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FOREWORD

The fission neutron spectrum occupies a key position among the
nuclear data required for application in reactor design. A detailed
knowledge of fission spectra is important not only for reliable prediction
of the physics characteristics of fast power breeder reactors, but also for
other applications. The increasing use of !integral' data measurements
with critical assemblies for the adjustment of evaluated data is one factor
that focuses the interest on fission spectra. Severalcases of discrepancies
between differential data and data measured as averages over fission
spectra need clarification. For several categories of nuclear data either
252Cf or 235U fission spectra serve as standards.

Upon the recommendation of the International Nuclear Data Committee,
the IAEA held a Consultants' Meeting on the Status of Prompt Fission
Neutron Spectra on 25-27 August 1971 at its Headquarters in Vienna. The
consultants' group was called together within the framework of the nuclear
data review program of the Nuclear Data Section of the Agency. Similar
experts! meetings have been held in the past to review well-defined and
important nuclear data problems, for example the capture-to-fission ratio
of 238%Py, the report of which was included in the proceedings of the Second
International Conference on Nuclear Data for Reactors held by the IAEA in
Helsinki in 1970,

This report is one result of the Consultants' meeting. It contains the
papers presented at the meeting, together with the resultant recommen-
dations. As afurther consequence of the meeting a number of experimental
investigations and critical reviews of new and old data will be motivated
and influenced by the Recommendations, which were established as the
consensus of opinion of the experts present at the meeting and were drawn
up and annotated by the Chairmen.







CONTENTS

Introduction
A.T.G. Ferguson, A.B. Smith
Fission neutron spectra: Perspective and suggestion
A.B. Smith
A review of prompt fission neutron spectrum data for 235U and 239Pu
neutron-induced fission and 252Cf spontaneous fission
A, Koster
Brief review of integral measurements with fission spectrum
neutrons
J.A, Grundl
Discrepancies between integral and differential measurements of
the prompt fission neutron energy spectrum
C.G. Campbell, J.L., Rowlands
Fission neutron energy spectra induced by fast neutrons on
ZSSUJ 2357 and 239Pu
H.-H. Knitter, M. Coppola, M.M. Islam,
N. Ahmed, B, Jay
A measurement of the prompt fission neutron spectrum of 235U at
0.5-MeV incident neutron energy: Tentative results
P.I. Johansson, E. Almén, B. Holmgqvist,
T. Weidling
Fission neutron spectra measurements of 235U, 239 Py and 252Cf
H., Werle, H. Bluhm
Fission neutron spectrum measurement of 252Cf
L. Jéki, Gy. Kluge, A. Lajtai, P.P. Dyachenko,
B.D. Kuzminov
Delayed neutrons from spontaneous fission of 252Cf
V.N. Nefedov, A.K. Melnikov, B.I. Starostov
Difference of microscopic integral cross-section ratios in the
235U and 239Pu thermal fission neutron spectra
A. Fabry
Measurement of the average fission cross-section ratio,
07 (235U)/ o4 (238U), for 235U and 239 Pu fission neutrons
J.A., Grundl
Integral check of fission neutron spectrum through average
cross-sections for some threshold reactions
I. Kimura, K. Kobayashi, T. Shibata
The influence of fission neutron spectra on integral nuclear
quantities of fast reactors
E. Kiefhaber, D. Thiem
Prompt fission neutron spectra
Gy. Kluge
Remarks on neutron fission related to the relative importance of the
symmetric and asymmetric fission modes
Ghislaine de Leeuw-Gierts, S. de Leeuw
Conclusions and recommendations
List of participants







INTRODUCTION

A.T.G. FERGUSON
AERE Harwell,
Didcot, Berks,
United Kingdom

A.B. SMITH

Argonne National Laboratory,
Argonne, Ill.,

United States of America

Prompt fission-neutron emission was observed more than three decades
ago. Soon thereafter a number of microscopic measurements showed that
the energy spectrum of these neutrons was an 'evaporation' distribution with
an average energy of ~2.0 MeV. This observation was consistent with the
theoretical concept of neutron emission from a highly excited and rapidly
moving fragment.! In retrospect, these early studies of fission neutron
spectra were remarkably descriptive of the phenomena. More recent
microscopic measurements employing the best available contemporary
technology have substantiated the qualitative features of the earlier results
and extended our knowledge over a wider mass-energy range. Much of the
recent work emphasized the relation of the spectrum to fission kinetics,
neutron emission probabilities, angular correlations and to the possible
existence of energy-dependent structure, These detailed results were not
always consistent and had minor impact on contemporary nuclear energy
programs, which were largely associated with thermal reactor concepts,
The performance of thermal reactor systems is not particularly sensitive
to the details of the fission spectra and, generally, the available information
was sufficient for the applied development programs. However, discrepancies
between microscopic and macroscopic observations did exist; notably in
the interpretation of solid-metal critical experiments, and the understanding
of 'age' and certain macroscopic indexes such as fission ratios. Some of
these discrepancies did not withstand careful examination, others were
attributed to uncertainties in associated fast neutron data and some simply
remained. Thus stood the matter of fission neutron spectra until relatively
recently.

As it became clear that long-term energy requirements would likely be
met with the development of the fast reactor, fast neutron properties
including the fission neutron spectrum became of increased importance.

The experimental and theoretical understanding of fast reactor neutronics
and of basic fast neutron cross-sections rapidly improved. However,
certain critical discrepancies between calculated and measured fast reactor
performance remained troublesome and were attributed to an uncertain
knowledge of microscopic fast neutron properties including prompt fission
neutron spectra, particularly those of 238U and 23Pu, In addition, the
results of more accurate determinations of macroscopic spectral indexes

Diatis interesting to note the validity of very early understanding of the fission process and fission neutron
spectra as given, for example, in the papers by: J, Wheeler (Phys. Rev., 1940), L. Turner (Rev. Mod. Phys.,
1940) and R, Peierls, Energy Distribution of Fission Neutrons, MS-65,
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were often inconsistent with 'known' cross-section information or with the
microscopically measured prompt-fission-neutron spectra. Many of the
macroscopic interpretations indicated that the average prompt fission-
neutron energy was significantly higher (~10%) than reported from micro-
scopic measurement and that the distribution deviated from a simple
‘evaporation' form. This conclusion was not entirely unambiguous as a
number of possibly uncertain neutron parameters enter into the interpretations
of, particularly, fast reactor neutronics. However, uncertainty in the fission
neutron spectrum was strongly suggested and, if true, was an appreciable
source of error in the development of major world-wide nuclear energy
programs,

The importance of a precise knowledge of fission-neutron spectra was
widely recognized by those responsible for fast reactor development and for
the provision of nuclear data for applied programs. The INDC, the EACRP,
the EANDC and a number of regional reactor and data groups gave detailed
attention to the problem. Previous experimental results were critically
reviewed and a number of new macroscopic and microscopic measurements
implemented. Preliminary results from some of the latier were reported
at the IAEA Conference on Nuclear Data for Reactors (Helsinki, 1970). Now,
a year later, far more definitive results are emerging and a contemporary
review of the status of prompt fission neutron spectra is warranted. This
is recognized by the INDC and the IAEA in the convening of this consultants
meeting gathering together active workers in fields from throughout the
world. The objectives are to: (a) assay past and present microscopic and
macroscopic knowledge of prompt fission neutron spectra; (b) summarize
the present status of the field with such conclusions as warranted by the
available information; and (¢) to make such recommendations as are judged
useful for guiding future efforts into a most productive course, Subsequent
portions of these Proceedings deal in detail with these charges. Section 3
contains the individual papers contributed by the various consultants, These
range from general contemporary reviews of the field, through comprehensive
reports of new and precise experimental results to detailed plans for future
work many of which have already been implemented. Collectively, these
papers form a uniquely comprehensive summary of the current status of
the field and give an indication of future results. From these contributions
and discussions of the consultants, both generally and as subgroups, summary
conclusions and recommendations are drawn and set forth in section 4. It
is hoped that these will be of particular value in guiding future work and that
they will assist the evaluator and other users in assaying the validity of the
basic information utilized in applied calculations,

The consultants are indebted to the Agency for the opportunity to
carry out these productive discussions in an important area of common
interest and for the hospitality and services extended during their visit,

The Chairmen thank all participants for so freely contributing the time and
knowledge requisite to the productive meeting.




FISSION NEUTRON SPECTRA:
PERSPECTIVE AND SUGGESTION*

A,.B, SMITH

Argonne National Laboratory,
Argonne, I11,,

United States of America

Abstract

FISSION NEUTRON SPECTRA: PERSPECTIVE AND SUGGESTION,

Recently reported macroscopic and spectrum-average measurements and the analysis of fast-critical
experiments have suggested an uncertain knowlege of prompt-fission-neutron spectra. These suggestions re-
kindied the author's long-term interest in the fission spectrum. Specifically, the applied importance of these
uncertainties stimulated additional work at this Laboratory with the objective of testing certain of the postulates
put forth as the result of the macroscopic studies. In preparation for new experimental work the status of prompt-
fission-neutron spectra was assayed and the results of that survey have received a limited distribution, The
pertinent experimental work at this Laboratory is now complete, Essentially concurrently a number of new
experimental results have become available at other laboratories. In the following resume the present status
of prompt-fission-neutron spectra is outlined inclusive of both the new and the older results, Primary emphasis
is given to basic microscopic information with attention to associated experimental problems and limitations.

I. Macroscopic Characteristics

A. Fission~Neutron Spectra

Current uncertainties arise, to a large extent, from the results
of recent macroscopic studies employing various reaction indices!-5
and from the detailed analysis of fast critical assemblies.5~8

The interpretation and adjustment of basic data from the
analysis of fast critical experiments is difficult. However, from
such analyses Campbell and Rowlands suggest that average-fission-
neutron spectrum energy is 5-10% higher than indicated by
microscopic measurement and that the spectrum shape may differ from
a Maxwellian form.® Similar uncertainties have been discussed in
relation to the fast critical assemblies ZEBRA-2 and ZPR-3 by Okrent
et al.” The details of the fast critical analyses are too complex
for description here. However, it appears that most of the calcula-
tions give no consideration to the dependence of the fission-neutron
energy and/or spectrum on the energy of the fission-inducing inci-
dent neutron. This degendence may be significant, particularly in
very fast assemblies.!

Some reaction-rate measurements in fission-neutron spectra tend
to support the suggestions resulting from critical-assembly studies.l75
However, the interpretation is again neither simple nor unique as a
number of uncertain physical parameters are involved in addition to

* This document constitutes a summary of a working paper submitted to the Working Group and is
contemporary with pre-meeting status. The full text of the paper is available as INDC(USA)-37/G and contains
details and recommendations not provided in this summary. Many of the latter recommendations are essentially
the same as those of the Working Group set forth elsewhere in these Proceedings.
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Table 1. Macroscopic Fission Spectrum Parameters.

Isotope E(ave),MeVa E(in), MeVb Ratio® Reference

U-233 TH 0.982

TH 1.015
TH 1.021
TH 1.020

+- 0.100 FAST CRIT.
TH
TH
- 2.025 FAST
TH
TH
TH
TH

1.040
1.039
1.025

0.854 21

2.050 1.007 21
2.085 +- 0.06 ———— 23

Footnotes:

a. Average fission neutron energy as given or deduced from the basic reference.
Errors are omitted when not directly available.

b. Incident neutron energy. TH=Thermal, Fast or Fast Crit.= Fast Critical
spectrum, SP=Spontaneous fission.

c. Ratio E(ave-X)/E(ave-235) is given when directly measured or deduced from
same experimental set.

the inherent experimental error. The iInterpretation of such reaction-
rate studies has recently been reviewed by Fabry et al.l and by
Grundl." The status of available macroscopic results is outlined in
Table 1. The recent reaction-rate results of Refs. 2, 4 and 1 (to a
lesser extent) all tend to indicate a larger average-fission-neutron
energy than microscopic measurements. However, a number of other
reaction-rate results are consistent with microscopic values includ-
ing the recent work of Refs. 17 and 18. Generally the uncertainties
in the macroscopic average tend to be large. In contrast some ratios
of average emergies are given to within very small (fractional %)
errors. The ratio values appear to be the more reliable, as is true
in most microscopic measurements. Thus the fact that the macroscopic
values 1s particularly disturbing.

Over a number of years Fabry and co-workers! have experimentally
studied the response of a wide range of detectors (mostly threshold
reactions) in fission-spectrum environments. Apparently the initial
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work was similar to that of Depuydt and Neve de Mevergnies.25 In any
case, the fission-spectrum measurements were made with an "in-cavity"
arrangement. The early Fabry results indicated a 15-207% harder
fission neutron spectrum than is usually obtained from microscopic
measurements. Fabry concluded that his results were consistent with
those of Grundl* and of Leachman and Schmidt.2® The results were sen-
sitive to the exact microscopic cross sections used in the interpre-
tation. This critical matter is extensively discussed by Fabry in
Ref. 1.

Grund1",5 carefully studied reaction rates using both a mono-
energetic neutron source (Van deGraaff) and a fission source. His
work has the merit of careful relative detector calibration free of
many cross section-associated uncertainties. However, Grundl points
out the importance of an accurate absolute energy scale and notes
that uncertainties in energy of as little as 150 keV can lead to
gross errors in subsequently determined average-fission-neutron
energy values. The importance of careful calibrations should not be
underestimated.

Grundl, like Fabry, used an "in-cavity" arrangement for produc-
ing a fission-neutron spectrum. Forty percent of the return flux
from the surrounding material ( a D,0 water tank) was above 0.1 MeV.
Grundl considered in detail this ca¥ity perturbation using DSN cal-
culations. However, the return-flux correction may not have been
perfect and it is noted that the same laboratory went to consider-
able trouble to hang GODIVA (a bare metal critical) well above the
ground to obtain a high-fidelity leakage spectrum. The cavity
problem has been serious since Chadwick's time and it remains so.

Grundl deduced ratios of the average-fission-neutron energies
of U-233 and Pu~239 to that of U-235 (see Table 1). The associated
errors are very small. The Grundl ratios are very similar to other
macroscopic ratio values; for example those of Bonner,21 Harrisl?®
and Kovalev et al.2" However, macroscopic-ratios remain seriously
discrepant with those deduced from the majority of microscopic
measurements. Grundl indicates an average-fission neutron energy
for U-235 of ~ 2.2 MeV, appreciably higher than that deduced from
the majority of the microscopic and macroscopic measurements. He
further suggests that the spectrum at low neutron energies is less
intense than that given by a Maxwellian form in contrast to the
opposite trend in some microscopic measurements.2’»28,%1

McElroy2>3 has extensively analyzed reaction-rate measurements,
primarily those of Grundl" and of Fabry.l He employs an iterative
procedure with the computation code SAND-II and a library of se-
lected microscopic cross sections to deduce detailed spectral
distributions from the measured reaction rates. He suggests an
average U-235 fission-neutron energy of ~ 2.24 MeV, similar to that
proposed by Grundl. In addition the spectrum deduced by McElroy is
20-40% lower than that indicated by a Maxwellian distribution at
neutron energies of ~ 800 keV. This is a large difference in a re-
gion where microscopic measurements are reliable. Indeed, a recent
specifically designed microscopic experiment failed to verify the
McElroy spectrum at these low energies.13 To what extent the large
discrepancy is due to uncertainties in the SAND-II procedures, the
cross section library or the respective measurements is a moot
question. However, it has been suggested that the SAND results are
sensitive to small and essentially unknown sub-threshold reaction
cross sections.
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B. Fission—-Neutron Cross Section of U-238 in a U-235 Fission-
Neutron Spectrum.

The quantity cf(X 238y) is frequently cited as an index of

the fission—-neutron sp%g%rum and of cf(238)). Representative experi-

mental and calculated values are outlined in Table 2., The experi-
mental values of Leachman and Schmidt:,26 of Richmond3! and of
Nikolaev et al.30 are in the range 310-315 mb. The measured results
of Fabry et al.l are somewhat larger. All of the experimental
values are appreciably larger than the result calculated by Grundl*
using microscopic spectra and selected U~238 fission cross sections.
However, the calculated result of Campbell and Rowlands® based upon
the data of Hart32? is in reasonable agreement with the measurements.
The results depend on the fission cross section of U-238 in the MeV
region where recent microscopic measurements33 indicate larger
values than found in widely used evaluations. ¢

of(xzas 238)) measurements have generally employed steady-state
neutron beams or fluxes, This is in contrast to precision micro-
scopic fission cross section measurements which employ pulsed-neutron
sources and fast timing techniques to control background effects.

C. Age to Indium Resonance in H20
The study of the age of U-235 fission neutrons to indium re-
sonance in H,0 has not received the attention warranted by its basic
importance afd relation to the fission-neutron spectrum. The measured
and calculated results are outlined in Table 3. Experimental values
prior to 1961 tend to be large; 27-31 cm?.35 More recent experimental
results are in the range 26-28 cm?.3%-37 The experiments did not
generally use point sources but rather combinations of plane and
other complex reactor-driven sources. As a consequence the deduction
of the fundamental parameter from the measured values entailed con-
siderable correction. Recent theoretical calculations based upon
microscopic fission-neutron spectr322’38 yield calculated ages very
close to the later experimental values. Further, from age considera-—
tions, Story18 concluded that the average-fission-neutron energy is
very similar to the microscopic value. Harris”’ has pointed out that

Table 2. Measured and Calculated Values of Ef(XZSS 238y),

Ref. Ef, mb

Measured

Fabry et al.1 30 30, 374 + 30
Nikolaev et al. 26 10
Leachman and Schmidt 5

Calculated

Grundl4 273

Campbell and Rowlands6 301

%The lower value was obtained with a Maxwellian temperature = 1.29 MeV.
The higher value from the Cranberg expressionau.
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Table 3. Age to Indium Resonance in H,O.

2
2
Ref. Age (em”)

Measured

Summary of pre-1961 values35
Doerner et al.
Paschal137

Calculated

Dunford and Alter2? 26.46% 0.32

Staub et al.38 .25.4 £26.4

Story18 Deduces Average
fission energy to
be nv 2.025 MeV

Table 4. Microscopic Fission Spectrum Parameters,

Isotope E(ave), Mev? E(in), MeVb Ratio® Reference
Th-229 1.860 = 0.060 TH ——— 41
Th-232 2.250 14.0 1.068 42

U-233 1.870 = 0.080 TH . 11
Exp. Decade TH 43
=ABOUI 4.2 MeV
2.300 + 0.120

2.010 = 0.00
1.956 + 0.013
2.020 = 0.025
2.110 + 0.150
1.900 + 0.200
2.000

Exp. Decade
=3.900 %= 0.2 MeV
2.060
1.946
1.800
1.905
1.860
1.860
2.040
2.075
1.982

1.927
2.133
1.935
2.190
2.320
2.019
1.850

I+

=+ I+

- O
w

0.045
0.100
0.019
0.060
0.060
0.060
0.090

H o+
=
H MM OO ; o o
CwWwUtOW
v

.

0.045
0.048
0.030
0.070
0.120
0.080
0.080

U OO

W
NSRS N
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WVowWwwWwoo




Table 4. {(Cont.)

Isotope E(ave), Mev E(in), MeV Ratio Reference

Pu-239 2.136 = 0.024 TH 1.092
+ 0.017 TH 1.028
0.03 - 0.4 1.075
Exp. Decade TH
=4.3 £ 0.2
2.110 * 0.044
2.010 = 0.060
2.025 £ 0.060
1.815
2.175
2.120
2.180
2.280
2,270
2.530
2.420
2.420
2.375

2.002
1.810
2.130

2.055
2.070
2,187

2,250
2,320

o .
o

| ;W

=

ul

0.070
0.070
0.060
0.060
0.100
0.090
0.100
0.080
0.120

0.051
0.11
0.050

0.060
0.060
0.093

0.070
0.060

+

PUOUVEAEENREHEEHOHOO

.
CLOoOUVOWWYWLULOW

[ 2

—

+
.

