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Abstract: Using time-of-flight technique neutron spectra
O"JO M R

and 14.7 MeV neutron-induced fission of Th, U,
have been measured. The experimental evidence of non-equilibrium
neutron emission prior to fission has been obtained. The results of
analysis of neutron spectra for the multiple-chance fission made in
the framework of statistical model, which take into account the
equilibrium and non-equilibrium neutron emission, are presented.

<232Th, 235,, 238, 237,U, ""U, Np, neutron spectra,
time-of-flight technique, statistical model)

Introduction

fission, emission,

In this
results of
measurements
improvements

paper we report on the
our neutron spectra
and consider some
in description of

multicomponent fission neutron spectra
The data on fission neutron spectra are
of particular importance for applied
purposes and development of theoretical
description of neutron emission
mechanisms.

In accordance with now available
data in the case of the first chance
fission (it means E <6 MeV) the fission

n
neutron spectrum is determined mainly by
neutron emission from accelerated
fragments. The contribution of other
possible mechanisms (such as so-called
"scission" neutrons, neutrons emitted
during fission fragment acceleration,
etc.) is not significant. Although the
analysis of numerous experiments has
shown that neither Maxwell nor Watt
type distributions do not provide the
absolutely accurate reproducing of
experimental spectra, the deviations are
not so remarkable and both of them are
commonly used to describe and compare the
fission neutron spectra parameters and
their behaviour via incident neutron
energy.

At incident neutron energies E >6

MeV, the shape of neutron spectrum
essentially differs from Maxwell or Watt
distributions due to significant
contribution of neutrons emitted prior to
fission. In this energy region the
experimental data on fission neutron
spectra are limited in number and quality
and roost of them were taken with
insufficient accuracy. Due to these
reasons the present statue of knowledge
about features of neutron emission in the
case of the multiple-chance fission is
not satisfactory. Some efforts to
investigate this topic with use of pure
theoretical description in the frame of
statistical approach were made by Nix and
co-workers /!/ and Marten et al./2/.
Despite the remarkable progress achieved
in the refinement in the theoretical
modeling, there remain open questions

which are important to understanding of
the pre-fission neutron eimission
mechanisms. It might be reasoneible to
continue both theoretical and
experimental study of fission neutron
spectra in this field.

Experimental arrangement

Measurements of fission neutron spectra
were performed using time-of'-f light
technique at Radium Institute NG-400
facility. Primary neutrons with energies
2.9 and 14.7 MeV were obtained, as a
continuous beam in D(d,n) and T(d,n)
reactions. In order to carry out these
measurements we used 4-sectional
multilayer ionization chambers to signal
the occurrence of fission events (each
section incorporates 12 layers with

2
2mg/cm in thickness and 100 mm in
diameter). The gross weight cf the
isotope under analysis was about 5 g.
Each section being connected with
separate time-of- flight channel. The
fourth "monitor" section contained two
targets made of the isotope under

252
analysis with the isotope Cf uniformly
embedded in them. Thus, fission neutron
spectra measurements were made with

252
respect to standard spectrum of Cf and
both spectra were measured
simultaneously. The identity of all
sections for count and amplitude
characteristics was tested by measuring
fission fragment spectra.

The neutron detector (stilbene
monocristal, 10 cm in diameter and 4 cm
thick) was housed in a massive shield and
located at an angle 90 degrees at flight
path length 2.05 m. The overall timing
resolution was 2.5 nc. To reduce
gamma-quanta background the pulse-shape
discriminator with suppression
coefficient about 180 for the threshold
about 200 keV for neutrons was employed.
The additional analysis of neutron
detector pulse amplitude was carried out
with an aim to decrease the random
coincidence background in the range of



low neutron energies. Time-of-flight
spectra were corrected for the effects of
distortion due to finite energy
resolution and differences in flight path
for each section of fission chamber. In
our measurements background was entirely
time independent and itB magnitude could
be estimated unambiguously. The detailed
description of the experimental
arrangement was presented earlier /3/.

Experimental data and analysis

The characteristics of the fission
252neutron spectrum of Cf have a status

of standards /4/, and being used, the
neutron detection efficiency, neutron
spectra themselves and integral fission
neutron yields can be determined from the
results of measurements.

