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Abstract

A review of neutron fission spectra measurements is presented. This review and the results of this
analysis was performed with the participation of the authors. It is shown that there is a need for
additional measurements of the energy and angular distributions of secondary neutrons in order to
improve the understanding of the neutron emission mechanism in fission.

Introduction

Although fission neutron spectra of the actinides have been studied extensively for a long time,
it is not apparent that this problem will be solved in the near future. The interest in the
experimental and theoretical study of fission neutron spectra for the following two reasons.

1 The energy spectrum of secondary neutrons emitted at the time of neutron fission, which is
one of the most important characteristic of the fission process, is used primarily in the design
and calculations of nuclear reactors. Of the most important aspects of this process is the
dependence of the neutron spectrum shape on the energy of the bombarding neutron, and the
associated average energy of the secondary neutrons. Because of the considerable
experimental difficulties inherent in the measurement of fission neutron spectra, the amount of
published data is sparse and the results of the average neutron energy are noticeably disparate.
This circumstance necessitates a thorough evaluation of the published data and the generation
of recommended values.

2. The scientific aspect of this problem consists in the development of a model describing the
mechanism of the emission of neutrons induced by the fission of heavy nuclei - a most complex
transmutation of nuclear matter - with the objective of developing a theory of nuclear fission.
The required information to create such a theory is derived from various energy and angular
differential distributions of secondary neutrons. Due to the development of the measurement
technology in the course of the last few years, it has been possible to improve the accuracy of
the measured fission neutron spectra and to determine a number of new properties of this
process, particularly its mechanism.
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Experimental Technique

Without a doubt the most widely used method to study neutron energy spectra is neutron
spectrometry in conjunction with the time-of-flight method This method guarantees a high
accuracy and high degree of reliability Depending on the features of the problem, there are a
variety of variants of this method. The study of prompt fission neutron spectra, especially in
the case of neutron induced fission, imposes its own specific requirements on the construction
of the detectors and the whole design of the experiment.

At the present time, time-of-flight spectrometers, mounted on the FEI accelerators KG-2.5
and EGP-10M, are used to measure integral prompt neutron spectra due to fast neutron
induced fission in actinide nuclei. Each of the spectrometers, includes a multi sectional
ionization fission chamber, a neutron detector, the shielding of the neutron detector, and the
associated instrumentation for the control of the experiment and for the preprocessing and
storage of the collected data. A schematic of a typical experimental geometry is shown in
Figure 1.

The most important element of the neutron spectrometer is the fission fragment detector
which to a large extent determines the reliability of the results. The fission fragment detector
chosen for our experiments consisted of an ionization chamber with layers of fissile nuclides
[1]. Due to the unique combination of these characteristics,: such as a fast response (with an
attainable time resolution of 0.5 ns [2]), a highly effective registration of fission fragments, the
simplicity of the construction, the high reliability and stability of its operation, this ionization
chamber represents an optimal piece of instrumentation used in the study of nuclear fission.
Using the concept of sectionalization, it was possible to solve a number of problems: namely,
to reduce the dispersion in the flight path and to introduce corrections in the changes in each
section of the flight path, to reduce the inherent electrical capacitance of the chamber,
resulting in the improvement of the time resolution to 1.5 ns for an individual section. The
most important achievement is that it was possible to record the time reference point
independently of the fission fragment signal due to the choice and implementation of special
preamplifiers. This method of obtaining a time reference has a number of advantages over the
widely used method, in which the time correlation is triggered by the high frequency voltage of
the collection electrode of the accelerator, and the fission chamber signals serve only to select
those events which are related to fission (i.e., the measurements take place in the regime of
"fast-slow" correlations). The ability to obtain an intermittent time reference independent of
the signals from the fission fragment chamber, gives the possibility to use the accelerator in a
continuous mode, and to realize a higher intensity of the neutron beam, and thus guarantee the
necessary statistical accuracy of the measurement results. The continuous operation regime of
the accelerator considerably improves the discrimination of the background and simplifies the
procedure to introduce corrections to the background of random coincidences.