+ o+ i+

1+

I+

2.220
2,350
2,348
2,155
2.130
2,080
2,340
2.085
2.100
2.220

0.050
0,100
0.100
0.024
0.022

o

0.050
0.060

I+ I+

+

0.040

Footnotes:

a. Average fission neutron energy as given or deduced from the basic reference.
Errors are omitted when not directly available.
b. Incident neutron energy. TH=Thermal, Fast or Fast Crit.= FAST CRITICAL
SPECTRUM, SP=Spontaneous fission.
. Ratio E(ave-X)/E(ave-235) is given when directly measured or deduced from
same experimental set.
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age is sensitive to changes in the average-fission-neutron energy; a
10% change in age corresponding to a v 200 keV_change in_average
energy at 2.0 MeV. He further concludes that E(Pu-239)/E(U-235) ~
1.04, a value similar to other macroscopic results.

II. Microscopic Characteristics

A. Average-Fission—Neutron Energies and their Ratios.

More than sixty microscopic measurements of fission-neutron
spectra are reported in the literature. These results are outlined
in Table 4 with the associated references giving an indication of
method, range, quality and unusual properties.3 More than thirty of
the measurements pertain to U-235 and Pu-239 with the remainder dis-
tributed over the mass region A = 229 - 252. The incident neutron
energy range extends from thermal to 14.3 MeV with additional spon-
taneous fission processes, principally C£-252. The experimental
techniques employed generally fall into three categories; 1) time-
of-flight (TOF) using proton-recoil or reaction detectors, 2)
proton-recoil spectrometers either in the form of counters or
emulsions, and 3) reaction spectrometers such as Li-6 and He-3
counters., The measurements are most straightforward when obtained
with thermal or low-energy (< 1.0 MeV) neutron-induced or spon-
taneous fission. At higher incident neutron energies the observed
spectrum is complicated by contributions from other neutron emitting
processes, such as inelastic scattering, and the requisite correc-
tions lead to greater uncertainties.

A qualitative inspection of Table 4 reveals several general
characteristics. 1) No thermal or low-energy-neutron-induced
fission spectrum for A < 244 has been microscopically observed to
have an average energy as large as the N 2.2 MeV ascribed to some of
the macroscopic results. 2) Uncertainties assigned to the average-
energy values are not consistent with the discrepancies between
measurements. The experimentalists have apparently been optimistic
with a certain affinity for errors of 40-60 keV. 3) The ratio
E(Pu-239) /E(U-235) deduced from microscopic measurements is, with
one exception, consistently larger than the comparable macroscopic
value. The exception is in doubt as the same group obtained a
larger value using an alternate technique.27 4) There may be some
tendency for microscopic E values to grow with time but probably by
less than 50-100 keV at most.

The average-neutron energies of U-235 thermal and low-energy
neutron-induced fission are outlined in Table 5. The weighted
average is 1.979 MeV with an RMS deviation of 4.3%. This average is
not consistent with the larger macroscopic results. A similar out-
line of the average-fission-neutron energies of Pu-239 is given in
Table 6. Two values of this Table are lower than the rest of the set
with that of Ref. 50 being from a generally low set of values. The
weighted average of Table 6 is 2.084 MeV or 2.093 MeV if the low
value of Ref. 50 is omitted._ The ratio of the average values of
Tables 5 and 6 is E(Pu-239) /E(U-235) = 1.053 = 0.050. The relatively
large error does not make a comparison with the macroscopic results
particularly rewarding and the explicitly measured ratios of Table 7
are strongly preferred for definitive comparisons. The average of
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Table 5.

SMITH

U-235 AVE-Energy (Thermal and Low Energy Fission),

E-AVE (MeV)

ERROR

2,010
1.956
2.020
2.110
1.900
2.000
2.060
1.946
1.800

AVE (MeV)=

.060
.013
.025
.150
.200
.060
060
045
.100

1.9792012 .086094

Table 6.

Pu~239 AVE-Energy (Thermal and Low Energy Fission),

E-AVE (MeV)

ERROR

2.136
2.075
2.110
2.025
2.010

AVE (MeV) =

024
.017
044 -
.060
.060

2.0840732 RMS DEV.= .049855

Table 7.

Ratio Pu-239/U-235 AVE-Energy (Thermal and Low Energy Fission).

E-AVE (MeV)

ERROR

1.092
1.075
1.084
1.080

AVE (MeV) =

.014
.020
.030
.040

1.0841192 RMS DEV.= .006369

Table 8.

C£-252 AVE-Energy (Spontaneous Fission),

E-AVE (MeV)

ERROR

2.348
2.350
2.155
2.130
2.080
2.340
2.085
2.100
2.220

AVE (MeV)=

.100
.100
.024
.022
.150
.050
.060
.200
.040

2.1889532 RMS DEV.= .110669

*
Error estimate by author; a. weighting factor = 1l/error.




FISSION NEUTRON SPECTRA

the directly measured values is E(Pu-239)/E(U-235) = 1.084 + 0.006.
This average is not inclusive of the exceptionally low value of Ref.

27 (which could not be verified by other work at the same institution).
Thus the directly measured microscopic Pu-239/U-235 ratios are
significantly higher than the comparable macroscopic values given in
Table 1. This is disturbing as the measured ratios should be experi-
mentally reliable and, as was pointed out in Ref. 13, the results are
not particularly dependent on the spectral shape.

Of the spontaneous-fission-neutron spectra that of Cf-252 has
been the most extensively studied. The results are outlined in Table
8. The spread in the experimental values is, in part, the conse-
quence of weak sources available for some of the early work (for
example Ref. 61). However, more recent values obtained with stronger
sources differ by far more than their respective errors. It has been
suggested by Jéki et al.”’? that backgrounds have seriously perturbed
experimental Cf-252 average energies generally reducing the_true
values by 100-200 keV. Some values of the ratio E(Cf-252)/E(U-235)
have been determined (see Table 4). These ratios are generally as-
sociated with measurements giving lower Cf-252 average-energy values.
The discrepancies between the various Cf-252 results present a
serious problem. Accurate Cf-252 results are important to the deter-
mination of an easily used "standard" fission-neutron spectrum and
they effect the determination of other important quantities such as
Nu-bar. The Cf-252 results strongly influence the determination of

spectral dependence on Nu-bar and, indirectly, on incident neutron
energy.

B. Spectrum Shape and Structure.

The observed fission-neutron spectra are usually described by
either the "Watt"“5 expression

N(E)AE ~ exp (-bE) sinh vcE dE (1)
or a Maxwellian distribution
N(EYAE ~ VE exp (-E/T). (2)

The latter was theoretically proposed by Terrell? from considera-
tion of neutron evaporation from the moving fragment described by a
Weisskopf "temperature", T. As noted by Weisskopf,®3 the temperature
concept is only qualitative and one could reasonably expect consider-
able deviation from this simple approximation when dealing with the
complex fission process. Indeed, experiment indicates that some of
the fission neutrons are emitted at the actual scission rather than
subsequently from the moving fragments.6L+ Furthermore, the fragments
are very highly excited and measurements indicate that multiple
emission with varying temperatures does occur. *:80 Despite these
complexities, either of the above forms has been shown to be qualita-
tively descriptive of microscopic measurements. From a pragmatic
point of view the difference between the two spectral forms is small;
less than 5% below 6 MeV. At 10 MeV the difference is 25% but at
this energy the spectral intemsity has decreased by more than two
orders of magnitude from the most probable value and as a consequence
the relatively poor experimental statistical accuracy cannot clearly
differentiate between the two above expressions. From the standpoint
of numerical manipulation the Maxwellian is probably to be preferred.
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Neither Eq. (1) or (2) fully describe all of the experimental
results. Several measurements indicate an abundance of low energy
neutrons well above that predicted by either expression.zs»"ls7°
The low-energy excess is particularly evident in Cf-252 fission as
measured by Meadows2® and by Zamyatin et al.*l A careful inspection
of a number of other measured spectra reveals a consistent tendancy
for a low-energy neutron excess for several of the fission processes.
Good examples are the spectra of U-235, Pu-239 and Cf-252 shown in
Ref. 27. Furthermore, some fast critical studies have suggested a
similar low-energy excess.

Neutron emission from highly excited fragments can be complex
and a small portion of the emitted neutrons may arise from (f;x,n)
processes. These could give a structure to the fission-neutron spec-
trum. Indeed, Zamyatin et al.*! and Nefedov’! reported a structure
in the measured Cf-252 and U-~235 fission neutron spectra. Nefedov
associates this structure with specific fragment energies. This
structure has escaped notice in other detailed work such as that of
Meadows.28 Furthermore, no structure was observed in a search of a
number of U-235 and Pu-239 fission spectra by Smith!3 and it seems
unlikely that the phenomena is peculiar to Cf-252. Structure of the
type reported in Ref. 41 should be cautiously considered as a number
of experimental artifacts can contribute to the observed effect and
have done so in similar processes such as n-n' scattering.

Several measurements 1%:60 chserved the fission-neutron spectra
in correlation with the mass and direction of motion of the fission
fragments. The results are largely explained in terms of evaporation
postulates with a light/heavy fragment neutron-emission ratio approxi-
mately 1.2 - 1.4. The results are not particularly sensitive to any
reasonable anisotropy of the neutron emission from the moving fragment.
The direction of fission fragment motion is known to be correlated with
incident-neutron direction at some iIncident-neutron energies dependent
upon the particular fission channels involved. The correlation is
particularly pronounced near threshold, for example in U-238 fission.
In these selected regions one would expect a correlation between the
incident neutron direction and the fission spectrum if the evaporation
hypothesis holds true. A possible indication of such an effect has
been observed in U-238 by Knitter et al.5? However, the incident
neutron energies of the Knitter and of other work do not exactly corre-
spond to those of a strong incident-neutron to fragment correlation
and the incident resolutions employed in the fission spectrum measure-
ments are usually coarse compared to the energy dependence of the
fragment correlations. An incident-neutron to fission-neutron angular
correlation could contribute to an anomalous structure observed in
some measurements made at selected incident energies and reaction
angles. This possible effect was, of course, avoided in the more de-
tailed studies such as those of Refs. 13 and 49 where the spectrum was
observed at a number of reaction angles. In any case, an angular
correlation, localized in incident energy, will not be of appreciable
applied significance.

C. Spectral Dependence on Nu-bar and Incident Energy.

There are a number of microscopic results obtained at incident
neutron energies well above thermal (see Table 4). However, as
noted above, some of these results are open to considerable question
as the measured values may be heavily contaminated with neutrons
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FIG.1, Dependence of average fission neutron energy, E, on Nu-bar, Data points are from Table 4, Curves
indicate the Terrell [ 62] expression with various parameter choices as described in the text,

originating in processes other than fission. The number of measure-
ments at high incident energies where the fission origin of the
neutrons is assured is too limited for a good definition of spectral
dependence on incident neutron energy. However, there are a number
of spontaneous fission results available, notably for Cf-252. These
are not as subject to ambiguous interpretation and span a wide range
of Nu-bar values. Nu-bar is fairly well known both for spontaneous
fission and as a function of incident neutron energy. Therefore the
dependence of microscopic fission-neutron spectra on Nu-bar and,
indirectly, on incident neutron energy can reasonably be examined.
The Nu-bar route is that followed here.

From basic considerations of kinetics and the equation-of-state

Terrell®2 relates the average—~fission-neutron energy, E, to Nu-bar
through the relation

E=A+B/+1 (3
where A = 0.75 and B = 0.65.

The values of A and B were determined from a comparison with experi-

mental results. The expression of Eq. 3 is compared with the experi-
mental values of Table 4 in Fig. 1. The requisite Nu-bar values were
taken primarily from the IAFA tabulations and the work of Soleihac et
al.%6 and from a few additional sources where necessary. E i1s not a

strong function of Nu-bar and thus the comparison is not appreciably

influenced by the relatively small uncertainties in Nu-bar.

The data of Fig. 1 is grouped about the thermal neutron-induced
fission of U~235 and Pu-239 and the spontaneous fission of C£-252.
The remainder of thé points correspond to a limited number of recent
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spontaneous fission results, primarily from Ref. 41, and various
measurements made with incident neutrons with energies up to 14.3

MeV. The Terrell expression is indicated by the solid curve. A
least-squares fit to all of the data, weighted by 1/error?, gives

the dashed curve. The dashed-dotted curve was obtained by a similar
fitting procedure but omitting those values possibly contaminated with
non-fission neutrons. Generally, the slope of the curve rises as the
basic data becomes more comprehensive and then more selective. How—
ever, none of the curves are consistent with the microscopic
measurements of the ratio E(Pu-239)/E(U-235) (for example, the Terrell
ratio = 1.04 and that of Table 7 = 1.084). Further, none of the
curves are consistent with the higher E(Cf-252) values nor with many
of the E values corresponding to the Nu-bar range 2.65 - 3.70. The
conclusion is that a number of experimental values are systematically
in error or that Eq. 3 is not quantitatively descriptive of the
physical phenomena; or both.

D. Comments on Flux Normalization and Detector Efficiency

Microscopic fission-spectrum measurements seek to determine the
relative energy distribution of a continuum-temperature spectrum over
the extended energy range 1 keV to 10 MeV or more. The discrepancies
between measured values are of the order of 1-10%. Measurements of
this nature are exceedingly difficult requiring detailed attention to
the calibration of the detector response regardless of the specific
method. Some indication of the difficult nature of the problem is to
be found in similar x-n spectral measurements which generally do not
provide temperature distributions for nuclear processes approaching
the accuracies sought in fission-spectrum measurements.

Many of the fission measurements are directly or indirectly based
upon the n-p cross section. This cross section is known to suitable
accuracy 7 but its utilization in the laboratory often leaves much to
be desired. Little attention is given to the effects of multiple proc-
esses or to the presence of carbon in the hydro-carbons often employed
as detectors. The latter may be a source of anomolous structure as
carbon scattering is resonant over much of the range of interest. The
sensitivity of the detection system is often deduced only from calcula-
tion. Such calculations have not proven outstandingly reliable in
fast-neutron—flux determinations. In some instances the detection
efficiency is "verified” by observation of some ''known' source reaction
such as D(d,n). It is not clear that these source distributions are
sufficiently well known to serve as a standard.

The above indicates that the microscopic measurement of fission
spectra is a difficult flux measurement problem and that greatly in-
creased attention should be given to the quantitative calibration of
the detectors employed using the n-p cross section over the entire
energy range and/or the carbon scattering cross section at lower ener—
gies (below 1.8 MeV). Any measurement without such careful calibration
of the detection system using a well controlled mono-energetic neutron
source may be subject to systematic uncertainties.

The above statements are not as applicable to spectrum-ratio
measurements wherein the detection efficiency does not directly relate
to the result.
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III. Concluding Remark

The above is a resumé of current knowledge of fission-neutron
spectra with emphasis on microscopic quantities. Clearly, there is a
discrepancy between some macroscopic results and the microscopic
values which, on the average, have remained relatively static for a
number of years. The discrepancy is by no means universal nor is it
becoming more acute with time. It should be stressed that micro-
scopic knowledge of the fission-neutron-spectrum is good in the
context of the difficult nature of the problem and in comparison with
our understanding of other neutron processes. For example, few per
cent differences between the "Watt" and Maxwellian forms or between
measured E(Pu-239)/E(U-235) ratios are no larger than current dis-
crepancies in fast—fission cross sections of U-235; one of the most
basic cross sections. It will not be easy to grossly improve the
already relatively good quality of the microscopic information.

It has been suggested that an evaluation of the basic data is
novw in order. The contemporary merit of such an effort can be ques-
tioned. Many of the available results, though of good quality, are
old and poorly documented. As a consequence the evaluator may tend
to equate newness with goodness to the detriment of physical fact.

At present an evaluation can massage and renormalize to remove some

of the more glaring discrepancies between, for example, average
energies and ratios; but it is unlikely that it will resolve the basic
issue--the difference between some macroscopic deductions and micro-
scopic values. It is here suggested that an evaluation would be more
pregnant several years hence when, hopefully, the concepts and
criticisms of this and similar meetings have born fruit. Until that
time, in this author's opinion, the fission-neutron spectra stands as
indicated by the microscopic results outlined above.
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SPONTANEOUS FISSION
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Abstract

A REVIEW OF PROMPT FISSION NEUTRON SPECTRUM DATA FOR ®5U and **Pu NEUTRON-INDUGED FISSION
AND ®*Cf SPONTANEOUS FISSION,

The report reviews the major differential measurements of prompt fission neutron spectra and gives an
estimate of the average energy of the spectra of *U and ?**Pu for thermal neutron fission and of #2Cf for
spontaneous fission, Only for 50 were enough experimental data available to allow a fitting by an orthogonal
polynomial function, Discrepancies in the existing data are pointed out particularly for 22Cf,

INTRODUCTION

The aim of this paper is to review the major differential measurements
of prompt fission neutron spectra and, on this basis, to estimate the average
energy of the spectra of 235U and 239Pu for thermal neutron fission and of
25201 for spontaneous fission, Californium has, of course, been included
because of its use as a standard reference nuclide for 7 and fission spectrum
measurements, The work is not intended to be a comprehensive evaluation
of all experiments performed to date, but only a concise summary to serve
as a background document for the IAEA Consultants Meeting on the Status
of Prompt Fission Neutron Spectra, Experiments using threshold detectors
for determining spectrum temperatures were excluded because otherwise a
critical assessment of all cross-sections involved would be required, which
would entail considerable effort in addition to what appears possible at
present,

The most extensively studied fission spectrum is that of 2%5U; numerous
experiments using various methods have been performed since 1942, From
the beginning the standard procedure to obtain the spectrum temperature
from a differential measurement has been to fit some function derived from
nuclear evaporation theory to the data. Almost without exception the
function chosen has been either a Maxwellian or the so-called Watt
spectrum [1]. The Maxwell spectrum is the simplest:

Ny (E) = CyJE ™7

with average energy

By =T
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The spectrum suggested by Watt, on the other hand, is based on the
assumptions of isotropic angular and Maxwellian energy distributions in the
centre-of-mass system and reads as follows [1]:

-E/Tg

Ny(E) = Cye sinh (2VEE;/ T¢) (3)

where Ef is the average kinetic energy per nucleon of a fragment and

- 3
Ew=Ef+§Tf

Assuming that EWE EM, we can see, comparing Egs (2) and (4), that

TETf+%Ef (5)

Most of the earlier experiments at Los Alamos were fitted to a function of
the type (3) with parameters as determined by Watt, i.e. Ty = 1.0 MeV
and E; = 0.5 MeV, which gives a value for Ey of 2.0 MeV,

1. THE #°U THERMAL NEUTRON-INDUCED FISSION SPECTRUM

An attempt has been made to collect all published results on the thermal
neutron induced fission spectrum of 235U, Some data are not available, being
still classified or never published. These are not included, even though they
have been mentioned in other papers. Only those results have been included
that have been reported in the available literature so that at least some
experimental details and analysis methods can be given. A list of the
available measurements together with some relevant experimental details is
given in Table I, As can be seen from the values for E and T, there exists
remarkable agreement between the results obtained by different methods and
between old and recent measurements. These results are also in agreement
with some references to unpublished work [15,17 - 19]. The average of
13 measurements of the spectrum, due to thermal (up to 100 keV) neutrons,
gives a value of 1.969 + 0.075 MeV for the average energy E. Excluding
the very low value obtained by Condé and During [8], the average energy
becomes 1,978 + 0,046 MeV, The reason for the low value for E obtained
by Condé and During is not immediately obvious. The most likely explana-
tion is that the authors underestimated the effects of wall-scattering and
scattering in the very thick samples used in the 235U and ?%9Pu measurements.
It would probably be more correct to determine a suitably weighted average
of the data, taking into account the authors' own error estimates. However,
because of the many possibilities of systematic errors in the original data
and the different methods of deriving the average energy, proper weighting
of these data appears an almost impossible task,

With one exception, all results listed were obtained through fitting a
function to the raw data. This assumes an a priori knowledge of the shape
of the spectrum, which, however, rests on a shaky theoretical basis. The
author who found the average energy through integration [2] used only his
own data for this purpose, which entails several drawbacks, including the
limited energy range studied.
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It appeared therefore that a useful task might be performed if a way
could be found of combining several data sets in as wide an energy range
as possible and integrating the resultant curve, To this end we collected
as many data sets as possible and normalized these sets to a reference setl,
using the method of equal areas. An orthogonal polynomial function was
thereafter fitted to the normalized data.

