L1DCCabR)- 32/4

als Manuskript gedruckt

TECHNISCHE UNIVERSITAT DRESDEN
Sektion Physik
Dresden, G.D.R.

ANALYSIS OF MULTIPLE-DIFFERENTIAL
EMISSION CROSS SECTIONS OF NKUTRONS
FROM SPONTAWEOUS PISSION OF 292cF

H. Marten, D. Neumann and
D. Seeliger

05 - 02 - 84



Absgtract

The prompt neutron emission in the spontaneous fission of

252Cf is studied in the framework of the cascade evaporation
model (CEM) for specified scission configurations. In addition
to the analysis presuming the main emission mechanism, i.e.
evaporation from fully accelerated fission fragments, thne
energy and angular distributions of neutrons evaporated during
fragment acceleration (NEDFA) as well as of neutrons comiung
from the decay of “He nuclei (lEN) are estimated on the base of
theoretical data on post-scission dynamics and experimental
results on SHe emigsion in Cf fission respectively. It is shown
that sclission neutrons should be attributed to single-particle
excitations which occur dque to rapid changes of nuclear poten-
tial close to scission. '



1. Introduction

According to several experimental and theoretical studies

made in the last decades (compare the references reviewed in
the paper51'2)) the predominant mechanism of fission neutron
emigsion is the evaporation from fully accelerated fragments
which obtain their excitation energy .(on an average of about
20 MeV per fragment) due to the dissipation of collective
energy (fragment deformation at scission) mainly. A small
fraction of fission neutrons - the so-called scission

neutrons - are emitted close to the scission polnt. Their
angular distribution seems to be nearly isotropic3 « On the
base of poor experimental data, the term '"scission neutrons"
is detined roughly. Possible emission mechanisms have been
considered¥r21©:7» ), but estimations are quite uncertain.

Up to now, tne partial spectra and angular distributions of
the different eventual kinds of scission neutrons have not been
deduced theoretically.

Fission is a rather complex process characterized by am occu-
rance probability distribution P with nucleon number, excita-
tion energy, fragment kinetic energy, nuclear spin etc. as
arguments. P itselves depends on the features of the fissioning
nucleus. The dynamics of the fission process - the time depen-
dence of the nuclear potential especially -~ is connected with
the final scission conflguration specified by elongatian, i.e.
the total kinetic energy TKE of the fission fragments, as well
as asymmetry, i.e. the fragment mass number ratio AL/AH. There-
fore, the mechanism of fission neutrun emission should be
studied in dependence on AL/AH and/or TKE experimentally.
Hitherto existing results are contradictory9’1o’11). Compare
review2 also.

A comprehensive analysis of fission neutron emission should
include all essential mechanisms. As a first step, Wk study the
laboratory system (l.s.) double-differential emission cross
sections N(E,Q:AL/AH,TKE) for fixed asymmetry an@ elongation
of the scission configuration in the framework of the CIMZ??
(5,0 - 1.s. neutron energy and emission angle with reference



to the light fragment direction). Preliminary results and
essential conclusions are discussed i: addition to earlier
publication52'12’18x. Furthermore, we estimate the influence of
NEDFA (compare the treatment of Pik-Fitchak®)) oa N(E,0) on the
base of new theoretical results about the post-scission
dyuamics13). This component may simulate sclsgsion neutron
emission. Another possible fraction of neutrons with a
relatively low yield is attributed to the decay of n-unstable
light nuclel emitted at scission in equatorial -direction
mainly due to the repulsion in the Coulomb field of the
fission fragments. Hence, such neutrons are directed close

to the 90 deg~plane with reference to the fission axis.

We estimate the 1l.s8. emission distribution in the case of

the sﬂe decay studied experimenta11y14). Intercomparisons
between the results of the CEM calculations and available
experimental data as well as the influence of both the

NEDFA and HEN component are discussed with regard to the
totality of fission neutron emission.

2. Calculations in the framework of the CIM

The CEM cal-ulations described in detail in the referenceaz’12)

were based on realistic lnitial distributions of excitation
energy deduced from experimental data on neutron anmd J-ray
emission as a function of bhoth A and TKE. For fixed A, the
congideration of the dependence on TKE results in a modification
of N(E,O:AL/AH) at high emission energies especiallyd’12) In’
the case of A;/A; = 108/144, the differences between the exact
calculation end the approximation for an average TKE are

about 1 % (10 %) at 1 MeV (10 NMeV).