In the course of our work, we constructed and tested chambers with layers of a2Th, **[],
^"Np and 239Pu. The neutron detectors incorporated elements of monocrystaline stilbene
having a diameter of 63 mm and a height of 39 mm connected to an FEU photomultiplier
The neutron detector which was situated within a specially designed shielding assembly, whose
quality played a crucial role in the possibility to measure the desired effect. The optimum
suppression of the neutron and gamma ray background was achieved by a carefully selected



- 117 -

shield geometry, the judicious arrangement of its individual components, and by a selected
choice of shielding materials In order to minimize the registration of gamma rays, the neutron
and gamma rays were separated on the basis of their pulse shape. The total time resolution of
the spectrometer was less than 2.5 ns for a flight path of 2 m. The absolute effectiveness of
the neutron detector was determined by normalizing to the 252Cf spontaneous fission neutron
spectrum whose shape was taken from reference [3] The basic component of the electronic
assembly which was incorporated in the spectrometer was based on the KAMAK standard.
The collection and preliminary processing of the information was performed with the aid of a
personal computer.

Results of the fission neutron spectrum measurements

The experimental measurements of fission neutron spectra were performed for primary
neutron energies ranging from 0.5 to 17.7 MeV for the ^Th, 235U, *7Np, MIU and U9Pu
nuclides. As mentioned above, all fission neutron spectra were measured with spectrometers
using the time-of-flight method on the KG-2,2 and EGP-10M accelerators [4], as well as with
the neutron spectrometer of the Central Institute of Nuclear Research at Rossendorf in
Germany. The reactions D(d,n)3He, T(d,n)4He and T(p,n)3He, using gaseous tritium, gaseous
deuterium and solid tritium as targets, served as neutron sources. It must be noted that
information on the measurement of fission neutron spectra for the indicated nuclides at the
selected initial energies is absent in the open literature.

The results of measurements of fission neutron spectra at initial energies ranging from 0.5 to 6
MeV (i.e., up to the threshold of the (n,n'f)) were used to test the evaluations of the
dependence of the average fission neutron energy as a function of initial neutron energies.

A typical example of the current status of the experimental information available on fission
neutron spectra is the dependence of the average secondary neutron energy E on the energy of
the primary neutron En for the widely used 235U nuclide. Typical for this nuclide is the
considerable scatter of the experimental data between the initial E value and En = 3 MeV,
their complete absence between 7 MeV and 14 MeV and the significant disagreement among
the existing evaluations of the actual dependence at even high energies of En [5]. An
illustration of the state of the existing experimental information is given in Figure 2. In
addition to the actual measurements [6-16], Figure 2 shows the evaluations of the E(En )
dependence based on individual national libraries of microscopic nuclear data ENDF/B-VI
(USA), JENDL-3 (Japan) and BROND-2 (Russia) as well as the latest version of the Russian
BNAB-90 set of group constants used for reactor calculations. It can be seen that the scatter
of the experimental points is not systematic and is due to the fact that the value of E in the
energy range of En< 3 MeV is constant, as assumed in the ENDF/B-VI version, rather than to
the increase of the E(En) function as is expected from theoretical considerations.
Furthermore, the results published in reference [10] give a clear indication for an opposite
tendency. Finally, the difference between the evaluations of ECEJ based on the national
libraries can be as high as 5% while the accuracy requirements range from 1-2 %. It must be
noted, however, that all evaluations of the E(En) dependence given in Figure 2 are close to
being linear, and have an approximately'similar slope, which is characterized by the derivative
dE/dN which is equal to 0.025 - 0.03 [16]. The same pattern of the ECEJ dependence for the

(n,f) reaction, can be observed for all investigated nuclides.
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After analyzing all of the available experimental and evaluated data of the E(En) dependence it
was decided to discard those data which did not satisfy that criteria characterizedjjy the
dispersion and discrepancy of the data. This resulted in a selection of consistentE(En) values
for 235U which were in better agreement with the evaluations incorporated in the BROND-2
and BNAB-90 group libraries [16].