The resulting expression of the form

F(E) =a,+a,E+a,E> +,,, a,;E" n<40

was integrated over the interval 0- 20 MeV to obtain
20

ff(E) E dE
R |
E ="

f(E) dE
0

For this method to work well a large number of data points is desirable.
Unfortunately, the response to our request for data was only partly successful,
most data older than 5 years being lost and some authors refusing to release
their data. Some of the older Los Alamos publications contained the data,
which were, however, of doubtful value because of the large scatter of
individual data points. Mainly lacking are data points in the higher energy
region beyond 10 MeV as the fitting program needs sufficient points there

to prevent the function from fluctuating at the higher energies. For?3%U
over 200 data points are available, permitting a reasonable fit, Preliminary
results for the integral up to 10 MeV for a 12-degree fit give a value for the
average energy of E = 1,97 MeV, This would appear to validate the use of

a simple Maxwellian as an approximation to the fission spectrum of 235U,
More work needs to be done, however, to establish confidence limits for

this value. Taking the value for E found this way, several functions can be
fitted to the data with the object of seeing which one approaches the real
shape more closely.

THE ¥ Py THERMAL NEUTRON-INDUCED FISSION SPECTRUM

The results obtained for 23Pu are summarized in Table II. Several
experiments measured only the ratio of T(239)/T(235), including some
measurements made with threshold detectors. It is assumed that errors in
threshold measurements are likely to cancel in a ratio measurement and
these results have therefore been included. The average of 6 results,
excluding the ratio results, gives an average energy

E =2.071 MeV

! For this preliminary trial the data obtained by Barnard et al. [ 6] were used as 'standard’ to which the
others were normalized.
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5y, 9py AND 22Cf SPECTRA

Including the ratio measurements and assuming the value of 1, 978 MeV
obtained in section 1 for the average energy of 235U, we get

E =2,078 MeV

which implies a ratio T(239)/T(235) of 1,051,

THE 2%2Cf SPONTANEOUS FISSION SPECTRUM

Table III summarizes the available experimental results on 282¢y,

This isotope is of special importance because of its possible use as a
standard for all fission spectrum work. It is therefore unfortunate that
such large discrepancies exist between the different results. Jéki and his
co-workers [30] have made a study of this problem and analysed the main
experiments published. They made a study of the different corrections that
have to be made in the different techniques used and came to the conclusion
that neglect of these corrections will lead to an underestimate of the true
value of the temperature. Their observations are, however, also valid for
some of the 235U results, which now agree well to the average energy; this
agreement would not necessarily be retained if additional increases in the
temperature would appear necessary when introducing further corrections.
It would seem that some further studies of systematic errors in measure-
ments on this isotope are desirable, The comments of Jéki et al. have been
included in Table III, _

The results are distributed in two distinct groups with values for E of
about 2. 10 and 2, 37 MeV respectively. Before this discrepancy is resolved,
there is obviously not much sense in calculating a straightforward average
of all experiments.

Several authors [26, 30] have observed a substantial discrepancy between
the fitted Maxwellian and the experimental points at low energy. This seems
to indicate that for spontaneous fission a Maxwellian gives a poorer
representation of the spectirum than for neutron-induced fission. A simple
integrated average energy might give better agreement amongst different
data sets, There again, no data are available to enable this method to be
applied. ;
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BRIEF REVIEW OF INTEGRAL MEASUREMENTS
WITH FISSION SPECTRUM NEUTRONS
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Abstract

BRIEF REVIEW OF INTEGRAL MEASUREMENTS WITH FISSION SPECTRUM NEUTRONS .
The paper is an edited transcript of the introduction to the discussion of integral measurements of
fission cross-sections averaged over fission spectra given by the author at the meeting.

This review deals with the second aspect of measurement that motivates
this meeting, a meeting called to ascertain the status of prompt fission
neutron spectra, This particular method of observing neutron interactions
with matter has a long history and is generally denoted under the title inte-
gral measurements. As a practitioner of this art may I say that, without
complaint, we take our usual place when we appear at a meeting of differen-
tial measurers. We try to tell our tale quickly and minimize the inter-
ruptions. Happily, this meeting is somewhat different, One may gather
from Dr. Ferguson's remarks that in some way, and recently, integral
measurements have achieved the unexpected. They have made the bridge
between differential data and integral measurement a bridge with two-way
traffic.

In the summary of the last meeting of the EANDC you may find this
meeting on fission spectra quite bluntly described as a ''confrontation between
experimenters of micro- and macro-persuasions'. The idea of a crisp
interaction between differential and integral measurers is attractive, but
I should like to take issue with this description on two points. First, con-
frontation is worthwhile only if the result is an increase in understanding
of what integral measurers are about — even when they do their job poorly.
And, more important, confrontation should not jeopardize the pious hope
that the chances for useful co-operation between us may be improved. More
and more the two types of measurement have a single purpose: the early
demonstration of an economical and publicly acceptable fast breeder reactor.
My second point of issue is with terminology. Micro and macro, I believe,
do not correctly distinguish the two kinds of measurement that are repre-
sented at this meeting. A more careful distinction is necessary, it seems
to me, because it is precisely with fission spectra that integral measure-
ments are in the domain of measurement that is commonly called micro-
scopic. In what follows I am borrowing from a review paper on fission
spectra given at the EANDC Symposium on Neutron Standards and Flux
Normalization last fall [1].

Four terms are of concern: microscopic and macroscopic, differential
and integral. Macroscopic and microscopic are relatively easy to distin-
guish if we presume they apply to experimental arrangements and not to
techniques of measurement. Macroscopic in this view refers to experi-
mental arrangements in which a dominating feature is neutron transport.
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That is, arrangements in which multiple encounters of neutrons with nuclei
produce a series of neutron velocity changes, and in important instances
new sources of neutrons, The main point is multiple encounters of neutrons
with nuclei. Microscopic data as a classification follows simply: micro-
scopic refers to experimental arrangements in which single encounters

of neutrons with nuclei predominate, Distinguishing integral and differential
methods of measurement is more difficult. Disagreement is unavoidable
because the techniques do overlap, and there is a danger of becoming
academic. The following formulation is proposed as a useful one because

it focuses on the relationship between the two techniques. Integral measure-
ments: measurements that require for their interpretation an integration

of point-wise microscopic data over energy and/or space intervals that

are not small compared to the range of interest. Differential measurements:
measurements for which the integration of point-wise microscopic data is
not necessary for interpretation, only for corrections. Thus, microscopic
and macroscopic may refer to both differential and integral results, and

not every experiment is uniquely classified. Total cross-sections, for
example, are generally derived from microscopic arrangements, dif-
ferential in energy but integral with respect to the differential scattering
cross-section. The bulk of neutron cross-section measurements with
accelerators are differential microscopic. Critical mass measurements
are always integral macroscopic, but the determination of a leakage
spectrum from a critical assembly by time-of-flight is a differential
macroscopic measurement,

The measurements to be discussed in this part of the program, there-
fore, are integral microscopic measurements with fission neutrons. The
motive to make these measurements is simple, they are a first step
validation of nuclear data. As we say in other company, " Are the data
that come from differential microscopic measurements any good ~—
what dotheydo for us?' Well, one of the first things theyought to do for
us is to correctly predict a basic fission cross-section averaged over
the shape of the fission spectrum, The truth, as you know, is that for
2387 it does not. This is the beginning of our problem and I shall return
to it in a minute,

For most of the people around this table the fission spectrum
is a fascinating and interesting phenomena; for other people,
however, it is a matter of very expensive decisions. I have
been asked to speak for those other people who are not here,
those other users of the fission spectrum. For them the area of concern
is the integrity of reactor fuels and materials. In this problem area
neutron detection by activation is the important instrument for spectrum
characterization and dosimetry. And no longer is this technique regarded
as a stopgap, something to be replaced some day by a reliable in-pile
spectrometer, It is almost certain that activation detectors, quite simply
foils, are going to be all that we shall ever have for diagnostic work in
the prototype and materials test reactors. And unless something quite
unexpected happens to the rate at which accurate differential reaction-
rate cross-sections become available, the fission spectrum will remain
an important calibration base for these detectors.

Now, to be a little more specific. Integral measurements must be
done with an accuracy that is not always necessary for differential methods.
The leverage for this class of measurement is generally small and the in-
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formation to be derived from them often resides within error bands of a

few per cent or less. Thus, critical masses for ideal spheres of enriched
uranium and plutonium metal have been measured to a few tenths of a per
cent, and material replacement measurements in reactors involve re-
producing the reactivity of the reactor to better than a few hundredths of

a per cent, For average cross-section ratio measurements in basic
critical systems, values at the level of 5% are almost worthless, two

per cent numbers are required for really valuable checks of computation,
To achieve this kind of accuracy we do not deceive ourselves, We simply
retreat. We make our measurements in the simplest possible systems,
avoid absolute measurements, use simple detecting schemes, and worst

of all engage in long-term efforts. The critical mass measurements just
mentioned were begun in the early fifties, yet the latest revision of observed
spherical critical masses was published only last year. Similarly, spectral
indexes for basic critical assemblies, which incidently display very nearly

TABLE I. *® U FISSION SPECTRUM AVERAGED FISSION
CROSS-SECTION FOR 238y

OBSERVATION
Absolute determinations

Leachman and Schmitt (1957) 310 4 mb
Richmond (310)
Fabry et al, (1970) 353 + 30 mb

Ratio measurements
25y/™ U plus critical mass of “*U metal
sphere, Grundl (1968) 327 £ 25 mb
(330 mb forx,)

Fabry et al, (1970) 331+ 31 mb

PREDICTION
Compilations prior to 1965

Evaluations after 1965
Maxwellian form (E = 1,935 MeV) 273 + 5 mb
watt form (E = 2,013 MeV) 282 + 5 mb

Implications of recent o¢(E, 2* U)

White 270 mb
Poenitz (240 mb)

0
Discrepancy: E%;er—i:% =1,13
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a fission spectrum shape above 1 MeV, have been carried out periodically
for nearly 20 years and by nearly a dozen different experimenters.

We have performed integral measurement, therefore, which we
take seriously. We find it difficult, however, to reconcile some of
these measurements with differential data, A starting point for displaying
the difficulties is the so-called Leachman-Schmitt measurement. This
experiment is quite simply a measurement of the average fission cross-
section of 2%%U for fission neutrons arising from 5y, The significance
of the experiment is clear, 23°U fission neutrons drive the fission neutron
chain and 238U is the fuel for that chain., Table I, taken from Ref.[1],
shows the situation regarding observed and predicted values for this
average cross-section. The value determined by Leachman and Schmitt,
310 mb, was for thermal neutron-induced fission [2]. A second measure-
ment by Richmond is in excellent agreement but unfortunately was never
reported. It is a notebook number, A measurement by Fabry reported
in 1970 [3] does not quite agree, but importantly it is on the high side of
the Leachman-Schmitt value,

As you can see, the array of results for this basic experiment is not
large, If some of you would say that we had best wait for more data from
the integral measurersbefore we spend alot more effort on differential
measurement, I might agree. However, the Leachman-Schmitt measure-
ment was carefully done and properly documented and it has withstood
more than one attempt to fault it. Also, new measurements with 282¢f
fission neutrons will be undertaken soon. Still, because so few absolute
results exist, it is useful to take the route of deriving information from
ratio measurements, our most common retreat {1]. The result as shown
in the Table agrees with Leachman-Schmitt, but only because of errors
considerably larger than those reported by Leachman and Schmitt, I might
note here that more precise and redundantly measured average fission
cross-section ratios at the centre of metal critical spheres parallel and
substantiate the ratio measurements in Table I [4].

The matter of prediction is summarized in the lower section of the
Table, The discrepancy with observation is clear — and rather well
known now — it stands as a serious obstacle to improved understanding
of almost all fission-associated, fast-neutron spectra,

The fission spectrum, then, is the first bridge between differential
neutron cross-section data and the design and operation of functional
chain reacting systems., With the remaining time assigned to us, Mr, Fabry
and myself would like to describe two particular integral measurements
in progress at our respective laboratories. The purpose of the presentation
will be to show the strengths and the problems of integral microscopic
measurements with fission neutrons. Hopefully it will generate some
critical discussion.
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Abstract

DISCREPANCIES BETWEEN INTEGRAL AND DIFFERENTIAL MEASUREMENTS OF THE PROMPT FISSION
NEUTRON ENERGY SPECTRUM.

The results of recent differential measurements of the fission spectra of 25U and 2Py are summarized
and discrepancies between these measurements and values deduced from integral measurements are discussed.
It is recommended that the differential measurements should be re-evaluated to determine the best shape for
the spectrum and the uncertainty in the shape and that the different activation measurements made in a fission
spectrum should be evaluated and discrepancies identified. It is also recommended that further measurements
of the average value of the 28 fission cross-section in a 25U thermal fission spectrum should be made.

INTRODUCTION

The calculation of reactions with thresholds at MeV energies (such as
2387 fission) and the range of neutron diffusion during moderation requires
an accurate knowledge of the fission spectrum shape. Evaluations of the
differential measurements have concluded that the spectra are accurately
known (the mean energies being accurate to + 1%) but a number of integral
measurements indicate that the mean energy of the fission spectrum for
235U thermal fission should be 5 or 10% higher than that given by the differen-
tial measurements and an analysis of activation measurements suggests that
the shape differs significantly from the Maxwellian form that represents
the differential measurements. Integral measurements also give a smaller
value for the difference between the mean energies of the 239Pu and 235U
thermal fission spectra than the value obtained from an evaluation of the
differential measurements. A knowledge of this difference is required
when relating measurements made in 235U-fuelled systems to corresponding
239Pu-fuelled reactors.

One of the most important types of integral measurement relating to
the fission spectrum is the value of the 238(J/235U fission ratio measured in
a fission spectrum or a reactor spectrum. Lubitz and Stewart [1] have
recently reviewed the differential and integral measurements and they
argue that errors in the 238U and 235U fission cross-sections used in the
analysis could explain the discrepancy between calculation and these integral
measurements. However, other integral measurements that do not involve
fission cross-sections (such as age measurements) also indicate a higher
mean energy. Some preliminary fast reactor spectrum measurements at

33
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MeV energies also suggest that it is the spectrum that is in error rather
than the fission cross-sections. A recent review of the differential measure-
ments of fission spectra, made by Jaffey [2], concludes that the spectrum
is not well determined by the measurements, which may be subject to
systematic errors such as the efficiency calibration of the neutron detector.

Fabry et al. [3] have made a least squares fit to the 235U fission
spectrum activation measurements and found that a good fit can be obtained
using the Watt spectrum (which fits the differential measurements). In
this fitting there was an 11% error in the 238U/235U fission ratio calculated
using the conventional values of the cross-sections but ways were suggested
in which these cross-sections could be modified to be consistent with the
fission spectrum averages and the differential cross-section measurements.
A still better fit to the activation of detectors with thresholds in the high
MeV range was obtained by using a more general form for the fission
spectrum, but the mean energy was still within 3% of 2 MeV, the value
obtained from differential measurements.

The object of the present paper is to present a brief summary of the
differential and integral measurements and to suggest further work that
might resolve the discrepancies.

DIFFERENTIAL MEASUREMENTS

Barnard et al. [4] have reported measurements of the fission spectra
of 235, 2387 and 239Pu and have evaluated the available differential data.
They conclude that the data can be represented by the Maxwellian form
and recommend the values for the temperatures and mean energies
(E = gT) of the Maxwellian given in Table I. The ratio of the mean energies
for the 239Pu and 235U specira is 1.07.

Smith [5] has recently reported preliminary measurements for 2350
and 23%Pu. The object of the measurements was to determine the shape
below 1.6 MeV and the ratio of the temperatures for 239Pu and 235U, The
temperature for the 235U spectrum measured to 1.6 MeV is consistent with
the measurements of Barnard et al. (The best fit to the data corresponds to
a temperature of 1.41 + 0.14 MeV, while the spectrum measured by

Barnard et al. below 1.6 MeV corresponds to a temperature of 1,37 MeV.
Fitting to the wider energy range in the measurements of Barnard et al.

TABLE I. MEAN ENERGIES AND MAXWELLIAN TEMPERATURES FOR
THERMAL FISSION SPECTRA OF 235U AND %%pu

Mean energies Temperatures
(MeV) (MeV)

Mazxwellian:
5y Thermal fission 1.95 £ 0.015 1.30 £0.01

23%py Thermal fission 2.085 £ 0.015 1.39 £ 0.01




INTEGRAL AND DIFFERENTIAL MEASUREMENTS

results in a temperature of 1,29 MeV.) The ratio of temperatures for
23%9Pu and 235U were measured over a wider energy range (up to 8 MeV) and
gave a ratio of 1.075 + 2% consistent with the recommendations of
Barnard et al.

Recent measurements by Rickard [6] made using a 8Li spectrometer,
when fitted by a Maxwellian, result in a temperature of 1.34 + 0.04 MeV
for 235U thermal fission. ‘

The recent measurements, while not inconsistent with the recommen-
dations of Barnard et al., do give higher temperatures. Jaffey's remarks
suggest that a re-evaluation of the earlier measurements might result in
larger uncertainties being assigned to them. An evaluation of the earlier
data and the recent measurements would then result in a temperature a few
per cent higher than the Barnard et al. value. A re-evaluation of the
earlier data might also show how more accurate measurements could be
made.

Possible departures from the Maxwellian form that are consistent with
the differential measurements might be significant in reactor calculations.
The range of shapes that is consistent with the differential measurements
should be evaluated. The significance of this range of shapes could be
assessed by calculating the 238U/235U fission ratio variation. It is thought
that a re-evaluation of the spectrum measurements, taking into account
possible departures from a Maxwellian form, might result in a calculated
fission ratio about 5% higher than the value obtained using the spectrum
recommended by Barnard et al.

ACTIVATION MEASUREMENTS

Grundl {7 ] has made activation measurements in a 235U thermal fission
spectrum using a number of detectors. An analysis of these measurements
made by McElroy (8] gives a fission spectrum with 20% fewer neutrons
below 1.4 MeV and 16% more above (10% more in the range 1.4 to 3 MeV
and 30% more in the range 3 to 6 MeV). The mean energy of the spectrum
is about 2.2 MeV.

An analysis of activation measurements made by Bresesti et al. [9]
shows them to be consistent with the differential measurements of the fission
spectrum. The measured activation cross-sections are renormalized by the
factor 1.14 to give a best fit to the Watt spectrum. The measured and
calculated activation cross-sections then differ by up to about 7%, with an
average difference of 3%. The peak deduced from Grundl's measurements
between 3 and 6 MeV is not consistent with Bresesti's measurements, and
the discrepancy found for 238U fission by Fabry et al. is not apparent in
this analysis.

The studies made by Fabry et al. indicate that the activation measure-
ments and the differential measurements can be reconciled by making
changes to the standard 2380 and 235U fission cross-section evaluations.

An attempt should be made to verify these changes by differential cross-
section measurements. They also show that a more general form than the
Maxwellian form is required to give a good fit to the activation measurements.
A simultaneous fit to the differential spectrum measurements and the acti-
vation detector measurements would be a logical extension of the work,
although the good fit to the activation measurements obtained using the Watt
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TABLE II. 28y CROSS-SECTION IN THE 235U FISSION SPECTRUM

Cross-section
(mb)

Fabry et al. 353 + 30
and 374 + 30

Leachman and Schmidt; Richmond 313 §
Nikolaev et al. 310 £ 10

Calculation 301

spectrum implies that the spectra derived by fitting to the activation detec-
tors (with modified 238U and 235U data) should also fit the differential
measurements.

