot - %% tot S 9, x TKEx (23
’ x=0

with
S&X
%f,tot © %, x (3
x=0

The partial fission c¢ross sections as shown in Fig.1 are
calculated by the code STAPRE (Maslow-version Minsk /6/).

- .
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Fission Cross Section [b]
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Fig.1 Total and partial fjgsion cross section for the neutron

induced fission of U (STAPRE)
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Within & 5-Gaussian approach to the the fragment mass yield,
changes of the compound nucleus and its excitation energy are
considered, too. The distribution parameters are determined by the
excitation of the fissioning nucleus above its fission barrier. As
an example, Fig.2 shows the mass yield curves for the three
chances at 14 MeV incidence energy.
Finally, the prompt fission neutron spectrum is calculated within
FINESSE for each chance using the corresponding fragment data.
As shown in the cese of fragment characteristics, the total
spectrum is given by

N(EDy,, = 5—— xﬁaxa NCE) (4)

tot % tot f,x X

' x=0
(Here, N(E), is normalized to ;;.)

The total average energy of post-fission neutrons can be calcu-
lated on the basis of the total spectrum (eq.(4)) or using

o v E
= _ E f,x x “x _
Etot _— (x=0,1,2) (S5)

) z af,x Yx
4. Results

In Fig. 3, the total neutron multiplicity (averaged over all
fragments) is plotted versus incidence energy. Calculated values
are in good agreement with measured data in the whole incidence
energy range considered.

The comparison of <calculated total kinetic energies with
experimental data is more difficult, since measured data exist
only up to 8 MeV incidence energy. Further, this quantity is very
sensitive to the fragment mass distribution involved. As depicted
in Fig. 4, the striking trend in the TRE behaviour, i.e. the
decrease with incidence energy, 1is well reproduced. Above the
threshold for second- chance fission, the decrease is suppressed
by higher TKE values for the (n, n’f) feaction 8.s.0.!

Fig. S5 shows the average LS-neutron energy asfunction of the
incidence energy.Corresponding values deduced from Terrell
relation /3/, 1i.e.

— .
E(v) =0.75+ 0.85 v + 1 , (6>

are also included. Obviously, this empirical relation doesn’t

account for effects of higher order fission chances on E.

5.5

[ LN A B Shen § LELL L] | T T rUrrTiruoey ‘ LI I B B S § LR r rrrtvrr 7o vy
sof -
45k 3

9 ]

~40 ~
= L .
S - -
A3SE :

. 1
30 -1

L © Nurpeisov /75 ]

[ * Zhuraviev /80 b
25F & Frehaut /80 4

E 0 Malinovski /85 3
2 U T S P U B .-

9 56 5.0 130 35.0
Incidence Energy [MeV]

Fig. 3 Total neutron multiplicity as function of incidence
energy compared with experimental data /7-10/ for the
neutron induced fission of 2°°U

174.0 oS4 P TTTTTVTTIY I TTrrry 'W_F-l L] ‘1 rrrrorrry ]_fl rrrTrrrorr ' TIirrrrrr T
173.0 3 §
— ] ‘b%
:q>) 172.0 j ¢¢> 238 U(H,an) 3
3 E
= ] 3
fu—] 1 3
171.0 4 3
lse
£ 3 E
~ 3 3
x3 170.0 3 3
E © Vorobjeva 3
169.0 3 « Meadow =
3 — TSM E
168-0 crrrrrr |T[ TTrtrrrrrr frrrrrrrrry frrerrrrrryvrryrrrrrry

0.0

. . .0 16.
Incidence Energy [MeV]

Fig. 4 Total kinetic energy as function of incidence energy

compared with experimental data /11,12/for th neutron

induced Ffission of >*U

20.0



A

2-4 _' T T 7T T 1T 7T 7T T 'ﬁTT T T T I" rrryvrr T ' T Tt v 07 1T 1T ':

: } -3

= d -

£ -7 3

r ”~ -

23 r _- 3

F 3
r22¢ 3
> F 3
Q £ 3
= 3
e C 2
21 F *Altnen(1970) 3
- °oKnitter(1971) 3
: *Bernard(1965) :

20k 0Bariba(1977) 3
E oOHowerton(1971)3

: * Kornilov(1980) 3

E °Wassiliev(1971) 3

]9 il DU S WL S G U T N N JJLLLLJLIllllllllx]l)llllzo

Incidence energy [MeV]

Fig. 5 Average LS-neutron energy as function of incidence
energy (solid line -FINESSE, dashed line - Terrell's
relation, experimental data - ref./13-19/)

20.0 _llvll!lvv]nll|1|n||||n|lll[||ﬁ—r1rrr1111vn|v|[|uv||YTr1rrr|vT1rvrrr!
F ]
[ 4
o0 b 238U(n,f) 3
R b 3
e : -
o o . p
o 0Oof 3
ool F :
= A ]
5 | INGIDENCE ENERGY 2
[ 0 —1.5 MeV (T=1.342 Mo :
R -100F 7 58 Mev (T=1.379 Me g
[ ¢ =7.0 MeV (T=1.087 MeV) X\ ° ~0- T~ = -]
I d —12.0 MeV (T=1.457 MeV) =y, S~ _ ~=~-- e
[ & —14.0 MeV (T=1.471 MoV, ]
L f -~ 20.0 MeV (T=1.529 Me! 1
[ J
s caaaad s aaaaaga e g sagdaa s a g gl acaaa el i a g bea e oas by

-208 9 15 0] 3.0 5.5 158 EX

LS - Energy [MeV]
Fig. 6 Deviation of calculated fission neutron spectra from
Maxwellian for different incidence energies for
multiple chance fission of 2%%

Again, calculated and measured data are in good agreement within
experimental uncertainties. Note that the calculated saverage
energies correspond to the post-fission neutrons only. That cause

differences to experimental data including pre-fission neutrons at
E >6 MeV, too.

is very sensitive to the neutron energy range taken into

Further, the average energy of a measured spectrum

account.
The calculated energies are relevant to the entire spectrum.
In a first order approximation, the neutron

prompt fission

spectrum can be described by a Maxwellian, whose temperature is
deduced from the average neutron energy (T=2/3E). The
calculations performed in this work show that the

this

systematic
deviation from
distribution are

Fig. &6,

similar for all incidence energies

considered.In this 1is represented for 6 incidence

energies.

5. Copnclusions

The theoretical description of fission energetics and
and FINESSE

general trends in fragment characteristics and in

neutron

emission within the model-complex TSH reproduces

prompt fission
neutron spectra in the whole incidence energy region up to 20 MeV.
Especially, the total

agreement with measured data. The calculation of

neutron multiplicities are in a good

fission neutron
spectra has shown that a first order approximation by a Maxwellian
distribution is possible. However, an épplication of the empirical
relation between average energy and average neutron multiplicity
involves uncertainties, especially in the case of multiple

fission.

chance
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