The Table lists information on the average fission neutron characteristics of the investigated
nuclides. The values of the average neutron energies resulting from the (n,f) reaction (i.e., in
the case of a "clean" fission process), in which the emission of pre-fission neutrons is
energetically impossible, were determined using two separate methods In the first method,
the temperature "T", which was used as the description parameter, was derived by using the
least squares method of the observed Maxwellian distribution:

Nm(E) = 2(E/JT-T3)1/2 exp(-E/T) 0)

This equation establishes the relationship between the average energy E and the temperature
T, where

E=3/2T (2)

In the second method the value of E was determined in accordance with
oo

E = / E N ( E ) d E (3>
o

from the directly observed spectrum N(E), which for energies lower than the limiting condition
E<Emin,e(lua ' t0 t n e energy threshold of the neutron detector, was extrapolated in accordance

with the dependence given by equation (1). Both methods give values of E which agree
within the limits of their uncertainties.

At primary neutrons energies, which are larger than the fission threshold energies, fissions of
the remaining nuclides A-l and A-2 occur in addition to the fissioning of the initial nuclide A.
In this case, the experimental spectrum consists of the superposition of post-fission neutron
spectra (prompt fission neutron spectra due to fission fragments from the A, A-l and A-2
nuclides), and pre-fission neutrons (spectra of neutrons emitted before fission) registered in
coincidence with fragments from the A-l nuclides in addition to spectra of primary and
secondary neutrons in coincidence with fragments from the A-2 nuclides. In this case, the E
parameter was determined only by using the second method in accordance with equation (3).

The Table also lists the final values of the E(E) dependence, these data take into account
corrections due to the effect of the angular "secondary neutron" - "primary neutron"
correlation which occurs as a result of the angular anisotropy of the scattered fragments and
the strong angular correlation between the forward motions of the post-fission neutrons and
the fission fragments. The same method as that used in reference [6] was used for the
correction to account for the angular correlation.

The errors listed in the Table combine the statistical errors, the errors in the corrections, and
systematic errors due to the discrimination of part of the fragments in the fission detector.
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Average fission neutron characteristics

Nuclide
Experiment

En, MeV

232IT*|_ i c

7.3

14.6

17.7

B*U 0.5

1.5

5.0

^ N p 4.9

7.8

B8U 16.0

17.7

B9Pu 1.5

7.5

10.0

AE, MeV

2.6-8.0

2.0- 10.0

0.35- 12.0

0.35- 14.0

0.3 - 12.0

2.0- 10.0

0.3- 13.0

0.3 -12.0

1.5-12.9

0.3-11.0

0.3-13.0

2.0- 10.0

0.6-6.3

0.6-6.3

E,MeV

1.87 ±0.04

1.96 ±0 08

1.90 ±0.04

1.98 ±0.04

1.98 ±0.03

1.95 ±0.03

2.12 ±0.03

2.19±0.04

2.03 ±0.08

1.92 ±0.04

1.98 ±0.04

2.06 ± 0.04

2.24 ±0.10

2.11 ±0.10

Theory [17]

E, MeV

1 82

1.88

2.09

-

1.98

2.00

-

2.17

2.17

-

-

2.11

2.23

2.29
Annotation: theoretical E values agree with those given in Ref [ 17], correspond only to post fission neutron spectra.

These inaccuracies are inevitable and unfortunately present difficulties in their exact evaluation.
In addition to the errors inherent in the determination of E, one can add such factors as the
narrowness of the energy range of the secondary neutrons and the high neutron registration
threshold.