There is a need to resolve discrepancies between the activation
measurements made by Grundl, Boldeman, Bresesti and Fabry and between
the different analyses.

4, 2387 FISSION CROSS-SECTION IN A FISSION SPECTRUM

The average value of the 23U fission cross-section in a fission spectrum
has been measured by Fabry et al,, Leachman and Schmidt [10], Richmond
[11] and Nikolaev [12]. Their values are given in Table II, together with
the value calculated using the recommended fission spectrum and the 238U
fission cross-section evaluated by Hart [13]. This is a more valuable
integral measurement than the 238U /235U fission ratio in a fission spectrum
because it is closely related to the 238U fission rate per fission in a reactor
(and removes one source of uncertainty — the 235U fission cross-section).
Further measurements of this quantity would be valuable.

AGE TO THE INDIUM RESONANCE

Measurements of the second moment of the spatial distribution of
reactions in indium resulting from a fission neutron source in a moderator
(the age to the indium resonance) provide information on the mean lethargy
of the fission spectrum. The uncertainties in the cross-sections of carbon,
H,O and D,O are small. Story {14] has made an analysis of the age measure-
ments in these moderators and reached the preliminary conclusion that a
fission spectrum with a Maxwellian temperature of 1.35 + 0.02 MeV gives a
best fit to the measurements (a mean energy of 2.025 + 0.03 MeV).

ANALYSIS OF 3%7/2%y FISSION RATES IN FAST REACTOR SPECTRA

Campbell and Rowlands [15] have described a cross-section adjustment
study made to fit a wide range of integral measurements. The mean energy
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TABLE III. RATIO OF THE MEAN ENERGIES OF THE FISSION
SPECTRA OF 239py AND 235(y

Barnard et al. Differential 1.07 £0.02
Smith Differential 1.075 £ 0.02

Grundl Integral 1.039 £ 0.002
Bonner Integral 1.040 £ 0.003
Kovalev et al. Integral 1.04 £ 0.01

of the fission spectrum was included as a variable. The mean energy of the
2%y fission spectrum was increased by 8% + 5%, to 2.10 + 0,10 MeV, the
assumed standard deviation being + 10%. The 238U/23( fission ratio measure-
ments made in reactor spectra were the quantities that determined the
adjustment. When a smaller uncertainty was assumed a smaller adjustment
resulted.

INTEGRAL MEASUREMENTS OF THE RATIO OF THE MEAN ENERGIES
OF 239py AND 235U FISSION SPECTRA

Integral measurements of the ratio of the mean energies of the fission
spectra for 259Py and 2350 have been made by Grundl [16], Bonner [17] and
Kovalev et al. [18] and their results are compared ‘with the values derived
from differential measurements by Barnard et al, and by Smith in Table III.
The two types of measurement make a different type of averaging over the
fission spectrum. The difference could be explained if the 23%Pu fission
spectrum departs from the Maxwellian form in a different way to the 235U
spectrum.

REACTOR SPECTRUM MEASUREMENTS

Lubitz and Stewart have summarized a number of reactor spectrum
measurements, both differential measurements made with nuclear emulsions
and measurements made with activation detectors. These measurements
are more consistent with the differential fission spectrum measurements
than the spectrum derived from Grundl's activation measurements.

Rickard has made 6Li spectrometer measurements in the Zebra 8H
assembly and concludes that the 12% underestimate of the 238(U/235U fission
rate is caused by an underestimation of the spectrum above the 238U fission
threshold, rather than an underestimate of the 2387 fission cross-section.

CONCLTUSIONS

A new evaluation of the differential measurements is required in which
the best form (not necéssarily Maxwellian or Watt) is selected and the
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uncertainties in the mean energy and in the shape are assessed. The
evaluation should include an assessment of the measurements of the 239Pu
spectrum relative to the 235U spectrum.

Fission spectrum activation measurements should be evaluated and
discrepancies identified. There is a large discrepancy between the measure-
ments of the 238U fission cross-section in a fission spectrum. Further
measurements of this important integral quantity are desirable. An attempt
should be made to resolve the discrepancies between the different analyses
of activation measurements, For example, Fabry et al. and Bresesti et al.
find that the Watt spectrum gives a good fit to the measurements, but
McElroy deduces a quite different shape. Fabry finds a large discrepancy
for the 238U fission activation whereas Bresesti finds it to be consistent with
the Watt spectrum.

The different values derived for the mean energy of the 235U thermal
neutron fission spectrum, or the temperature of the Maxwellian, are
summarized in Table IV.
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FISSION NEUTRON ENERGY SPECTRA
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Abstract

FISSION NEUTRON ENERGY SPECTRA INDUCED BY FAST NEUTRONS ON U, U AND **py,

Measurements of fission neutron energy spectra induced by fast neutrons on U, U and ®°Pu using time-
of-flight technique are presented. The average fission neutron energies have been calculated from the time-of-
flight spectra of **U at incident neutron energies of 1,9 and 2.3 MeV, of U at 0,14, 0.40, 1.5, 1.9 and
2.3 MeV, and of %y, at 1.5, 1.9, 2.3, 4.0, 5.0 and 5.5 MeV, Their values have been compared with the
theoretical predictions of Terrell, The angular distributions of the fission neutrons are also evaluated in some
cases to look for any anisotropy in their emission,

1. INTRODUCTION

A good knowledge of the parameters of the neutron-induced fission
process is of significance for the optimum economical layout of nuclear
power plants, For fast breeder reactors one important set of parameters
is those that describe the prompt fission neutron spectrum. Despite its
importance, only a small amount of effort has been devoted to the accurate
determination of fission neutron spectra. There exist for 235U only measure-
ments of the fission neutron energy spectra for thermal [1-3], slow [4],

40 keV [5], 100 keV [6], 1.5 MeV [5] and 14. 3 MeV [7] incident neutron

energies. Only measurements at spot energies [6-9] have been made on 288y

so far, Measurements exist for 222 Py at thermal [1, 2, 8, 10-12], 40 keV [5],
130 keV [6] and 2.0 MeV [13] incident neutron energies.

A relevant question is the dependence of the fission neutron spectrum
on the incident neutron energy or with v, the average number of neutrons
produced per fission event, A theoretical study of this problem was under-
taken by Terrell [14, 15] who concluded that the fission neutron spectrum
in the laboratory reference system should be of Maxwellian shape and derived
an equation that gives the variation of the average fission neutron energy E of
the Maxwellian spectrum with 7. One of the cases best suited to a study of
the dependence of the average fission neutron energy E on the incident neutron
energy E, is the neutron-induced fission process on23Pu, since for this
isotope the dependence of ¥ with the incident neutron energy E, is rather
strong,

* Present address: CCR, Ispra, Italy.
% Guest collaborator from the Pakistan AEC.
T Present address: Atomic Energy Centre, Dacca, Bangladesh.
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If one also considers in this analysis the value of the average fission
neutron energy of the spontaneous fission neutron spectrum of 290Pu, it is
possible to investigate the above dependence on ¥ over a large region of v
starting from the value of 2,19 (see Fig, 12).

In this paper the results of the measurements of fission neutron energy
spectra of 2%8U at incident neutron energies of 1.9 and 2. 3 MeV, of 2%% at
0.14, 0.40, 1.5, 1.9 and 2.3 MeV and of 2°Puat 1.5, 1.9, 2.3, 4.0, 4,5,
5.0 and 5.5 MeV are presented. For the measurements on 23 Pu and 238U
see also Refs [16] and [17] respectively.

EXPERIMENTAL EQUIPMENT AND PROCEDURE

The measurements were done at the 3-MV Van de Graaff accelerator of
CBNM using the fast neutron time-of-flight technique. The layout of the
experimental set-up is shown in Fig. 1., A pulsed ion beam of 1-ns pulse
width and 1-MHz repetition rate was focused on the neutron-producing target,
For neutron production three different reactions were used. For the measure-
ment at 0. 14 MeV neutrons were produced through the 7Li(p, n)"Be reaction.
For the measurements between 0,4 and 2, 3-MeV incident neutron energies
the neutrons were produced through the T(p, n)®He reaction and at neutron
energies between 4,0 and 5.5 MeV use was made of the D(d, n)3He reaction
in conjunction with a deuterium gas target described elsewhere [18].

The neutrons, emitted around 0° with respect to the direction of the
incoming ion beam, were scattered by the sample towards three detectors
placed at equal distances from the scatterer and viewing it through their
collimating shieldings. Each detector consisted of a cylindrical NE 102A
plastic scintillator, 5.0 cm in diameter and 2.5 cm thick, viewed by an
AVP 56/03 photomultiplier, The fast outputs of the three detectors gave
the start signal for three time-to-pulse height converters, The stop signals
were extracted from a pick-up loop before the ion target at about 30 cm
distance, The output signals of the time-to-pulse height converters were
registered simultaneously in three different sections of a 4096-channel
pulse height analyser. The overall time resolution of such a neutron time-
of-flight spectrometer, including the ion pulse width of the accelerator, was
about 2.3 ns.

The relative neutron fluence was measured with a fourth time-of-flight
spectrometer of the same type with the detector inserted in a shielding
collimating the neutrons coming from the neutron-producing target. The
monitor was placed at -20° with respect to the ion beam and at a distance
of 5 m from the neutron-producing target. By means of a window discrimi-
nator, only that part of the neutron time spectrum corresponding to the
neutrons from the target was selected to monitor the measurements.

A great effort was made to determine experimentally the relative
efficiency of the detectors. Since the angular distributions of neutron source
reactions are not known with sufficient accuracy, they cannot safely be used
for this special calibration purpose. A much better way to obtain the detector
efficiency is to measure the angular distribution of neutrons scattered from
hydrogen at one or more incident neutron energies in order to cover with a
sufficient number of points all the energy range of interest. Therefore,
the neutron scattering from a hydrogenous sample was measured at 2,3
and 5. 75-MeV incident neutron energies in angular steps of 2, 5° between
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TABLE I. SAMPLE USED IN THE INVESTIGATIONS

External Internal Isotopic
diameter diameter Height Weight abundance
(cm) (cm) (cm) (8) (B

2.50 205.09 99.00

161.27 93.15

54.80 98.91

20° and 67.5° The hydrogenous sample was a hollow polyethylene cylinder
of 1,00 cm outside diameter, 0.60 cm inside diameter and 4.00 cm height.
Its weight was 1.840 g and the content of hydrogen was (14. 31 + 0. 08)%.
Corrections for the attenuation of the scattered neutron flux density were
applied to the experimental results, They were calculated using the program
MAGGIE in the version modified at CBNM [19] and, for comparison, using
the method described by Cranberg and Levin [20],

In addition, the efficiency ratios of two of the detectors with respect to
the first one were determined experimentally by measuring the direct neutron
yield from source reactions in the energy range concerned under the same
geometrical conditions for each counter. In this way it was possible to
compare the efficiency ratios obtained with two different experimental
procedures,

In determining the shapes of the fission neutron spectra it is important
to have an accurate determination of the time scale of the time-of-flight
spectra, Therefore, deliberately to avoid the use of delay lines, time-of-
flight spectra of direct neutrons were recorded at different primary neutron
energies between 0.4 and 2.3 MeV, The time interval per channel was then
obtained from the positions of the neutron and y-ray peaks in the spectra,
the distance between target and detector and the known primary neutron
energies. In this way, the linearity of the time scale was also checked.

The non-linearity was found to be smaller than 0, 5%,

The specifications of the samples used in the present investigation are
given in Table I. The 238U sample was a hollow cylinder of natural uranium.
The 235U sample consisted of 10 cylindrical rings canned in an aluminium
container of 0.2 mm wall thickness, The 239Pu sample was a solid cylinder
canned in a Zircaloy container of 0.2 mm wall thickness, Empty cans of the
same materials and of equal weights and shapes were used to subtract the
scattering contributions coming from the containers of the samples,

Each sample and the respective can were mounted on a 0. 15-mm diameter
tungsten wire vertically in front of the neutron-producing target. The distance
between the target and the centre of the sample was 15 cm for both the 238U
and 2°°U measurements and 10 cm in the 2*Pu case. The distance between
the sample and the detectors was always 1.41 m, The measurements were
performed with the sample in the addition mode and subsequently with the
can in the subtraction mode for the same number of monitor counts. They
were alternately repeated until the statistics in the spectra were sufficient,
The changing of the sample and the can was done automatically.
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All the measurements for the uranium isotopes were taken, except
for the ones at E, = 0,40 MeV and 0. 14 MeV for 23U, at 17 or more angles
between 20° and 150°. The measurements between 20° and 60°, between 70°
and 110°, and between 120° and 150° were done with the first, second and
third counter respectively,

In the case of 233U, measurements at £, = 0,4 and 0, 14 MeV were done
at three fixed angles of 45°, 90° and 135° with the three counters, Only in
the 0. 14-MeV case was a 'coincidence counter’' of low energy threshold used
in place of the second counter, For 2%?Py the measurements taken with
counter 1 between 25° and 75° were analysed to evaluate the fission neutron
spectra [16].

3. EXPERIMENTAL RESULTS

Atime-of-flight spectrum, typical of all the measurements taken on the
two uranium isotopes and on 23Pu, is shown in Fig.2. Since in this context
we want to deal only with fission neutron spectra, the interesting part of the
spectrum is the one that appears above the elastic peak. This part shows a
pure fission neutron spectrum. The part below the elastic peak is composed
of fission neutron events and of events emanating from inelastic neutron
scattering,

3.1, Fission neutron spectra of 228U

In the case of 238U the part of the time-of-flight spectra containing
purely fission neutrons was investigated for incident neutron energies of 1.9
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FIG.3. Sum of the fission neutron spectra of **U measured between 120° and 150° at E;, = 2.3 MeV. The solid
line represents the best fit through the experimental points.

TABLE II. MAXWELLIAN TEMPERATURE T, AND AVERAGE
FISSION NEUTRON ENERGY E OF 238y

Tg E
(MeV) (MeV)

1.88 2.02 £0.08

1.23 1,85+ 0.08

and 2, 3 MeV to determine the average fission neutron energy E. If the
number of fission neutrons emitted per unit energy interval Ng (E) in the

laboratory system can be represented by a Maxwellian distribution [14]
of the form

N (E) = Cg -VE exp(-E/Tp) (1)

where Cg is a normalizing constant, E the emitted neutron energy and Tg

is related to the average fission neutron energy by E = 3/2 Tr, a plot of
In(Ng (E) NE) against the emitted neutron energy E should give values around
a straight line, At each primary neutron energy the spectra measured with
the same counter at different angles were summed up. The sum spectra
were corrected for counter efficiencies, transformed into energy spectra
and used to calculate the two parameters Cg and Tr of Eq. (1) by the method
of least squares. It was found that the experimental points are fairly well
distributed around a straight line. An example of the fission neutron sum
spectra is shown in Fig, 3. The experimental values of E are given in Table II
The values of the average fission neutron energy E(E;) determined in this
experiment are plotted in Fig. 4 against the incident neutron energy E,,
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FIG.4. Variation of the average fission neutron energy E of 28U with the incident neutron energy E,: @ present
work; ARef.[6]; ORef.[9]. The solid line refers to calculations using Eq.(2).

)

1¢

N(&lqb) (arbitrary units)
£

6
4 -1--
2 2.3MeV.

0 20 40 60 80 100 120 140 160 180
Hiap
FIG.5. Fission neutron angular distributions from neutron-induced fission of 2%U with respect to the direction
of the incoming neutron beam.

together with the results of other works [6, 9]. A theoretical curve was also
calculated following Terrell's assumption [14, 15] that the average energy of

the fission neutrons may be related to v (E,), the average number of neutrons
per fission event, by the expression

B(E) = B, +0.645(3(E) + 1)} 2)

where Ef is the average fission fragment kinetic energy per nucleon. Its
value was taken to be 0, 74 MeV [2]. The numerical values of V(E,) are
given in Ref.[21]., The agreement between the experimental points and the
theoretical curve is good.

The angular distribution of fission neutrons N(@) has also been evaluated
from the neutron time-of-flight spectra at incident neutron energies of 1.5,
1.9 and 2.3 MeV. For this purpose the counts per channel in each spectrum
were corrected for counter efficiency and summed up between the fission
neutron energy limits of 2,14 and 6, 30 MeV, 2.62 and 6,28 MeV, and 3.06
and 5,62 MeV at the primary neutron energies of 1.5, 1.9 and 2,3 MeV
respectively. The angular distributions obtained are shown in Fig.5. The
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solid lines represent the results of least squares fits assuming isotropy for
the fission neutron angular distributions in the laboratory reference system.
The dashed curves are the results of the fits assuming an angular dependence
of the form N(0) = AjPy + A;P,(cos 8), where the B are the ith order Legendre
polynomials, In this case the ratios R = N(0°)/N(90°) are 1.19 £ 0,20,

1.08 £ 0.17 and 1,27 + 0.24 at the incident neutron energies of 1.5, 1.9 and
2.3 MeV respectively. Due to the uncertainties in the values of R, these
results allow no conclusions with regard to anisotropy for the fission neutron
emission, though there seems to be a slight indication of such an effect.

3.2. Fission neutron spectra of 23°U

Fission neutron spectra from this isotope were measured at the incident
neutron energies of 0,133, 0.40, 1,5, 1,9, 2.3, 4.0, 4.5, 5,0 and 5.5 MeV.
The evaluation of the fission neutron spectra has so far been done only up
to 2,3 MeV. The evaluation procedure was essentially the same as that
applied in the previous case. However, it was found that a constant back-
ground, which is due to an induced activity of the sample, has to be sub-
tracted from the time-of-flight spectra before treating them in the way
described. This background was smaller than 1, 5% of the counts at the

30
En [Mev]

FIG.8. Variation of the average fission neutron energy E of U with the incident neutron energy Ep: @ present
work; x results from Ref,[9].
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TABLE III. MAXWELLIAN TEMPERATURE T; AND AVERAGE FISSION
NEUTRON ENERGY E OF 2*®U (preliminary values)

Ep T E
(MeV) (MeV)

0.133 2.01 0.05
0,40 2.04 £ 0.04
1.50 2,04+ 0,05
1.90 2.04 + 0,08
2:30 1.94 £ 0.04

En = 2.3 MeV
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FIG.9. Fission neutron angular distributions from neutron-induced fission of 2¥U with respect to the direction
of the incoming neutron beam. The integration limits of the fission spectrum are 3.0 and 6.0 MeV.
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maximum of the fission neutron time-of-flight spectrum, Two measurements
were performed at 0,40 MeV at an interval of four months and with the
detectors placed at 45°, 90° and 135°, Both measurements gave the same
results, Figure 6 shows the fission neutron sum spectrum of thetwomeasure-
ments taken with the three detectors. The solid line represents a least
squares fit through the experimental points with a Maxwellian function,
Figure 7 shows the results of the measurements made at 0, 133 MeV incident
neutron energy, This is also a sum spectrum of two sets of measurements
taken with two detectors placed at 45° and 135°, The solid line represents

a least squares fit through the experimental points with a Maxwellian
function,

Figure 8 shows the average fission neutron energies plotted against
the incident neutron energy. The corresponding numerical values are given
in Table IIi. The solid points represent the preliminary results of the present
experiment and the crosses give the results of other workers compiled in
Ref.[9]. The solid line represents Terrell's theoretical curve, The
corresponding ¥ values were taken from Ref,[21],

The fission neutron angular distributions were also evaluated from the
meagurements performed at 1.5, 1.9 and 2,3 MeV, Figure 9 shows the
results of this work. The full circles represent the angular distributions
of the fission neutrons corresponding to an integration interval of the spectra
between 3.0 and 6.0 MeV. The curves represent the least squares fits through
the experimental points with the same Legendre polynomial expansion as
used in the previous case. The ratios N(0°)/N(90°) are 1.11 x 0. 14,

1,32 £ 0,12 and 1,25 + 0,15 at the incident neutron energies of 1.5, 1.9
and 2.3 MeV respectively, Here again, because of uncertainties in the

R-values, no definite conclusion can be made about the anisotropy in the
fission neutron angular distributions,

3.3. Fission neutron spectra of 2Pu

Temperatures of the neutron-induced fission neutron evaporation
process were determined at incident neutron energies of 1.5, 1.9, 2.3, 4.0,
4.5, 5.0 and 5.5 MeV. At the energies up to 2.3 MeV the evaluation was
made in a similar way to that described for the 238U case. Figure 10 shows
as an example the fission neutron spectra obtained at 1. 9 and 2,3 MeV.