The results of our measurements are
shown in Fig.l in the form of the ratio
R(E) of measured spectra N.(E,E ) to the

reference spectrum ^rf'^ >-
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Fig.l. Ratios of spectra R(E,E ) for
232Th, 2 3 5U, 238, 237VU, " Np versus
neutron energy E for En=2.9 MeV

(on the left) and En=14.7 MeV (on

the right).

characteristics of measured spectra are
presented also in the Table 1. As shown
in Fig.l, in the case of En=2.9 MeV these

ratios are practically straight lines. It
means that the shape of neutron spectra
are very close to Maxwell distribution
and the slope of lines is determined by
temperatures difference Tp--T,.

At 14.7 MeV incident neutron energy
the shape of fission neutron spectra is
quite different due to neutron emission
prior to fission. The contribution of
pre-fission neutrons is clearly
identified by the deviation from the
Maxwell type distribution corresponding
to neutron emission from fission
fragments. There are some features in the
fission neutron spectra. The rise at E<2
MeV is due to evaporative part of
pre-fission neutron spectrum, and the
maximum at Ea£ MeV is connected with the
non-equilibrium one. Its right slope
corresponds to pre-equilibrium spectrum
cutting-off by the threshold of residual
nucleus fission. At energy range E<5 MeV
our data are in a good agreement with
previous measurements carried out at
incident neutron energy E -14.3 MeV /5/.

The last one were satisfactory described
with use of simple superposition of Watt
and Weisskopf distributions. It is clear
now that the high energy part of neutron
spectrum is of great importance for
understanding of the fission process and
the traditional empirical approaches must
be refused in favor of a more
sophisticated theoretical analysis.

Some improvements have been made to
describe the fission neutron spectra /6/.
It was shown to achieve a reasonable
agreement with experimental neutron
spectra measured at E =14.7 MeV the

partial fission cross-sections must be
calculated with high accuracy.

To describe the energy dependence of
the fission cross-section o,,(E )

r n
( including the behaviour of the separate
chances ) we used:
a) the pre-equilibrium neutron emission
and Hauser-Feshbach statistical model
calculations performed by using a version
of the code STAPRE /!/, where neutrons
penetrabilities were taken from /&/, the
pre-equilibrium neutron emission was
calculated with use of exiton model
/9.10/;
b) the calculations of potential energy
and level density as a function of
nuclear deformation made on basis of
/\\/\
c) the adiabatic description of
collective enhancement of level density
1213/

At present time the description of
the neutron spectra in the case of the

2 3 5
andmultiple-chance fission of 235U(n,f

U(n,f) has been done /6/. For example
O O D

the neutron spectra from U(n,f)
calculated at different incident neutron
energies are shown in Fig.2. A good
agreement with experiment in the most
part of the fission neutron spectra
(including the non-equilibrium emission)
was obtained. At the same time, there is
an excess of neutrons in the low energy
part of spectra which can not be
reproduced in the frame of our
description.



Table 1. Characteristics of measured spectra.

Target

232Th

235U

2 3 8u

En,MeV

2.9

14.7

2.9

14.7

2.9

14.7

2.9

14.7

E,MeV

1 .93+0.03

1 .87±0.03

2.02+0.03

2.01*0.03

2.00*0.03

1 .96*0.03

2.05*0.03

2.11+0.03

T.MeV

1.285±0.018

1.344+0.015

1.332*0.016

1.369+0.010

V

2.27+0.06

3.92+0.09

2.77±0.07

4.39+0.11

2.71+0.07

4.25+0.10

2.98±0.07

4.45+0.08

0.0 10.0 0.0 10.0
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Fig.2. The neutron spectra from U(n,f>
- reaction at different incident
neutron energy. The points
represent data of our
measurements. The solid lines are
the results of calculations.

this "additional"
0.3 both forare

The yields of
pre-fission neutrons
2 3 *> 238

'U and U and their spectra can be
described with use of Weisskopf
distribution with the temperature raO.4
MeV. Up to now we have no any reasonable
explanation for this effect.
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