As an example, Figures 3 and 4 portray experimentally determined spectra together with those
determined theoretically. Even though the use of prompt fission neutrons spectra approximated
by Maxwellian or Watt distribution is practically convenient, it does not reflect the process of
neutron emission from fission fragments. Therefore, it is more sensible to use the calculation^
method to determine prompt fission neutron spectra using the statistical theory. All measured
neutron spectra resulting from the (n,f) reaction are comparable with those calculated using the
statistical approach as developed by Madland and Nicks, and later improved by the work of
Maerten and Seeliger [18-20]. The statistical description of fission neutron spectra is based on
the theoretical analysis of spectra of neutrons emitted by fission fragments in the framework of
the Hauser-Feshbach theory, and the analysis of the fission fragment distributions according to
their mass, spin and energy in various approximations.
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Based on results obtained from statistical theory, and on the totality of models used, it can be said
that theory can be used to determine fission neutron spectra, however, there are still differences
between theory and experimentally determined results.

Spectra of neutrons emitted in the second and third plateau
of the fission cross section

Experiments to measure secondary fission neutrons of heavy nuclides in the little-studied
neutron energy range of En < 14 MeV, were initially designed primarily to satisfy practical
requirements, it is only later that these studies acquired a significant physical interest. This
was due partly to the results of experimental works conducted at the V.G. Khlopin Radium
Institute together with scientists of the FEI [6] They discovered a certain characteristic of
emissive fission, characterized by the presence of an excess of neutrons in the soft part of the
spectrum (below 2 MeV) in comparison to the results obtained from calculations using
statistical models and traditional representations of the emission mechanism of post-fission
neutrons based on the totality of accelerated fission fragments.

The nature of the increase in the fraction of neutrons in the hard part of the spectrum when the
energy of the bombarding neutrons was increased, was explained as a manifestation of the
mechanism of emission of pre-fission neutrons. In order to investigate the interpretation of the
observed manifestation in the soft part of the spectrum, it was necessary to analyze the energy
and angular dependencies of the anomalously emitted secondary neutrons - whose
characteristics would provide an answer to this problem. As a result of this conclusion, the
ensuing research was devoted to an increase in the experimental information on the low energy
anomaly in the neutron spectra resulting from the emissive fission of actinides. In order to
substantiate the measurement results obtained earlier at the Radium Institute, measurements of
the secondary neutron spectra were repeated at the FEI at an energy of En = 14.6 MeV for the
232Th under new experimental conditions using a fission fragment detector. These results were
described in reference [6]. The resulting spectra obtained at an energy of En = 14.6 MeV
compared well with the earlier measurements at an energy of En = 14.7 MeV [4].

Currently, measurements are being conducted of the energy distribution of neutrons emitted in
the 232Th(n,xn'f) reaction for an initial neutron energy of 17.7 MeV as well as in the
"'Ufoxn'f) reaction for initial neutron energies of 13.2 MeV, 16.0 MeV and 17.7 MeV using
an ionization fission chamber which was constructed at the Radium Institute [6]. The
measurements conducted in this experiment, used the relative method which consisted in the
simultaneous measurement of the spectrum of the fissioning isotope and that of the well
known 252Cf spontaneous fission spectrum standard. This method does not only eliminate a
number of experimental errors, but also allows the direct determination of the ratio of the
fission neutron spectrum of the investigated nuclide to the spontaneous fission spectrum of
252Cf, thereby giving the possibility to reveal fine effects related to the registration of pre-
fission neutrons against the background of the spectrum of neutrons emitted by the exited
fission products. As an example of these measurements, Figure 5 shows the fission neutron
energy spectra for the investigated ^'U nucleus for two primary neutron energies of 16.0 MeV
and 17.7 MeV measured at an exiting neutron angle of 90° relative to the beam of the primary
neutrons [21]. These spectra represent the sum of a few components: pre-fission neutrons
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emitted prior to the fissioning of the (n,n'f) and (n,2n'f) reactions, and neutrons emitted by the
exited fragments. Due to the addition of the nonequilibrium mechanism of the pre-fission
emission of hard neutrons, step-like features could be observed in the spectra in the energy
range of E = En - B f

A 1 , where Bf
 A1 is the height of the fission barrier of the A-l nuclide.