In this semilogarithmic plot the experimental points must be distributed
around a straight line if the fission neutron spectrum has a Maxwellian
shape.

At incident energies above 2,3 MeV it is no longer possible to extract
the parameters of the fission neutron energy distribution from the part of
the spectrum left above the elastic peak because of the shift of the elastic
peak towards the high-energy part of the spectrum. In fact the useful energy
range in this part of the spectrum and the number of counts in it become too
small for this purpose. One can try, nevertheless, to use the part of the
continuous neutron energy spectrum below the elastic peak to extract the
parameters of the inelastic and the fission neutron energy distributions.
For this analysis, under the assumption of independence of the shape of the
fission plus inelastic neutron spectra from the measuring angle, the
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FIG.10. Fission neutron energy spectra of the neutron-induced fission process on #%Pu at incident neutron
energies of 1.9 and 2.3 MeV. The solid lines represent the best fits through the experimental points,

measurements made at the angles 25°, 30°, 35°, 45° 60° and 75° were

summed up. After subtracting the gamma-ray background, the experimental

spectra (after the proper transformations had been made) were fitted with
the expression

N(E) = Cp -JVE exp(-E/T; ) + C; - E. exp(-E/T)) (3)
where the second term, deduced from the Fermi gas model, represents the
energy distribution of the inelastic neutrons; T; is the temperature of the
inelastic neutron evaporation process and C; is a normalization constant,
The other parameters have the same meaning as in Eq. (1), The numerical

values of Tr obtained and of the average fission neutron energy E corres-
ponding to Ty are given in Table IV,
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TABLE IV, MAXWELLIAN TEMPERATURE T; AND AVERAGE FISSION
NEUTRON ENERGY E OF 23¥py

Tg E
MeV) MeV)

1.41 2,12 £ 0.07
1,45 2.18 + 0,06
1.52 2,28 + 0.06
1.51 2,27+ 0.10
1.69 2,53+ 0.09

2,42 + 0,10

2,42 + 0.08

Ep=55MeV

N{E) (MeV-")

+ H++++
A

? R

t

20 25
E {MeV]

239

FIG.11. Fission and inelastic neutron energy spectrum of ““Pu at an incident neutron energy of 5.5 MeV. The
solid line represents the best fit through the experimental points.

As an example, the experimental neutron energy distribution measured
at E, = 5,5 MeV is shown in Fig. 11. The solid line represents the best fit
through the experimental points using Eq. (3). The error bars represent
only the statistical error of the measured points.

In Fig. 12 the fission neutron temperatures are plotted against v, the
average number of neutrons per fission event. The full circles are the
fission neutron temperatures obtained in the present measurements, the
crosses are the ones determined by other workers as compiled in Ref.[9]
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FIG.12. Variation of the Maxwellian temperature of the fission neutron evaporation process, T with the
average number of neutrons emitted in a fission event i: ® Ref.[16]; x Ref,[9]; B from spontanecus fission
of M0py, Ref.[1]. The solid and dashed lines represent the results of the calculations using Eqs (4) and (5)
respectively,

and the square represents the fission neutron temperature of the spontaneous
fission process of 2°Pu, The solid line is calculated according to Terrell's
expression [15],

E=0,74+0.645(v + 1) (4)

v was taken as determined by Soleilhac et al. [22]. The dashed curve is
calculated according to the Eq, (2),

E=0,74+0,35(0p+1) (5)

assuming linear dependence of the average fission neutron energy on (v + 1).
The coefficient of the last term is chosen to match the thermal neutron-
induced fission temperature of 233U(E = 1. 935 MeV, v = 2, 43)., This latter
assumption appears to be in much better agreement with the experimental
data of 2*Pu compared to the Terrell curve using Eq. (4).

4, CONCLUSIONS

The dependence of the temperature of the fission neutron evaporation
process on the incoming neutron energy as determined in the present
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measurements on 238U and 235U agree reasonably, within the error, with
the results of other measurements, The agreement with the Terrell curve
is also good. However, for the 23%Pu case the Terrell curve does not fit
our data, Rather, the experimental results show linear dependence on

(7 + 1), including the one of the spontaneous fission of 40Pu,

The fission neutron energy spectra above 1-MeV incident energy in the
present investigation agree with a Maxwellian shape, as suggested by
Terrell [14, 15], assuming that the fission neutrons are generated from the
fission fragments. But the measurements at lower energies on ?%U at
0.40 and 0. 14 MeV show clearly a deviation from the Maxwellian distribution
in the energy range below 1-MeV fission neutron energy, though the data are
only preliminary, At incident neutron energies above about 1 MeV this
deviation cannot be seen because of the superposition of elastically and
inelastically scattered neutrons in that part of the fission spectrum where this
deviation occurs, Because of this uncertainty in the shape of the fission
neutron spectra, the inelastic cross-sections calculated from the time-of-
flight spectra are bound to be overestimated. This was shown by Batchelor
and Wyld [13] in their measurements on 23U and 239Pu at E; = 2. 0 MeV.

The reason for the excess of fission neutrons over the Maxwellian distribu-
tion is not clear. One reason may be that the fission neutrons are not
solely emitted by the fission fragments, rather there is a large emittance of
neutrons at the time of scission of the parent nucleus into the fragments.
While the high-energy part (above 1 MeV) of the fission neutron spectra at
all the incident neutron energies can be fitted well with the Maxwellian
distribution with the corresponding fission temperatures in agreement with
the theory, the excess of neutrons appears only below about 1 MeV, It
would be interesting to study the fission neutron spectra below 1 MeV,
preferably down to 100 - 200 keV fission neutron energies. Some theoretical
considerations in this perspective will be also necessary.

The angular distributions of the fission neutrons presented here show
that they are isotropic within the error, though the evidence for anisotropy
cannot be completely ruled out, It would be worthwhile to calculate the shape
of the angular distribution of the fission neutrons as a function of the
anigotropy of the fragment angular distribution. If the fission neutrons
are emitted solely by the fragments, this will also give a check on the shape

of the fission neutron angular distributions,
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A MEASUREMENT OF THE PROMPT
FISSION NEUTRON SPECTRUM OF 2%°y
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Abstract

A MEASUREMENT OF THE PROMPT FISSION NEUTRON SPECTRUM OF 235U AT 0.5-MeV INCIDENT NEUTRON
ENERGY: TENTATIVE RESULTS,

The shapes of fission neutron spectra are of interest for power reactor calculations. Recently it has been
suggested that the neutron-induced fission spectrum of 2®U should be harder than was earlier assumed, For this
reason measurements of the neutron spectra of some fissile isotopes are in progress at this laboratory. The
report presents results from a current study of the energy spectra of the neutrons emitted in the neutron-induced
fission of 2%U,

The measurements were performed at an incident neutron energy of 0.53 MeV by using time-of-flight
techniques together with pulse shape discrimination in the neutron detector system to suppress the gamma
background. The detector was calibrated with respect to energy and efficiency from 0.5 to 14 MeV, which
enabled the fission spectrum to be analysed over a much larger energy range than in any previous investigation
of the 2¥U spectrum. Corrections for the effect of neutron attenuation in the uranium sample were calculated
by using a Monte Carlo program, The fission neutron spectrum was analysed on the basis of energy distributions
according to Maxwell and Watt, and it was shown that Watt's distribution is more useful than Maxwell's for
describing the spectrum.

1, INTRODUCTION

The shapes of prompt fission neutron spectra of the main fissile and
fertile isotopes have recently attracted great interest, although previously it
had been assumed that these spectra had been measured with satisfactory
precision. This renewed interest was initiated by results from macroscopic
measurements, which indicated appreciably harder spectra than those
calculated from microscopic experiments. The differences between the
results obtained by these two groups of methods gave the impulse to carry
out new microscopic experiments using fast incident neutron energies at
Studsvik. Thus, measurements have been performed on 2%y at a primary
neutron energy of 0,95 MeV and on2°8U at 1. 35 and 2. 02 MeV, using a
time-of-flight technique in combination with a plastic scintillation detector
[1,2]. The parameter usually chosen to characterize a fission neutron
spectrum shape is the Maxwellian temperature; it was found that the values
for this temperature agreed with previously published results from micro-
scopic measurements, within the limits of experimental error. Thus the
findings here did not support the results from the macroscopic data.

A review of microscopic fission spectrum measurements was recently
published [3]. An inspection of the data in this review shows that most
spectrum analyses have been made in a relatively limited energy region,
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ranging from about 0.5 up to 7 MeV., The lower energy limit is set by the
problems that often arise because of the difficulty of determining the
response function of the detector with high precision. The upper limit is
probably set by neutron intensity considerations related to the rapid falling
off in the yield of fission neutrong with increasing energy. Furthermore,
the scatter in the results of many of the previous prompt fission neutron
spectrum measurements illustrates the need for more accurate information
on most fissionable nuclei. This should be obtained using the most
sophisticated and reliable techniques, with the emphasis on bringing down
the systematic uncertainties,

This investigation is concerned with the fission neutron spectrum from
25U measured at an input energy of 0.53 MeV. The experiment used a
time-of-flight technique. A comparatively large liquid scintillator was
chosen as a detector element to get high efficiency over a large energy
range, good time resolution and the possibility of using pulse shape
discrimination to suppress the gamma background. This experimental
technique has given very positive results in that it has enabled the recording
of a fission neutron spectrum with very satisfactory statistics from about
0.5 MeV up to the highest fission neutron energy. The background
conditions were extremely good, even up in the high energy range, thus
giving extraordinary accuracy for an experiment of this type.

The experimental details and tentative results will be discussed fully
in the following sections,

EXPERIMENTAL ARRANGEMENTS AND PROCEDURE

The fission spectrum measurements were made by using a time-of-flight
technique in conjunction with a 6-MeV pulsed Van de Graaff accelerator,

An ion pulse width of 1,5 ns at a repetition rate of 1 Mc has been used
throughout the experiments., The neutron detector consisted of a liquid
scintillator with pulse shape discrimination properties (Nuclear Enterprises,
NE213; 13 cm in diameter and 5 cm thick) viewed by a fast photomultiplier.
The detector arrangements were located in a large shielding of lithium
paraffin, iron and lead [4]. The distance between the uranium sample and
the detector was 300 cm.

Neutrons of 0.53-MeV energy were produced by the TLi(p, n)'Be
reaction with a target consisting of lithium metal evaporated on to a thin
tantalum backing. The proton energy used (2,26 MeV) is well below the
threshold energy (2. 378 MeV) for production of neutrons by the 7Li(p, n'v)'Be
reaction [5], The thickness of the target was 26 keV as measured. The
mean proton current was about 4 uA., The relative neutron flux was
monitored with a direction sensitive long counter,

The 235U measurements were made at a detector angle of 90° relative to
the incident neutron beam., The uranium sample (height 3,00 ¢m, outer
diameter 1,80 cm and inner diameter 0,95 cm) contained 93% 2%°U, Polythene
scattering samples (height 3. 00 cm, outer diameter 0.95 cm and inner
diameter 0.65 cm and height 5. 00 cm and diameter 1.00 cm, respectively)
were used to measure the response function of the neutron detector.

The effect of room-scattered neutrons interacting with the sample was
studied with a tantalum scatterer. The measurements were repeated both
with the tantalum and uranium samples and without any scatterer,
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It is very important in measurements of this type, requiring accurate
determinations of intensities in different energy intervals covering a large
energy range, that the energy scale as well as the energy dependence of the
neutron detector should be known with high accuracy. The energy calibration
of the time-to-pulse-height converter of the neutron spectrometer was
performed by observing neutron groups from the reactions T(p, n)He and
9Be(d, n}!?C and the neutron scattering from hydrogen, carbon and nickel.
The energy range covered was 0.5 to 21 MeV, The finite dimensions of the
target-scatterer-detector system introduce, however, a spread in the
scattering angle of the detected neutrons, This effect, together with the
fact that the energy of the scattered neutrons is strongly dependent upon
the scattering angle, makes the (n, p) process less useful at large angles for
energy calibrations. Consequently, neutron scattering from hydrogen was
only used for energy calibrations at angles smaller than about 35°.

The relative efficiency of the neutron detector was determined by
observing neutron scattering from hydrogen at different primary energies
and at different angles. The (n, p) cross-sections compiled by Horsley [6]
were used to derive the response function by a simple normalization
procedure, Thus the energy range from 1 to 14 MeV was covered. The
low-energy part of the efficiency curve, i.e. from 0.4 to 4 MeV, has also
been measured by detecting neutrons from the T(p, n)SHe reaction [7, 8].

3. EXPERIMENTAL RESULTS, DATA ANALYSIS AND CORRECTIONS

At fast primary neutron energies the analysis of fission neutron spectra
recorded by time-of-flight techniques becomes somewhat complicated
because of the interference between the continuous fission spectrum and
neutrons emitted in competing elastic and inelastic scattering processes.
With the present technique and energy resolution it is difficult to resolve
the close-lying neutron groups from inelastic scattering events and to
observe that part of the fission spectrum on which they are superposed.
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FIG.1. Time-of-flight spectrum from fission in **U induced by 0.53-MeV neutrons.
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FIG.2. High-energy part of the fission neutron spectrum of 2¥U,

The high-energy end of the fission spectrum may also be somewhat
influenced by the low-energy tail of the peak from sample gammas incident
on the detector. The distortion of the high-energy region of the neutron
spectrum by the gamma peak has been drastically diminished by pulse shape
discrimination together with a lead absorber (thickness 0.8 cm) positioned
in front of the detector. The absorber introduced only a small reduction
(less than 20 per cent) in the neutron detection efficiency.

The time-of-flight spectrum from fission in 233U induced by 0. 53-MeV
neutrons is shown in Fig.1, A peak due to gamma radiation is also visible
as is a peak from unresolved neutron elastic and inelastic scattering events.
The high-energy part of the fission spectrum is plotted in Fig, 2 and shows
the contribution of fission neutrons at energies above 10 MeV.

The fission neutron spectrum has been analysed by the method described
in Ref.[2]. Thus the contributions to the fission spectrum caused by the
high~-energy tail of the elastic peak and the low-energy tail of the gamma
peak were taken care of by subtracting neutron scattering spectra recorded
with a181Ta sample. Tantalum is convenient for this purpose since, on the
one hand, it is rather heavy and on the other, like 23U, it has many low-lying
excited states. The resulting fission spectrum was analysed up to 14 MeV,

The importance of the corrections for flux attenuation and source-to-
sample geometry for the uranium sample has been studied earlier [2] on
the basis of Monte Carlo technique. The correction factor was found to vary
very little with increasing fission neutron energy, i.e. between 1.19 and
1,17, Thus the fission spectrum is corrected by roughly the same factor
over the entire energy region,
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FIG.3. Fission neutron spectrum from **U obtained at 0.53-MeV incident energy. The line and the dashed
curve are least squares fits to the experimental points assuming energy distributions according to Maxwell and
Watt, respectively.

4. DISCUSSION

The prompt fission neutron spectrum is usually interpreted on the basis
of a Maxwellian distribution N(E) ~ EY2 exp (-E/Ty,) where Ty, is the
temperature. This approach has also been tried for describing the present
experimental data. The fission spectrum has been plotted on a semi-
logarithmic scale as shown in Fig,3, The line has been calculated with
the Maxwellian expression, using a least squares procedure which gives a
temperature of 1.44 MeV, It is evident from the figure that the fission
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spectrum is not well represented by a Maxwellian distribution. This trend
has already been observed in the authors' earlier fission spectrum measure-
ments of 2%°U and 228U [2]. The shape of fission neutron spectra is also
frequently represented by an expression N(E) ~ e"AE sinh [(BE)V/2], as
proposed by Watt [9]. This distribution has been fitted to the experimental
points and it is represented by the dashed curve in Fig.3, The coefficients
are A =0.92 MeV-land B = 2.0 MeV'!, Itis clear that Watt's distribution
is more useful than Maxwell's distribution for describing the measured
fission spectrum.

The analysis of the experimental data is still in progress. Thus the
results reported here are to be considered only as tentative,
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Abstract

FISSION NEUTRON SPECTRA MEASUREMENTS OF 235U, 23%Pu AND 252Cf,

The fission neutron spectra of 235U, 239Pu and 252Cf were studied experimentally using proton-recoil
proportional counters and 3He semiconductor sandwich spectrometers, The spectra and the average energies
determined with both techniques agree within the experimental errors and the spectra are described quite
well by Maxwellian distributions, The average energies are consistent with most previously reported micro-
scopic results and amount to 1,956 (2,020), 2,136 (2.075) and 2. 155 (2,130) MeV for 235 U, 23%qy and 252Cf,
the numbers in brackets refer to the 3 He-spectrometer values. An unexplained disagreement exists between
the proton-recoil (1,092) and the 3 He-spectrometer (1.028) 239Pu/ 235U average energy ratio.

INTRODU CTION

Recent integral studies of the thermal neutron-induced fission of
235U and 2%9Pu with activation detectors [1, 2} indicate that (1) the average
energy of the prompt 235U fission neutrons is about 10% higher; and
(2) the average energy of the 239Pu fission neutrons is remarkably closer
to that of the 235U fission neutrons than previously deduced from dif-
ferential spectrum measurements [1, 3,4]. These differences have a
noticeable influence on some important fast reactor parameters [5].
Therefore, we found it useful to remeasure the fission spectra of 235U,
23%Pu and 252Cf, using two independent methods, one based on proton-
recoil scattering and the other on the 3He (n, p) T reaction.

EXPERIMENTS

2.1. Experimental set-up

The measurements were performed at a tangential beam hole of the
Karlsruhe research reactor FR2. The geometrical arrangement is shown
in Fig.1. A beam of thermal neutrons, extracted from the thermal
column, struck the fissile samples placed at a distance of about 40 cm
outside the walls of the biological shield. For safety reasons, sample
and detectors had to be surrounded with a shield of 30 cm lithium-paraffin
and 10 cm lead. This gave rise to a relatively large amount of back-
scattered neutrons, especially with the proton-recoil counters, which had
to be placed some tens of centimetres away from the sample.

The 235U and 239Pu fissile samples were square platelets,
51X 51X 1.5 mm (335U) and 51X 51X 1,37 mm (239Pu). The 235U sample
consists of 93% enriched uranium metal and is coated with a thin layer of
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FIG.1. Experimental set-up of sample, detectors and shielding.

nickel, while the 239Pu sample, also metallic, consists of 92% 239Pu

(é% 240Py) and is clad with 0.1 mm steel. The 252Cf spontaneous fission
source consisted of about 0.5 ug 252Cf, which was distributed on a thin
platinum sheet enclosed in a steel cylinder (diam. 7 mm, height 18 mm).
The source strength amounted to about 106 n/s.

The detectors were outside the beam and the normal of the platelets
was somewhat inclined to the direction of the beam. The platelets were
covered with sheets of 0.5 mm Cd containing circular holes (10 to 30 mm
diam.) to concentrate the fission source into a small area. Source strengths
between 107 and 108 (n/s) were used for the 235U and 239Pu measurements,
the variation being accomplished by changing the hole diameter in the Cd
sheets and in the lead collimators. The source strength was constant to
within 1% over each measuring period of several days.