The shape of N(E,OxAL/AH,TKE) depends on the ratio between the
-average excitation energies of the complementary fragments
mainly. As discussed in ref.'2’, this quantity is determined
by A dependent shell effects at scission modified by intrinsic
temperature and deforﬁation. Mg. 1 illustrates the stated
assertion and represeats calculated N(E,O:AL/AH) for typical
fregment mass number ratios at E = 2 MeV.
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Fig. 1.

The anguler distri-
bution of Cf-252 -
fission neutrons at
E = 2 MeV for selec-
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The energy spectrum of ‘the scission neutron component is
usually approximated by the simple equation

Ngo(E)~ B + exp(~1/Tg,) - b

in which Tsc is the "temperature” (spectrum hardness)
parameter. Considering the published yields Véc and average
emigsion energies of scission neutrons from
2520f(sf)(compare review of ref.a)) one finds

Tge,1 = (1.0 = 1.2) MeV and Vg / Vi 409 = 001, 3.16)

By a comparison of experimental 90 deg spectra of refs.
with the CEM calculation, we deduced a second, harder central
component characterized by Tsc 2= (2.0 -~ 2.5) MeV and

Vac, o/ total“' (0.001 - 0, 01). The measured high~energy end of
the Cf spectrum corresponds to the given result (Pig. 2, 3)
However, the differential data of refs.3'16 were not confirmed
by Riehs17 . It seems to be necessary to measure at least the
90 deg spectrum accurately to draw certain conclusions about
the second component of scission neutrons. In ref.12), we have
discussed the hard emission component as a consequencs of non-
equilibrium effects.
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Fig. 2

The calculated A integrated
differential energy spectra
for @ = 11 deg and 90 deg
in comparison with expe-
rimental results 3).

N{E B Mev s ')
SJ.

[ 3 [ ]
ElMeV)

Using the CEM in a complex form it was possible to describe the
general features of fission neutron emission. This concerns

the integral energy spectrum N(E) (compare Fig. 3) up to atout
20 MoV especially. The angular distributions cannot be deduced
satisfactorily because of the existence of scission neutrons.
It is ipdicated that this component should be subdivided into
two parts of dlfferent hardness and yleld.

The oalculated average c.m.s. emission euergies as a function of
A contradict to experimental data in the region around 132 con-
siderably. This fact was interpreted as a consequence of the
possibly A dependent sclssion neutron yield (refs.12'q8)).



5415 1 Fig. 3

cf-252 fission neutron
spectrum calculated in the
framework of the complex CEM
in comperison with experimen-
{ tal data on its high-enary
end 12,18).
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3. Estimstion of NEDFA emission ocross sections

Pik-Pitchak had discussed the appearence NEDFA as a possible
"gource"” of scission neutroms ‘. Obviously, nsutron
evaporation until about 2 1020 5 after scission modifies

the angular distribution of fission neutronas to a certain
degree and ma.y simulate the actual scission neutron emission.
Samanta et al. 13) have recently published theoretical results
on post-sclssion dynamics. They investigated the dissipation
of deformation energy after scission.in the case of symmetrioc
fission especially. Wc have combined these results with the
treatment of Pik-Pitchak, but in the c.m.s. by a modification of
the CEM, and deduced time-dependent emission cross sections
which have been transformed into the l.s8. using the time-depen-
dent kinetic energy of the fission fregments. The emission



probability was deduced on the base of the equilibrium tempera-
ture Te according to the Fermi gac ::odel (Teq amounts to
around 2.0 MeV). Fig. 4 represents the NEDFA angular distribu-
tion at 1 MeV for selected times t after scission. The average
excitation energies at 0.25, 0.5, 1.5 and 2.5 - 10"29 sec
amount to about 44, 51, 73 and 96 % respectively with reference
to the final value. The corresponding relative kinetic energies
are 34, 60, 87 and 94 % respectively.
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Pig. 4 indicates that the shape of the angular distribution
varies as a function of t up to about 1 - 10‘20 s maialy.