However, the representation of neutron spectra of emissive fission is not informative enough
for the qualitative analysis of such an effect because the fraction of pre-fission neutrons in the
total spectrum is not large enough. In order to have a reliable understanding of the effect
played by pre-fission neutrons from the (n,n'f) reaction, it was necessary to obtain the ratio of
the prompt neutron spectra for induced fission of the investigated isotopes to the spectrum of
the spontaneous fission of 252Cf. Figure 6 shows the energy dependence of the ratio of the two
types of spectra represented by the following equation

R(E,En) = N(E,En) / NC,(E) (4)

for the 238U nuclide. In the analysis of the experimental data, all measured spectra were
normalized to unity, and included the contribution of neutrons having energies below the
neutron registration threshold, i.e.,

J N(E,En)dE = / NCf(E)dE = 1 (5)

The energy distributions of the R ^ E J ratios which were determined for the investigated
isotopes of 232Th and ^'U in the region of emissive fission are similar. It can be seen from the
Figure, that a maximum can be observed in the high energy part of the R(E,En) spectrum. In
the low energy part of the RCEjEJ spectrum, a rise can be observed for secondary energies
lower than 2 MeV The question regarding the nature of the observed maximum in the high
energy part of the spectrum is considered in the work described in reference [6] - that is the
manifestation of the mechanism of the nonequilibrium emission of pre-fission neutrons

As the energy of the bombarding neutrons is increased from En = 13.2 MeV to En =17.7 MeV,
a shift of the high energy maximum in R(E,EJ along the energy scale in accordance with the
relationship Emx = En - Bf

 A1 can be observed for both isotopes being investigated. This
proves that the observed characteristic in the R(E,En) ratio in the high energy part of the
spectrum is not due to bad statistics or effects in the instrumentation, but supports the
correctness of the chosen physical interpretation of the observed effect.

In order to explain the observed rise in the low energy part of the R(E,E,,) ratio it is necessary
to performed a thorough statistical analysis of the energy relationships of R ^ E J obtained
experimentally for various initial energies so as to clarify the physical nature of these neutrons.
However, the main and most important step to be taken in these investigations is the
performance of more informative experiments in order to study the energy distribution of
neutrons at angles ranging from 0° to 90° with respect to the direction of the fragment
movement. Using a large difference in the angular distributions of two components (namely
pre-fission and post-fission) it would be possible to isolate the spectrum of the pre-fission
neutrons and at the same time to confirm the proposition regarding the mechanism that causes
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the excess of soft neutrons. Information on the average characteristics of emissive fission
neutrons for the 232Th and 238U nuclides are also listed in the Table. It must be noted that
experimental measurements of fission neutron spectra for fast neutron fission are very sparse,
and are completely absent at energies above 14 MeV, a comparison of the results can
therefore be done only with the aid of systematics [17]. The use of this method produces
results based on theoretical calculations of fission neutron spectra and their average energies
with the inclusion of a highly probable emissive fission. All emissive fission data are
significantly lower than the theoretical values of E. The most probable reason for such a
discrepancy is related to the contribution of an anomalously soft component which is not
reproducible in the framework of those neutron emission mechanisms which are at the basis of
the curve calculated from systematics.

POLYETHYLENE

NEUTRON
DETECTOR

FRAGMENT

DETECTOR

Figure 1. Layout of the experiment
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Figure 2. Dependence of the average fission energy E for the M5U(n,f)
reaction as a function of the bombarding neutron energy En .
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Figure 3. Measured fission neutron spectra of the 235U
and 239Pu nuclides compared with those
calculated using the FINESSE model [18].
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Figure 4. Measured fission neutron spectra of the
237Np, and 239Pu nuclides compared with those
calculated using the FINESSE model [18]
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