2.2. Proportional counter measurements

Small proton-recoil proportional counters have been used success-
fully for several years for neutron spectrum measurements in the energy
range below about 1.5 MeV. It has been shown by test measurements with
monoenergetic neutrons and by comparisons with results of other tech-
niques that large cylindrical counters filled with high stopping-power gases
(CH4 and CH, +Kr mixtures) can be used for measurements up to 10 MeV
in beam geometry [6].

Above 200 keV these large cylindrical counters were used in beam geo-
metry. In addition, for energies below 500 keV we applied three small
spherical counters at a distance of about 5 cm from the source. For
counters filled with methane only the energy range above 1.2 MeV was
evaluated, where carbon recoil distortions are small (2% at 1.2 MeV,

1% at 1.4 MeV) and decrease rapidly with increasing energy. Instead of
v-n-discrimination, a series of counters and fillings with widely over-
lapping energy ranges were used (Table I).
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TABLE I. PROTON-RECOIL COUNTER DATA

Dimensions: Distance
active length source from
X diameter side of detector
(mm) (mm)

Energy
Filling range
(MeV)

Type

Cylindrical 83590 400 2 atm Krt 3 -10
2 atm CH,

Cylindrical 835X 90 400 3 atm CH,
Cylindrical 335 x42 300 4 atm H,
Cylindrical 335x42 300 2 atm H,

Spherical Diameter 39,4 50 1,2,4 atm H,

The results of both types of cylindrical counters were related to each
other without arbitrary constants by the dimensions of the counters, the
distance from the source and the number of protons per cm3, whereas the
results of the spherical counters were normalized to those of the cylindri-
cal counters to give the same total flux in the energy range between 0. 25
and 0.45 MeV.

The energy calibration was carried out with the 764-keV thermal peak
of the 3He (n, p)T reaction. The amount of 3He (some 10-2 Torr) was
chosen such that outside the thermal neutron beam the disturbance of the
proton distribution caused by the peak was small. The position of the
764-keV calibration peak was checked with monoenergetic neutrons. The
proton recoil distributions measured were evaluated with a code similar
to that described in Ref.[7] by unfolding the differentiated proton spectira
with differentiated response functions. We used calculated response func-
tions that had been checked experimentally by monoenergetic neutrons.

The background of room-scattered neutrons was corrected for by eva-
luating the difference spectrum from measurements with and without a
shadow cone between source and detector. The iron cone was 200 mm long
and was formed and installed in such a way that it just shadowed the active
part of the counter against source neutrons. Figure 2 shows the spectrum
of wall-scattered neutrons deduced from the 235U measurements with
shadow cone. The mean energy lies somewhat above 1 MeV, which is about
a factor of two lower than the mean energy of the source neutrons. The
dip in the spectrum around 430 keV is probably caused by the strong 160
scattering resonance. Also shown is the ratio of wall-scattered and source
spectra for various counters, The measurements drawn with dashed lines
were rejected. At the low energy limit (1.4 MeV) of counter 2 the intensity
of wall-scattered neutrons amounts to about 40% of the source intensity,
the corresponding value of counter 3 (4) is 66% (at 0.4 MeV), and for the
spherical counters it is estimated from measurements at different distances
from the source to be about 4% at 100 keV. It should be mentioned that the
proton recoil 252Cf measurements were also performed in the cavity shown
in Fig. 1.
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FIG.2. Spectrum and relative number of wall-scattered neutrons for the proton-recoil measurements.

The normal procedure, measuring with one counter both the 235U and
the 289Pu sample before the next counter is installed, should have minimized
any reproducibility errors in the deduced ratio of the 239Pu to 235U spectra.
Detailed considerations concerning systematic errors in the measured
spectra are given elsewhere [6]. To summarize, the main contributions
to the systematic errors in the high-energy region originate from wall-
effect corrections, whereas in the low-energy region the background of
wall-scattered neutrons contributes the main part. It is estimated that the
measured spectra deviate from the ftrue' spectra (both normalized at
2 MeV) not more than * 13% above 7 MeV, + 3% between 7 and 5 MeV,

+ 2% between 5 and 0.8 MeV, + 10% between 0.8 and 0.2 MeV and & 20%
below 0.2 MeV., The overall systematic error for the mean energy of the
spectra amounts to about 6%, where 3% result from the spectrum uncertain-
ties specified above and another 3% from possible errors in the energy
calibration. The error in the mean energy due to the fact that the meas-
urements are limited to the energy range between 0.1 and 10 MeV is
estimated to be well below 0.5%.

2.3. 3He semiconductor sandwich spectrometer measurements

Secondly, we used a 3He semiconductor sandwich spectrometer, which
had recently been developed and tested [8]. This spectrometer differs
from the 3He sandwich spectrometer used by other authors (1) by a dis-
crimination possibility against gamma-background; and (2) by the possi-
bility to correct for energy losses of the protons and tritons in the 3He gas.
It is, therefore, possible to extend its useful energy range down to 100 keV.

The space between the two circular Si surface barrier detectors sepa-
rated by 1 em (0.6 cm) with sensitive areas of 450 mm?2 (200 mm?2) and
depletion depth of 400 um (200 um) is used as proportional counter.

A 40-um thick counting wire fixed in the midplane between the two semi-
conductor diodes forms the anode. The spectrometer is filled with
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2.5 atm %He and 10 Torr CHy. The proportional counter is operated at
rather low voltages (around 500 V) leading to moderator gas multiplication
factors.

The spectrometer only accepts those events that have produced pulses
both in the semiconductor detectors and in the proportional counter, the
amplitudes of which exceed certain levels introduced by the electronic
system. The possibility of discrimination against gamma background is
based on the fact that the specific ionization of Compton electrons (mainly
produced in the Si diodes) is much smaller than that of protons or tritons.
Correspondingly, the energy losses of the latter in the 3He gas are con-
siderably larger than those of electrons with the same energy. The elec-
tronic system of the spectrometer is shown in Fig.3. Its fast coincidence
unit (resolving time 200 ns), which opens a linear gate, considerably
reduces the number of semiconductor pulses before adding up the pro-
portional counter pulses. Therefore, pile-up between the broad propor-
tional counter pulses (shaping time 2 48) and the summed semiconductor
pulses stretched to 3 us is strongly reduced. The threefold sum is multi-
plied by the proportional counter pulse in a logarithmic computer. The
product is generally considerably larger for proton-tiriton pairs than for
electrons. Therefore, proton-triton pulses can be separated from elec-
tron pulses by a single-channel analyser.

The energetic resolution of the whole system was nearly identical
for both spectrometers and amounted to about 60 keV FWHM. This good
resolution is mainly achieved by the addition of the proportional counter
pulses, which improves it from about 200 keV to 60 keV. The calibration
of the semiconductor diodes was carried out with a 233U a-source deposited
on a thin VYNS foil [9] and placed in an evacuated spectrometer of similar
design. By means of this energy calibration the position (channel number)
of the thermal peak of the 3He (n, p) T reaction was determined and then
the amplification to the proportional counter was changed until the experi-
mental position agreed with the calculated one in order to get the right
correction for the energy losses in the gas.

From each measured pulse height spectrum such events resulting
from (n, p) and (n,«) reactions in the Si diodes had to be subtracted. This
was achieved by another measurement where the 3He gas in the spectro-
meter was replaced by “He. Because of the high efficiency of the spectro-
meter, this background was less than 15% over the whole energy range,

To calculate the neutron spectrum from the measured pulse height
distribution it is necessary to know both the 3He (n, p) T cross-section and
the geometrical efficiency of the spectrometer {8]. The geometrical
efficiency has been calculated by a Monte Carlo program and the results
of this program were checked for various neutron beam entrance directions
and various energies between 100 keV and 2 MeV. The agreement between
measurement and calculation was satisfactory. The relatively small
distance between fission source and spectrometer led to variation in the
angular distribution and in the absolute value of the neutron flux across the
spectrometer dimension., This has been taken into account in the Monte
Carlo program. The ®He (n, p) T cross-section used for the evaluation of
the fission spectra is that recommended by Als-Nielsen [10], which has
been confirmed recently by direct measurements.

Difficulties arose from the large gamma background and the high
thermal neutron flux entéring the spectrometer. Pile-up between these
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TABLE II. MEASURED FISSION NEUTRON SPECTRA x,(E)
PER UNIT LETHARGY

Proton recoil spectrometer results 3He -spectrometer results

Mean energy
for Cf
(MeV)

Mean energy .. Pu Mean energy
(MeV) (MeV)

0.104 0.115 0.104
0,115 0.148 0.133
0.128 0.181 0.163
0.142 0.214 0.193
0.157 0.247 0.222
0.175 0.280 0.252
0.196 0.313 0.282
0.218 0.348 0,311
0.241 0.879 0,341
0,287 0.412 0.371
0.297 0.445 0.400
0.331 0.478 0.430
0.368 0.511 0.460
0.408 0.544 0.490
0.454 0.596 0.519
0.510 0.669 0.549
0.572 0.750 0.579
0.637 0.841 0.608
0.708 0.944 0.669
0.795 1.059 0.750
0.895 1.188 0.841
0.995 1.334 0.944
1,110 1,496 1,089
1.235 1.678 1,188
1.370 1.883 1.334
1.520 2.125 1,496
1.690 2.370 1.678
1.880 2.660 1,883
2.090 2.985 2.125
2.320 3.350 2.370
2.575 3.160 2,660
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TABLE II (cont.)

Proton recoil spectrometer results 3He-spectrometer results

Mean energy
for Cf 252Cf
(MeV)

Mean energy ., Pu Mean energy
(MeV) (MeV)

. 178 . . . 4,730 3.350
5.310 3.760
5.950
6.660

two background components would have an influence mainly on the low-
energy part of the measured spectra. To minimize these perturbations

the spectrometer was taken out of the thermal neutron beam (Fig.1l) and
surrounded by a 1 mm Cd sheet. The fission rate was reduced to a reason-
able compromise between count rate and gamma intensity. Owing to the

small dimensions of the shielded room containing the fission samples

(235U and 239Pu) and the spectrometers, the number of room-scattered
fission neutrons was rather high. An estimate of the relative number of
wall-scattered to source neutrons was calculated from measurements at
three different positions of the 3He-spectrometer (2, 4 and 9 cm). From
these measurements and from the results of the 252Cf measurement, which
was performed in a clean geometry with large distances to the walls, it
was concluded that the effect of roomscatter on the 235U and the 239Pu fission
spectra may be neglected above 500-keV neutron energy but may increase
up to 15 - 20% at energies around 300 keV and even higher at smaller
energies. It should be pointed out that these estimates do not agree with
the values from the spherical proton recoil counters (Fig.2). No reason-
able explanation could be found for this, The statistical error of the points
shown in Fig.4 is always less than 3% and the systematic error of the
3He-spectrometer, including uncertainties due to the energy calibration,
the geometrical efficiency and the 3He (n, p) T cross-section has been
estimated to + 20% at 100 keV, £ 12% at 300 keV and + 10% above 500 keV,




285y, 9y AND B2Cf FISSION SPECTRA

units) —m

(rel,

NEUTRONS PER LETHARGY UNIT

—~
w
-
=]
>

! 3He MEASUREMENTS

F*J PROTON RECOIL
MEASUREMENTS

! lllllll
1

NEUTRON ENERGY (MeV) —»

FIG.4. 3He and proton-recoil measured fission spectra. The spectra have been normalized to equal
neutrons between 500 keV and 6 MeV for 235U and 23%Pu and between 500 keV and 4 MeV for 252Cf,
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RESULTS AND DISCUSSION

The spectra measured here are composed of prompt and delayed
neutrons. Above 1 MeV the differences between the prompt spectra and
our results are negligible, below 0.4 MeV they amount to about 4% for
235U and 252Cf and to 2% for 239Pu, The average energies calculated from
the whole energy range measured (0.1 - 10 MeV) differ from the values cal-
culated from the energy range above 1.5 MeV and from the prompt fission
spectra values by 0.5% for 235U and 252Cf and by 0. 3% for 239 Pu.

The effect of inelastic scattering in the source and in the detector
walls (1.5 mm steel) was estimated by one-dimensional S; calculations
for adjacent slabs of 235U and Fe, each 1.5 mm thick. Fission neutrons
were produced homogeneously in the 235U slab and the spectrum of neutrons
leaking out perpendicularly from the iron slab was assumed to be repre-
sentative for the measured spectra, The ratio of leakage to fission spectra,
both normalized at 2 MeV, was 1.11, 1,07, 1,025 and 0,96 at 0.15, 0.6,
1.1 and 8 MeV respectively. Evaluating the whole energy range measured
(0.1 -10 MeV) the shift in the average energies is 3%, whereas it amounts
to 0.5% only if the energy region above 1.5 MeV is analysed.

To summarize, because of the presence of delayed neutrons and
because of inelastic scattering, the spectra measured here are softer than
the prompt fission spectra. Above 1 MeV the differences are estimated to
be smaller than * 3% and the influence on the average energies deduced
from the energy range above 1.5 MeV should be not larger than 0.5%. No
corrections for these effects have been applied to the data given in the
following.

The measured spectra (per unit lethargy) x, are 1istgd in Table II and

m

shown in Fig.4. The spectra are normalized such that f Xy du,=1, with

0.5 MeV
E=6 MeV for 235U and 239Pu, E_, =3.6 MeV for 252Cf. Above about 600 keV
the spectra measured with both techniques agree rather well, For 23%Pu
there seems to be a small shift in the energy scale of both spectra. Below
about 500 keV large discrepancies exist for the 235U and 239Pu spectra,
whereas the 252Cf gpectra are in good agreement. It is supposed that these
discrepancies are at least partly caused by the large amount of wall-
scattered neutrons and the higher gamma background in the 235U and 239Pu
measurements.

Straight line
legst square fit

o
d

Py Y 30 B
.

« ™~~PR

2 8 _ 10
Energy (MeV)

FIG.5. Ratio of measured 239Pu/ 235U fission spectra.
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The ratio of the 239Pu to 235U spectra are shown in Fig.5. Both tech-
niques indicate that the 239Pu spectra are harder than the 235U spectra but
the proton-recoil measurements reveal larger differences between the two
fission spectra. The proton-recoil ratio contains data (from overlapping
energy ranges of different counters) that are not taken into account in the
representation of the spectra (Figs 4, 6 and Table II).

The measured spectra have been fitted to Maxwellian energy distri-
butions, Ng(E)~~E e ¥T, by a straight-line least square fit through the
experimental values 1n (Ng (E)/\/—E). It can be seen from Fig.6 that the
experimental spectra in a large part of the measured energy range are
quite well represented by Maxwellian distributions. The measurements
show in most cases fewer neutrons between about 1 and 2 MeV and more
neutrons somewhat above 2 MeV than the Maxwellian distributions. This
might be a real discrepancy because in this energy range the measurements
are thought to be quite reliable and because it is reflected in both tech-
niques. For energies above 6 MeV the three measured proton-recoil
spectra lie generally below the Maxwellian distribution, but it should be
pointed out that the experimental uncertainty is already large in this region.
The average energies Fp =1.5-T=-1, 5/A calculated from the slope A of
the straight-line Maxwell fit are listed in Table III. Two fitting intervals
were chosen: the whole measured energy range and the range from 1.5 to
7 MeV only. For the reasons given above (delayed neutrons and inelastic
scattering) and because systematic errors should be small here, the
parameters deduced from this limited energy range should bebetter suited
for comparisons,

The average energies deduced from numerical integration

EI_ BE XE A

) ZXEi -AE;

are also listed in Table III. Above 7 MeV the 3He results have been
extrapolated by the proton-recoil data (both normalized to equal neutrons
between 0.5 and 6 MeV).

The E| values deduced from the limited energy range are generally
higher than those from the whole energy range measured, though the dif-
ference of 1 - 2% is somewhat smaller than expected from the delayed
neutrons and inelastic scattering effects. There is one exception, namely
the 252Cf proton-recoil measurement. The flux values of the two or three
points at the upper limit of the energy range are much too low compared
to the Maxwell fit and compared to 289Pu (which agrees below 7 MeV very
well with 252Cf), Therefore, the 252Cf values above 7 MeV are suspected
of unknown experimental errors. The generally good agreement between
measured and Maxwellian spectra (at least above about 700 keV) is reflected
in the relative small differences between the E; and the E{_values.

The difference between the proton-recoil and the *He-E; values (range
1.5-7 MeV) amounts to 1% for 252Cf and to 3% for 235U and 23%Pu, which is
for 235U and 239Pu just outside the statistical but well within the estimated
total error. But in contrast to 235U where the 3He measurements yield a
3% higher average energy, for 239Pu they give a 3% lower value as com-
pared to the proportional counter measurements. Correspondingly, there
is a very poor agreement in the ratios of the average energies between the
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TABLE III.

INVESTIGATION

5y, 9y AND P2Cf FISSION SPECTRA

AVERAGE FISSION NEUTRON ENERGIES, PRESENT

Isotope

Parameter
(MeV)

Technique

Proton recoil
Evaluated energy range

0.1-10 MeV

1.5-7 MeV

3He-spectrometer
Evaluated energy range

0.1-7MeV

1.5 -7 MeV

1,932£0.0122

.94620,12b

1,956+0,0132

1,9700,0172
2.000¢+0, 0063
1,90

2,020 +0.0252
2,010€+0,0072

.10740,0122
.14540,12b

2.136+0.0242

2.062£0,0132
2,02

2.075 +0,0178

.0000.0472

.13410.17b

2.15540,0242

2.104940.0182

2.1304+0,0222

.091£0,0102

1.09220,0142

1,047 £0,0112

1,0290,0159%

.106+0,0153

.102£0,0152 1,08

.085%0.0252 1.102£0.0142 1,068 +0,0143 1,054 +0,0162

252C

2350 .097 £0,025b

2 Statistical error,

€ 3He-spectrometer with 200 m detectors,
b Estimated total error.

d Upper energy limit 4 MeV.

two techniques. Whereas the proton-recoil measurements yield values of
1.09 to 1.10 for the ratios of 23%Pu and 252Cf average energies to 235U
average energy (quite independent from energy range and method of evalu-

ation), the corresponding ratios deduced from the 3He measurements are
1.03 to 1.06 (239Pu/235U) and 1.06 (252Cf/235U), No reasonable explanation
has been found for this large discrepancy (a factor of two outside the sta-

tistical uncertainties) between the 3He and proton-recoil results. The
results are at least consistent insofar as both techniques show that (1) the
239Pu spectra is definitely harder than that of 235U and (2) the 252Cf average
energy is only about 1 to 3% higher than that of 23%9Pu,

Table IV compares the average energies deduced from the present
measurements (in the energy range 1.5 -7 MeV) with some more recently
published values and with a combined average of earlier measurements
compiled by Barnard et al. {3]. The proton-recoil 235U average energy is
in excellent agreement, whereas the 3He value is about 3% higher than the
combined average and most other values from differential measurements.
On the other hand, the iotal error quoted here (6%) put the results of the
activation measurements in disagreement with the present values. The
239Pu and 252Cf mean energies of both techniques are also in good agreement
with the combined average (the proton-recoil 239Pu mean energy being 2%
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TABLE IV. COMPARISON OF AVERAGE ENERGIES AND RATIOS OF
AVERAGE ENERGIES, PRESENT INVESTIGATION AND PREVIOUS
RESULTS

(Error margins are statistical uncertainties)

Average energies

Average energy ratios
(MeV) 8 2

Isotope 29py 252 Cf

239 —
Pu Y 235y

Present investigarion
Proton-recoil .956£0.013 | 2.136+0,024 L1552 0,024 .092+0.014 .10210,014

3He spectrometer .020£0,025 | 2.075£0,017 .130+£0.022 .028+0.015 .054+0,016
Combined average[a] .95 +0.015 2.085+0,015 .13 +0.03 .07 .09
Barnard et al, [3] (TOF)| 1.946 2,111 .085

Condé and During
[4] (TOF)

.86 2.01 . .08
Meadows [11] (TOF)
Smith [12] (TOF) . .075+0,02
Zamyatnin [13] (TOF) .22 0,05

Grundl[1](activation) . .039+0.002

McElroy [2]
(activation)

higher), whereas the value of Meadows [11] lies outside our total experi-
mental error limit. As regards the ratios of average energies, the proton-
recoil values confirm the combined average and the other differential

values, whereas the low 3He values favour the activation measurements
of Grundl [1].