In this time interval, the neutron yield is at maximum 3 %

of ;total' Comparing the NEDFA with the final double-
differential emission cross sections and considering the
other fragment mass splits roughly we found that NEDFA nay
simulate a central component with a yield not higher than

0.1 % of aiotal' Higher values of about 10 % were only deduced



for a non--vealistic value of Teq (about 2 MeV) which, in fact,
simulate non-equilibrium. A further analysis for other fragmept
mass splits seems to be useful.

4, HEN emission in Cf fission

It is expected that neutrons from the decay of 5He nuc1e11“)
are predominantly directed around the 90 deg (equatorial)

plane. Hence, such neutrons may probably influence the angular
distribution of ordinary fission neutrons in this angular range.
The double-~-differential emission cross sections of HEN were
estimated on the base of the following assumptions and con-
siderations:

i) Isotropic decey of 5He nuclei (about 3 - 10‘4 per

fission) in the c.m.s. with a balf life of
8 . 10722 g14),

11) Time-dependent distribution of “He kinetic energies
according to ref.14).

iii) Angular distribution of SHe emission with reference
to the fission exis.

iv) Angular resolution (for the comparison of calculated
and measured't) HEN energy spectra).

The model paraneters as far as not known from ref;14) were
fixed by the intercomparison of the calculated and the neasured
HEN spectrum cousidering item iv (¥Fig. 5). Calculated
double-differential emission probabilities N(£,€) (normalized
to the yield of HEN) are represented in Fig. 6 as well as
in Fig. 7 in comparison with N(E,8) calculated in the frame-
work of the CuM,



Fig. 5

Calculated HEN energy
sgectra in comparison
with experimental data
of Cheifetz et al. 14)
(dashed line ~ calcula-
ted spectrum at O deg
with reference to the
He~5 direction
dashed-dotted line -
calculated spectrum at
90 deg with reference
to the fission axis,
continious line ~ cal-
culated energy spectrum
around 90 deg with re-
ference to the fission
axis for an engular
resolution of 40 deg).
All spectra are norma-
lized to the yield of
HEN,

The experimental spec-
trum is not corrected
for neutron detection
efficiency.
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Obviously, the HEN N(E,0=90deg) is lower than 1 % with refe-
rence to the CEM. However, it may be possible that thias portion
is higher in the case of special scission configurations.

The desoribed study shows that scission neutron emission
should not be attributed to the low-yield HEN component.

A more detailed analysis, 1.e. for specified scission configu-
rations, is not possible up to now.

10



Fig. 6

Calculated HEN anguler
distributious for selected
emission energies (para-
meter in MeV).

10° “r—l——t—‘v——r—j
— CEM
—— SHe decay
0| 3 4
o S i

N(E,8) [Mev'sr™)

N(E,8)IMev ' 5"

Fig. ?7

Comparison of calculated
angular distributions of HEN
and ordinary fission neutrouns

" (CEM) for selected emission

energies (parameter in MeV).
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5, Summary. Conclusions

Besides the application of the complex CEM for the analysis

of the main mechanism of fission neutron emission, we studied
two neutron components which may simulate actual scission neu-
tron emigsion: NEDFA and HEN. Essential conclusions are
summariged in the following items:
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1)

i1)

iii)

iv)

v)

More detailed experimental and theoretical investiga-
tions are necessary to clarify our knowledge about the
nature of scission neutron emission. This concerns the
measurement of N(E,O:AL/AH,TKE) especially, but one
should analyse the results carefully regarding data
corrections and reference calculations on the base of
evgporation models.

According to the Lresented study, NEDFA is indicated

as an appearance of miaor importance. To obtain
sufficiently high emission probabilities within about

2 + 10720 5 after scission it is likely that one has to
introduce non-equilibrium effects during the energy
dissipation process.

In the analysis of the 5He decay after scission, we
reproduced the measured HEN spectrum and estimated the
double-differential emission cross section.

HEN emission should modify the fission neutron spectrum
at 90 deg to in maximum of 1 %.

The problem of single-partlcle excitations due to the
rapid changes of nuclear potential (descent of the
fissioning nucleus from saddle to scission point5'7),
transition of strongly deformed framments into their
equilibrium shapee)) is still a challenge for
theoreticiane. More detailed measurements may give
some clues.

It is indicated that scission neutrons should be
subdivided into a weak and a hard component with a

yield of 10 % end (0.1 - 1) % respectively. This

result has to be confirmed by more accurate measurements.
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