The measured spectra have also been compared with Watt distributions,
xg (E)~ e B'E ginh (VA -E). A noticeable improvement, as compared to a
Maxwellian, is only achieved above about 7 MeV where the Maxwellian
generally predicts values that are too large (Fig.7). The best fit between 1
and 8 MeV to the proton-recoil data was achieved with B=1.0 MeV-1;
A=1,9 MeV-! for 235U and B=0.95 MeV-!, A=2,0 MeV-! for 239U,

A comparison of the present measurements (integrated over broad
energy intervals) with fission spectra representations used in fast reactor
multigroup calculations and with spectra deduced from activation measure-
ments is shown in Fig.7. In the ABN set [14] and in the KEDAK file [15]
the fission spectra are represented by Watt distributions (KEDAK: 235U,
B=1.036, A=2,29 MeV-l, E=1.98 MeV; %*°Pu, B=1.0, A=2.0 MeV -1,
E=2.0 MeV), whereas Maxwell presentations with E (235U)=1,95 MeV and
E (239Pu)=2.115 MeV are used in the ENDF/B file. The proton-recoil
results support for both isotopes the ENDF/B representation, whereas the
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FIG.7. Comparison of spectra from the present investigation, from activation measurements and of spectra
used for multigroup reactor calculations.

3He results for 239Pu agree somewhat better with the ABN and KEDAK
spectra. In reactor calculations performed at Karlsruhe [16] using the
standard ABN fission spectrum for both 235U and 239Pu ki is generally
overestimated by 1 - 2% for U and underestimated by about the same amount
for Pu assemblies. Using the ENDF/B representation these discrepancies
are reduced for both types of assemblies by an amount that varies strongly
from assembly to assembly, but averages to about 0.5% over a series of
cores. Both 285U gpectra deduced from foil activation measurements [1, 2]
are considerably harder than the spectra measured here. The variation of
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the ratios of the foil activation spectra to the proton-recoil 235U spectra by
about 50% between about 1 and 4 MeV is thought to be well outside our ex-
perimental error,

A more recently performed investigation [17] has confirmed the ob-
servations of earlier measurements, that the fission spectra show some
fine structure in the energy region between about 1 and 5 MeV. Although
the energy resolution of the techniques used here should be sufficient to
resolve this fine structure (60 keV for the 3He-spectrometer and about 8%
for the proton-recoil counters), it was not observed in our measurements.

CONCLUSIONS

The conclusion drawn from most previous microscopic measurements,
that Maxwellian distributions describe the fission spectra quite well, as
well as the values of average fission neutron energies deduced from these
measurements are generally supported by the present investigation,
whereas the high average energy of 235U fission neutrons deduced from
activation measurements is in definite disagreement with our results.

An unexplained disagreement exists between the proton-recoil and the
3He-spectrometer values for the 239Pu/235U average energy ratio. The
high proton-recoil value agrees within the assumed error of 1 - 2% with
most previous microscopic results, whereas the 3He value supports the
low value deduced from activation measurements.
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Abstract

FISSION NEUTRON SPECTRUM MEASUREMENT OF 252Cf,

The spontaneous fission neutron spectrum of 252Cf was measured from 0,002 to 1 MeV by the time=of-
flight technique. The experimental points fit a Maxwellian with T=1,3 MeV.

The spontaneous fission neutron spectrum of 252

cf
from 0.003 MeV to 15 MeV has been measured by MEADOWS [1]
by time-of-flight technique using a hydrogenous liquid
scintillator detector at the higher and a 6Li—leaded glass
scintillator at the lower neutron energies. Meadows pointed
out that the low energy part of the experimental spectrum
shows some deviation from the Maxwellian shape, while the

agreement is excellent for the spectra above 0.5 MeV.

To study the discrepancies between this and newer
experiments [3, 4] we have measured the energy spectrum of

neutrons emitted in the spontaneous fission of 252Cf in the

range 2 keV- 1 MeV.

A schematic drawing of the experimental apparatus
is shown in Fig. 1. The energy of the fission neutrons was
evaluated from the flight time measured over a given distance.
The neutrons were detected with 7.6 cm diam. by 0.3 cm thick
Nuclear Enterprises glass scintillator containing 7.3 %
lithium enriched to 96 % in 6Li. The efficiency curve was
taken from [1].

A 252cf fission source rating 1.7x10° fissions

per minute on thin stainless steel foil, and later a 252Cf
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FIG.1. Schematic drawing of the experimental apparatus,

source rating 1,1x106 fissions per minute on thin platinum
foil, was mounted in the centre of a gas-scintillator cell
10 cm in diam. and 6 cm long. The gas scintillation counter
contained a mixture of 80 % argon and 20 % nitrogen gas at
a pressure of 1 atm. The gas scintillation counter was
chosen to prevent the counting of other than fission events
in view of the large background contribution from alpha,

neutron and gamma radiation.

For measurements at 15.5, 30 and 57.5 cm flight
paths the flight times up to 400 nsec were measured by a
time-to-pulse height converter. Because of the hight count
rate of the fission detector, the neutron detector was used
for triggering the time converter. The stop signal was
provided by the fission detector. The limited signals from
the fission detector were sent through a delay line of
400 nsec. The zero time was determined from the position of
the prompt gamma ray peak, with a correction for the gamma
ray flight time. The time scale was calibrated by recording
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the position of this peak at different values of the delay
varied by the use of calibrated delay lines. The channel
time was 0.39 nsec. The time resolution, determined by the
width of the prompt gamma ray, was 4.5 nsec. The time
calibration, the detector pulse heights and bias levels were
checked daily and, if necessary, adjusted.

The background sources arising when time-of-flight

technique is used for measuring fission neutron energies

were studied in detail elsewhere [2].

The random coincidence background was measured
simultaneously in a given range of the spectrum by supressing

systematic events in this region with appropriate delays.
The spectrum distortion due to the systematic random

coincidences was calculated from the measured spectra.

TABLE I. MEASURED RELATIVE INTENSITIES FOR NEUTRON
SPECTRUM OF 2%2Cf

A - 15.5 cm flight path; B - 30,0 cm flight path; C - 57.5 cm
flight path.

AN(E)
E_ /MeV/ N(E) —=— /%l
n arb.units N(E)

0.768
1.019
0.632
0.742
0.814
0.752
0.984
1.271
1.114
1.621
1.268
1.034
l.221
1.021
1.202
1.321
1.362
1.460
1.543
1.477
1.654
1.435
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TABLE I. cont.

N(E)
arb. units

2z
=
A

1.821
1.653
2.059
1.854
1.942
2.275
2.268
2.129
2.153
2.407
2.655
2.412
2.860
2.749
3.123
3.049
3.195
3.202
3.177
2.935
3.495
3.613
3.529
3.754
3.446
3.999
4.229
4.205
4.571
4.334
4.602
4.703
4.850
4.477
4.850
4.912
4.989
4.989
5.090
5.094
5.174
5.428
5.344
5.327
5.602
5.588
5.620
5.546
5.128
4.902
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FIG.2, Measured fission neutron spectrum of 252Cf,

In order to reduce the scattered background, the
detector was prepared from light material, using 0.1 cm
aluminium and the window of the fission chamber from
0.03 cm aluminium. To measure the scattered neutron back-
ground, a 13 cm long brass cone was placed between the
detectors for runs at 57.5 cm flight path and a cone 7 cm
in length for other runs.
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FIG.3. Comparison of different measurements (the data were normalized together in the energy range
0.7-1 MeV).

The background caused by the detection of delayed
gamma rays was measured at 3.5 em flight path and was normalized
to the measured spectra taking into account the different
solid angles and the number of fissions detected.

The results of the measurements are given in
Table I and Fig. 2. The errors of each point are those of
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purely statistical origin. It is hoped that measurements
at 57.5 cm flight path which are still in progress will give
the data a greater statistical accuracy.

A comparison of the different measurements can be
seen in Fig. 3. The data were normalized together in the
energy range 0.7 - 1 MeV. Two eye~guide Maxwellian curves
with T = 1.57 and 1.3 MeV are also plotted. Both Maxwellians
were normalized together between 0.7 - 6 MeV. Taking the
result of Fig. 3 and the earlier result of Ref. [1, 2]
together, it can be seen that the experimental points fit
quit closely a Maxwellian with T = 1. 57 MeV above 1 MeV
and a Maxwellian with T = 1.3 MeV at lower energies. Our
measured data are in good agreement with the data of D” 3].

A complete description of the experimental
arrangements and the apparatus will be published in the
KFKI-Report series.
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Abstract

DELAYED NEUTRONS FROM SPONTANEOUS FISSION OF 252Cf,

The total neutron spectrum resulting from spontaneous fission of 252Cf has been measured by using the
time-of-flight method with large path lengths. In addition, direct measurements were made by the delayed
coincidence method to determine the number- and time of emission of delayed neutrons. The results confirm
earlier observations by the same authors of fission neutrons emitted about 107-107% s after scission,

INTRODUCTION

Earlier we indicated the existence of fission neutrons emitted
approximately 107°-10"% s after the moment of fission (1]. The energy
spectrum of these neutrons, which will be referred to below as delayed
neutrons, exhibits separate peaks at 0.085, 0.2, 0.45, 0.75, 1.2, 1.6
and 2.6 MeV [1,2] against a continuous spectrum of prompt fission neutrons.

To obtain additional data on delayed neutrons we used, in the work
described here, the time-of-flight method with large path lengths to
measure the total neutron spectrum resulting from spontaneous fission of
%2Ctf. Direct measurements were made by the delayed coincidence method
to determine the number and time of emission of delayed neutrons.

TOTAL NEUTRON SPECTRUM FROM SPONTANEOUS %2Cf FISSION

The existence of delayed neutrons imposes special requirements on
experimental measurements of fission neutron spectra. To obtain accurate
data on delayed neutrons we must ensure rapid stopping of the fission
fragments (in less than 1079 s) since the time of emission of delayed neutrons
is 10%-10"% s, Without rapid stopping of the fragments, no separate de-
layed neutron peaks could be observed: the energy resolution would be
blurred as a result of averaging over all the directions of neutron escape
from the flying fragments.

In measurements of fission neutron spectra by the time-of-flight
method, the delayed neutron peaks are lower when individual groups are
blurred owing to the long emission time of the delayed neutrons. Over
short path lengths the individual groups will overlap, distorting the
spectrum and reducing its mean energy. Hence measurements of fission
neutron spectra by the time-of-flight method must be performed over
large path lengths,

Bearing this in mind, we measured neutron spectra from spontaneous
fission of 252Cf by the time-of-flight method over a 3. 5-m path length.
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The transit time was measured by means of a time-amplitude converter
and the amplitude spectrum recorded on an AI-256 analyser.

The target was 220t deposited on Al backing 0.5 mm thick and 20 mm
in diameter, giving 7 X 10* fissions per second. The moments of fission
were recorded from the light flashes produced in air by the fission frag-
ments. The 25%Cf target was set up 2 mm away from an FEU-36 photo-
cathode. Figure 1 shows the amplitude spectrum of the fragment pulses
recorded by the detector.

For recording the fission neutrons we used an FEU-63 photomultiplier
with a 100 X 100 mm plastic scintillator. In the course of the measurements
the neutron recording threshold was checked periodically by means of a
#IAm source with 59. 6-eV gamma quanta energy.

To determine any effects deriving from the instruments, the measure-
ments were performed over two path lengths, 3.5 and 2. 7 m. The measure-
ments showed that the peaks are displaced in proportion to the path length
and consequently are not attributable to instrument effects.

Figure 2 shows a spectrogram of 252Cf spontaneous fission neutrons
obtained over a 3.5-m path length in two days of continuous measurements.

w
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Amplitude spectrum of 2%2Cf fission fragments.
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FIG. 2. Spectrogram of %2Cf spontaneous fission neutrons.

The spectrum exhibits separate peaks at 0.5, 0.7, 1.16, 1.6 and
2.6 MeV, which agrees with the data obtained in earlier work [1,2]. In
addition, there are new peaks with energies of 2.13, 1.95 and 3. 3 MeV.
From Fig. 2 it can be seen that these peaks are in the form of steps with
a smooth decay in the direction of larger time values. This configuration
indicates thattheyare due to delayed neutrons. The length of the flat
decay on the separate peaks is governed by the emission time of a given
group of delayed neutrons; from it, therefore, we can find the emission
time of these neutrons. To do this, we determine the time T taken for
each peak to decay by half. To separate the peaks by extrapolation, we
construct a smooth spectrum (the broken line)., The emission times
calculated in this way for delayed neutrons of different energy groups are
shown in Table 1.

For neutron groups with energies over 1.6 MeV it is more difficult
to determine the emission time since the individual groups overlap;
to separate them measurements over still greater path lengths are required.
In addition, there may be groups of delayed neutrons with later emission
times (>20 ns). These would be virtually imperceptible in the time-of-
flight measurements because of dispersion over a large number of channels.
Therefore, to obtain more complete data on delayed 22Cf spontaneous
fission neutrons, direct measurements were made by the method of delayed
coincidences.
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TABLE I. CALCULATED EMISSION TIMES FOR VARIOUS ENERGY
GROUPS

Energy of neutron group Emission time
(MeV)

0,5

0.7

1. 16

1.6

MEASUREMENTS OF DELAYED NEUTRONS BY THE METHOD OF
DELAYED COINCIDENCES

We placed the neutron detector close to a 252Cf target and measured the
time distributions of the delayed coincidences between the instants of
%52Cf fissions and the registration of fission neutrons by the neutron detector.
The coincidences were recordedby AI-100 and AI-256 multichannel analysers.
To convert the time distributions into amplitude distributions we used a
time-amplitude converter [3].

When delayed neutrons are present the coincidence peak is asymmetrical
in shape, broadening towards longer times; and this broadening is
characterized by the emission time and the number of delayed neutrons
emitted. )

To obtain more reliable data, the measurements were performed in
parallel on two installations employing different neutron detectors.

In the first experiment we used xenon-filled gas scintillation counters
to record 2Cf fission fragments and the neutrons escaping during fission.
The neutrons were recorded from fission events provoked by neutrons in
a layer of metallic 95% enriched 235U, 0.025 mm thick and 24 mm in
diameter,

The %52Cf target, with an intensity of 4 X 104 fission/s, was a thin
layer of %20 applied to an aluminium base 0.5 mm thick. The diameter
of the %52Cf layer was 20 mm.

Both detectors were single stainless steel chambers. The design
of the chamber and its geometrical dimensions are shown in Fig. 3. To
fill the chamber with xenon we used a special device that purifies the
gas during filling and in the course of the experiments [4]. Both halves
of the chamber were scanned by FEU-53 photomultipliers through quartz
glass,

To check the functioning of the electronics, the prompt coincidence
peak (instrument peak) between #2Cf fission fragment pairs was recorded
once every 24 hours. In measuring the prompt coincidence peak, the
shutter mounted on the bellows rod (see Fig. 3) was moved aside to reveal
an aperture in which the layer of 252Cf on its thin backing was located,

Most of the measurements were performed with a xenon pressure of
7 atm in the chamber. Figure 4 shows the results of measurements ob-
tained over one month's continuous operation. The graph clearly shows
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FIG. 3. Geometry of gas scintillation chamber.

several groups of delayed neutrons with different emission times. To
check the effect on the results attributable to neutrons scattered from
surrounding objects and components of the chamber, we carried out measure-
ments with an additional scatterer — an iron ring of 55 mm internal diameter
and 25 X 25 mm thick attached to a side wall of the chamber. The measure-
ments showed that effects due to scattered neutrons are negligible.

We also measured the delayed neutron yield with a gas pressure in

the chamber of 0.1 atm, and these measurements confirmed our conclusion
that the delayed coincidences are due to delayed neutrons. With a low gas
pressure in the chamber the 22Cf fission fragments cover greater distances
and strike the walls of the chamber. This considerably reduces the
geometrical efficiency of recording the delayed neutrons emitted by these
fragments. The anticipated reduction in the delayed neutron yield would

be about 20-25%, and our experiment in fact showed a reduction of 20 + 5%
in the number of delayed neutrons recorded,

After expanding the delayed coincidence curve (Fig. 4) by various
exponents, we obtained the emission times and the yields for different
delayed neutron groups that are shown in Table II.

The other neutron detector used a combination of a 13-mm thick silver
strip and a 50 X 50 mm plastic scintillator. The geometry of the experiment
is shown in Fig. 5. The neutrons released in spontaneous fission of 252Cf
were detected by recording the gamma quanta originating in the silver as
a result of inelastic scattering and radiative capture of neutrons by the
silver nuclei and the plastic scintillator. To eliminate delayed fission
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FIG. 4. Distribution of delayed coincidences:
delayed coincidences of 252Cf fragments-235U fragments;.
o instrument peak.

TABLE II. EMISSION TIMES AND YIELDS FOR VARIOUS DELAYED
NEUTRON GROUPS

No Emission time Yield, as% of total number of neutrons
’ (ns) emitted per fission event

2.3+0,5 2,7+0,4
7.3%1 0,6 +0,1

30 £2 0.2+0,03
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gamma quanta the gamma counting threshold was set at 2 MeV. To deter-
mine the background we replaced the silver strip by a lead strip 11 mm
thick. Figure 6 shows the experimental curve obtained over two day's
continuous measurement. After expansion the following emission times
were obtained for the various groups of delayed neutrons: 2 + 0.5 ns,
7+1ns, 80 +2ns, 30+ 5nsand 120 £ 20 ns. As in the previous
experiments, groups were observed with emission times of 2, 7 and 30 ns.
Groups of delayed neutrons with emission times of 80 and 120 ns were
also noted.

Thus, our experiments confirmed earlier data [1,2] and enabled us
to obtain more complete information on the yield and emission time of
delayed neutrons from spontaneous fission of %%Cf.
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Abstract

DIFFERENCE OF MICROSCOPIC INTEGRAL CROSS-SECTION RATIOS IN THE *®U AND 2*Pu THERMAL
FISSION NEUTRON SPECTRA.

For three threshold reactions commonly used in reactor dosimetry and whose energy coverage encompasses
the range 1 - 10 MeV the differences of microscopic integral cross-section ratios measured in the 23Py and
255 thermal fission neutron spectra are inconsistent with the current interpretation of the published ratios of
the differential neutron spectra and tend to confirm earlier independent integral studies. The experiment is
described and its difficulties outlined.

INTRODUCTION

The much discussed inconsistencies [ 1-3] between microscopic integral
cross-sections measured in thermal fission neutron spectra and the values
obtained by convolution of the corresponding differential microscopic cross-
sections with the current evaluation [4] of differential neutron flux spectra
involve possible non-trivial errors in each of these three types of data.
These uncertainties are of relevance to fast reactor technology. Of similar
importance, but much more troublesome, are the inconsistencies observed
in ratio measurements where essentially two neutron spectra are simply
compared with each other:

(a) Differential microscopic time-of-flight experiments performed with
incident neutrons of energies ranging from 35 up to 400 keV and
encompassing observed fission neutron energies from 0.3 to 8 MeV (or
only part of this range) provide ratios of average energies Exgo/E
of the 239Pu to 235U fission neutron spectra of 1.081 + 0.05 [5],
1.085+ 0.03 {6], 1.046 + 0.03 [7] and 1.075 + 0.02 [8]. More parti-
cularly, the last and recent experiment has been designed and analysed
in such a way as to determine specifically a direct ratio of spectra and
average energies; it is therefore considered as the most appropriate
one for discussion here.

The current interpretation of comparative microscopic integral cross-
section measurements, on the other hand, provides ratios ol Q/Ex25
0f 1.039+ 0.002 [9] and 1.026 + 0.005 [10] (1.036 + 0. 005 Kovalev
revised by Grundl[8]), while Bonner' s [11] sphere integral-type
experiments led to a value of approximately 1. 041,

X25

The ratio 1.039 = 0.002 is the most accurately and carefully assessed
result of integral intercomparison between these two fission neutron spectra
and should be compared with the differential figure of 1.075 + 0.02. The
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discrepancy is of real significance to fast reactor analysis and is a dramatic
one because only relative measurements are involved in both the differential
and integral approaches; in particular, it must be emphasized that detector
cross-section uncertainties are unlikely here to contribute much to the
disagreement.

As part of the CEN/SCK sustained program of integral cross-section
measurements in fission and intermediate-energy standard neutron spectra,
relative reaction rate ratios in the 239Pu and 235U thermal fission neutron
spectra have been obtained and are described here. These 'double ratio’
measurements have been designed specifically to provide a direct inter-
comparigon between the two neutron fields in such a way as to suppress (or
at least minimize) all known sources of systematic errors; this has been
possible by accepting low activation rates resulting in reduced statistical
accuracy.

EXPERIMENTAL METHOD

The source-detector assembly displayed in Fig.1 is suspended by means
of three thin stainless steel hypodermic tubings at the centre of a 50-cm
diameter spherical cavity located close to the external edge of the BR1
horizontal graphite thermal column. The available thermal neutron flux is
about 3.5 X 10% n-em™ - sl at a reactor power level of 400 kW and is
perfectly well thermalized: the gold-cadmium ratio at infinite dilution
exceeds 10,

The disc sources are in all cases unclad CBNM certified alloys of 0.1 mm
thickness cut at a diameter of 19 mm; the content of fissile material in
aluminium is 20 wt%; the uranium is enriched to 93% in 23517 and the pluto-
nium to 94% in 289Pu. The total macroscopic cross-sections in the cavity

Detectors

Aluminium =
Cadmium Rh

FIG.1. Source-detector assembly.
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Maxwellian thermal neutron flux (25°C temperature) are estimated respec-
tively as 1.13 and 1. 78 n/cm: for 90% enriched uranium metal this quantity
would be about 30 n/em. Four alloy discs are used for each irradiation,

two of them constituting the upper (respectively lower) fission source; the
total amount of fissile material in one irradiation is of the order of 75 mg,
The homogeneity of the uranium alloys has been checked to be satisfactory
within 1 - 1.5% by rotating them in thermal neutrons. The plutonium alloys
have not been tested so extensively; however, for both plutonium and
uranium irradiations two different sets of source stacks have been used,
labelled A and B, and it may be inferred also from the corresponding results
that the quality of plutonium alloys is comparable to that of enriched uranium
alloys.! A total of eight irradiations of three hours each at reactor power
level of 400 kW have been performed sequentially and are annotated chron-
ologically from 1 to 8 (1: 235U set A; 2: 2%Py set A; 3: 235U set B:

4: 239Pu set B, ---); the flux profile is always the same, i.e. exponential
start-up with a period of 20 s, stabilization for 3 hours and scram.

The detectors are activation foils of 15 mm diameter cut from commer-
cial spectrographically pure aluminium, indium and rhodium sheets. The
thicknesses are indicated in Fig.1 together with the order of stacking, which
is the same for all irradiations. The nuclear reactions used, accepted half-
lives and effective thresholds Eq [12] in the 25U fission spectrum are as
follows:

18 Rhn, n' ) 13™RY

Ty = 57 min Eeff = 0.9 MeV
11n(n, nt )115Mn Ty =4.5h Egf = 1.1 MeV
27A1n, py’ Mg Ty = 9.46 min Eef = 4.7 MeV
2%A1 (n, a}**Na Ty =15.0h Eeff = 7.3 MeV

The second reaction listed is the usual threshold reference foil used
extensively for many years at this laboratory. Because the indium and
rhodium reactions are expected to have similar energy responses in fission
neutron spectra, the latter is not basically intended as a spectral index
indicator, but its aim is twofold:

(1) To protect the aluminium foils from any interfering activities
induced by the indium foils (such effects have been observed in the
past, likewise it has been shown that rhodium is neither sensitive
to nor produces such cross-contaminations)

(2) To check in each irradiation the reproducibility and magnitude of
the axial fast flux gradient within the experimental volume.

The whole stack of foils fits exactly into a cadmium box coaxial with
the fission sources. The cadmium thickness is in no place smaller than
1 mm in view of future irradiations of non-threshold foils, for which a
measurable activity due to thermal neutron penetration has been observed at
thicknesses equal to or smaller than 0.75 mm. The neutronic quality of
this cadmium box has been checked as usual by a separate irradiation of
0.1-mm thick pure metallic gold foils at the centre of the cavity where the
cadmium ratio is known.

Weight per cent in CBNM alloys are guaranteed to within 1%. Extensive neutronic tests of CBNM
alloys performed at CEN/SCK for a variety of isotopes and weight per cents have in almost all cases given
excellent agreement with the nominal values (with the exception of some manganese-aluminium alloys for
which absolute weight per cents disagree),
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The two fission sources are intimately pressed into contact with this
cadmium box; this provides both mechanical reproducibility and nearly 2x
exposures to the incident approximately isotropic thermal neutron flux.

This flux is monitored by means of dilute gold foils (CBNM alloy 1% gold in
aluminium) coaxial to and of the same diameter as the sources, from which
they are protected by thin aluminium catchers.

The 2TMg and 24Na activities in the upper aluminium foil (Fig.1) are
measured by means of a Plastifluor B-counter; an anti-coincidence rejection
set-up allows the background to be reduced to as low as 0.05 - 0.1 counts/s.
The face of the foil exposed to the sensitive area of the counter is changed
after each measurement; no noticeable difference has been observed.
Corrections for 24Na contribution to the 27Mg count rate have been applied
whenever necessary. In addition, the 27Mg gamma activity in the lower
aluminium foil (Fig.1) is measured by means of a calibrated 3 X 3 in. NalI(T1)
spectrometer, This spectrometer is also used for detection of the™5™In
335-keV isomeric transition gamma ray from both the upper and lower
indium foils. Thel16mIn and 14mMIn competing capture activities are very
small in these irradiations for cooling times ranging from 10 to 20 hours
and do not contribute to the uncertainties of the final data, which are purely
random. Sources of systematic errors like the photoactivation of 115miIn and
gamma-ray self-absorption have been studied previously and are negligible
in this experiment. The isomeric transition in rhodium is completely
converted and K X-rays are detected by means of a 2-in. diameter by 2-mm
thick NaI(T1l) spectrometer. The three foils from each irradiation are
alternatively counted, starting 1 hour after the scram and stopping at a
cooling time 6f 4 hours. The interference from iridium impurities is
insignificant.

In all measurements small corrections are applied for dead-time losses
and decay during counting is also accounted for; all activities are reduced
in counts/s per unit weight at scram for an infinitely long irradiation. The
decays are always followed for two half-lives at least.

ERRORS

The separation distance of 3.8 mm between the exposed faces of the two
coaxial sources is the closest one ever used in this type of experiment and
it probably precludes any precise interpretation of the data in terms of
absolute integral cross-sections (i.e. use of absolute fluxes derived from
the assessment of source intensity). Such an interpretation is not the subject
of this work? where the emphasis is placed on double ratios, i.e. on the
difference in reaction rate ratios when replacing 25U fission sources with
239Pu ones. Owing to the use of thin dilute alloy sources, such a substitution,
conservative a priori from a strictly mechanical standpoint, is here also
conservative in terms of effective source-detector distances Z, defined [9]
so that for a unit source of thickness T, radius R and a detector of thickness
T', radius R', the flux effectively detected is simply 1/4:7r_Z_2. A severe
test of the neutronic equivalence and reproducibility of the source-detector
assemblies is provided by the consideration of the ratio between the incident

However, if carried out as a consistency check, such interpretation provides agreement to within
5 - 10% with previous work [13].
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thermal neutron flux and the fast neutron flux within the irradiation cadmium
box. This is illustrated in Table I, where the 198 Au and !15m1n getivation
rates are average values between the symmetric upper and lower foils
(Fig.1). 1If the 1% spread on alloy compositions is considered (gold monitor
as well as fission sources) and the fact that a variation of 0.1 mm in the
separation distance between the fission sources would induce a change of
3.5% in the indium-gold ratio is noted, it can be ascertained that the 2350
and 28%Pu source-detector assemblies should display an identical nuclear
behaviour with respect to radial and axial fast flux spectrum gr‘adien’cs.3
This homogeneity of the substitution is also supported by the data in Table II.

A firm discrepancy, however, is apparent between the gradients
detected by rhodium and the computed ones. This might be due to intrinsic
scattering effects within the source-detector assemblies; such effects may
give rise to a difficult type of correction in integral fission spectrum cross-
section measurements. However, owing to the equivalence of the 22U and
23%Pu fission sources as discussed above, these corrections are presumed
to cancel out in this double-ratio experiment and are not considered further.

Because the effective distances Z are as small as about 2% of the cavity
radius, it also results from earlier experiments [ 14, 15] and calculations
[9, 14] that no corrections are to be applied here for neutron wall return
backgrounds; an 'in vacuo' environment is achieved in practice.

Fast neutron leakage from the reactor core is known to produce
negligible activation rates in this cavity., For completeness, this has again
been verified by running the assembly with aluminium foils replacing the
sources.

In conclusion, the very close separation distance between the sources,
selected for performing these experiments with a total amount of fissile
material as low as about 75 mg, provides optimum background conditions
and ideal neutron field equivalence upon source substitution; the simple set-
up used is still favourable in terms of fast flux gradient effects. As a
consequence of these considerations, it turns out that no special correction
has to be applied to the measured saturated activation rates when forming
the double ratios. The statistical errors of the individual measurements
have been propagated quadratically to provide the final errors.

RESULTS

All reaction rate ratios obtained in the eight irradiations are presented
in Table IIl with indium in the denominator, except for the data in columns
6 and 12 which, although seeming a priori redundant, provide in fact the
most reliable information of this study because each figure only involves the
counting of a single foil on a single equipment, i.e. reflects simply the
straightforward unfolding of a radioactivity decay curve.

The rhodium and indium activation rates used when forming the ratios
are always averaged over the three and two detectors respectively exposed
(Fig.1l), which is done in accordance with Table II.

The individual errors quoted and the overall reprodu cibility have been
accounted for when inferring errors on the mean ratios.

3
Radial gradients are kept within reasonable limits, even for so close a geometry, by the choice of
detector diameters smaller than 80% of source diameters.
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TABLE III. RELATIVE REACTION RATE RATIOS FOR 235U AND %9Py
THERMAL FISSION NEUTRON SPECTRA? g

Fission source 2%y

b

7 2 .
Irradiation AL, o) #Na Al(n, p)*"Mg/MIn(n,n") 103ph(n,n’) }03MRh 2TAl(n, )% Na
number HSInn,n") y-counting B-counting USIn(n,n") ZAl(n, p"Mg

0.0364+ 2% L0530+ 3% 0.245+ 2% . 0606+ 1% 0.149+ 3%
. 03754 3% . 0525+ 6% 0.2441 %% . 0594+ 1% 0.153+3.5%
. 0353+ 3% L0534+ 3% 0,236+ 2% . 0604+ 1% 0.150+ 3%
0345+ 3% L0510 3% 0.239 £ 2% c 0.144+ 3. 5%

. 0360+ 3% . 0525+ 3% 0.241 + 2% . 0601 1% 0.149+ 2%

Fission source ?*Pu

. 0432+ 2% . 0568 + 3% 0,276+ 5% . 06351 2% 0.1561 5%
. 0419+ 3% . 0692+ 5% 0.266+ 2% .0640+1% 0.157+3.5%
. 0418+ 2% . 0549 + 4% 0.264z 2% . 0626+ 1% 0.158+ 3%

8 . 0422 + 2% . 0564 + 3% 0.264+ 2% c 0,160+ 3%
Mean . 04231 2% .0568+3.5% 0.265+ 2% .0633+1% 0.158+1.5%

& See Fig.1 and text,
Only B-counting data, see text.
€ X-ray spectrometer out of use at time of irradiation.

The definite increase of the rhodium over indium ratio when substituting
239Py fission sources to 235U ones is totally unexpected and not understood
so far; this ratio should be largely insensitive to the spectrum changes
involved here,

The final double ratios most relevant to the intercomparison of the two
fission neutron spectra are summarized in the second column of Table IV.
For the unique case where a direct comparison with other integral measure-
ments is possible, i,e. column 3, a rather good agreement is obtained
within error bands.

The last two columns of Table IV allow a comparison between the
present data and the values expected from the interpretation of the conflicting
average energy ratios selected for consideration. This interpretation is
done as follows: assuming a Maxwellian representation of fission neutron
spectra for the consistency of the comparison, the double ratios
O'I(E)/O‘J (E)/51(Eq) /T3(Eo) are computed as a function of the single parameter
E of the representation. Eo is the average energy of the 2351 thermal fission
neutron spectrum for which an arbitrary realistic value is taken. The
curve resulting for a given combination i, j is then interpolated at
Bx = (1.039 £ 0. 002) ioN and (1.075 = 0, 02) Eq. The corresponding values
and spreads of o; (E*)/5| (E%)/5; (Ey)/T; (Ey) are reported in columns 4 and 5
of the table.
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The cross-section ratios measured so far are inconsistent with the
implications of differential measurements and tend to support the previous
independent integral studies.
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MEASUREMENT OF THE AVERAGE
FISSION CROSS SECTION RATIO,
AND 239Pu FISSION NEUTRONS
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Abstract

MEASUREMENT OF THE AVERAGE FISSION CROSS-SECTION RATIO, of(mU)/of(mU), FOR 25U AND ?*pu
FISSION NEUTRONS.

Average fission cross-section ratios, 5 (**U)/G;(**U), have been measured for ***U and 23%9py fission
neutrons. A cavity fission source, a fission ionization chamber, and a redundant determination of fission
foil weight ratios were employed for the measurements. The result for 2357 fission neutrons is 3.71+0.17,
a value that confirms earlier integral microscopic results and is 12 to 20% discrepant with predictions based
on differential microscopic data, The observed ratio of average cross-section ratios, x ./, is 0.970£0,012,
This value represents a departure from unity that is less than one-half of that predicted by differential micros-
copic data, The measurements described remain in progress.

Long-standing and basic integral detector measurements with fission
spectrum neutrons remain discrepant with predictions based on differential
data [1,2,3]. This paper presents an informal report of experiments in
progress which substantiate the integral detector results. Average fission
cross section ratios, o 35U)/ o .(2380), were measured for 50 and a
fission neutrons with a fission ionization chamber and a cavity fission
source.

THE EXPERTMENT

The cavity flssion neutron source operates at the center of a cubic
cavity 30 cm on a side within the thermal column of the NBS Research
Reactor. At the cavity center, fission source disks of 2359 or 23%u
metal (15.9 mm diam. and ~ 0.1 mm thick) are mounted on a light-weight
aluminum capsule which is the housing for the fission chamber. The
fisston foil, mounted at the mid-plane of the fission chamber 1s a 12.7 mm
diameter uranium oxide deposit on a 0.13 mm thick polished platinum disk.
It 1s coaxial with the fission source disk and at a separation distance of
3.8 mm. In this tight geometry the flux gradient is 47 per 0.1 mm and
source~detector assembly procedures must be kept strictly consistent;
dimensions of the assembly are checked to *0.02 mm during changes of the
source disk or the fission chamber foil.

The fission ionization chamber is of conventional design with the ion
collectors subtending about 90% of the 2w solid angle into which the
figsion fragments are emitted. The performance of the chamber may be
described in terms of v the maximum output pulse height for natural alpha
particles. For the 200% ug/em® uranium fission foils used in these measure~
ments the valley between the maximum of the alpha pulse height distriba-
tion and the minimum of the fission fragment distribution extends from v,
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to 4v , and the peak-to-valley ratio is 25. The fraction of the pulses
between v_ and 2v_ 1s 0.6%, an indication of the correction necessary to
derive abSolute f¥ssion rates from biased fission counting. Fission pulses
are observed with a triple scaler arrangement which provides easily obser-

vable checks for noise and gain shifts.

The two fission foils employed for these measurements were oxide
deposits of 99.7% enriched 23§U and normal uranium. Foil weight ratios
were determined by two independent methods: (a) fission counting in a
thermal beam; and (b) 2w algha counting. The first method, based on the
isotopic concentration of 233U in normal uranium, gave a uranium weight
ratio of 1.068; the second method, based on the conventional alpha digin-
tegration rate for normal uranium and the abgolute disintegration rate
determined by Smith and Balagna [ 4] for the 235 material, gave a uranium
weight ratio of 1.074. These determinations are regarded now as accurate
to better than 37.

Fission rates were observed in four basic arrangements: the 2350 and
normal uranium fission foils exposed separately to the 2359 and 23%u
fission sources. A 2350 fission rate was also obtained without a fission
source disk. Run to run thermal neutron flux levels in the cavity were
monitored with a commercial 2350 figsion chamber exposed to a beam taken
off the front face of the thermal column. A triple scaler arrangement was
also used to record pulses from this monitor chamber. Reproducibility of
observed fission rates under identical conditions was better than 0. 5%;
for fission rate ratios, a spread of 1% appeared in the observed values.

RESULTS

Two results are to be distinguished for this experiment: (a) an
average fission cross section ratio for fission neutrons, a bench-
mark for differential data; and (b) the ratio of cross section ratios
for 2357 and 23%y fission neutrons, a basic Ingredient in the discrepancy
between differential and integral measurements. At present these two
results are:

(a) 2350/2380 fission cross section ratio for 2350 fission
neutrons

Ratio of cross section ratios between 2350 and 239Pu fission
neutrons

R5/8(X49)
Rg/g(X25)

= 0.970 £ 0.012.

A list of contributing errors for each part of the measurement
provides an insight into the experimental problems involved in these
reaction rate measurements.




Tp(35U)/ag( )

(a) (b)

Error Source Cross Section Ratio Ratio of Ratios

counting statistics: +0.3% +0.47%

thermal column monitor

stability: 0.6% 0.6%
source-detector

position: 2% 0.7%
cavity position: 1.27, 0.5%
reactor background: 2% 0.6%
cavity return

background: 2.5%

relative detector

efficiency:

intrinsic source-

detector scattering:

foil weight ratio: 2% -
rms sum: +4, 1.

Most of the partial errors greater than 1% reflect the limited effort put
into this measurement thus far. Within existing capabilities they can be
reduced to the 17 level and below.

It is appropriate to mention the question of cavity return since this
problem often leads to misgivings regarding the reliability of cavity
figsion spectrum measurements in general. The return flux of fission
source neutrons from the graphite surrounding the cube-shaped cavity (30 cm
on a side) gives rise to a fission detector background response which must
be computed. A useful estimate of this return flux can be obtained from
elementary diffusion theory. The latter gives a value of 0.75 for the
reflection coefficient or albedo of a 34 cm diameter spherical void in
graphite. The mean distance between the fission detector and the fission
source is 0.64 cm in this experiment. Thus, the fraction of the flux at the
detector which has been scattered back from the graphite is [(0.75 + 0.75%
0.75%+ ....)(0.64/17)2] or about 0.4%. This crude estimate is within a
factor of two of the results obtained from muitigroup neutron trangport and
Monte-Carlo computations [2,5]. Sixteen-group DSN transport calculations
for example give a fission-neutron-return flux background of 0.80%. The
transport calculations also have been checked against measured fission
neutron flux traverses in a cavity [6]. Since the average fission cross
gection for 238y in the degraded return spectrum is only 30% of its value
for pure fission neutrons, the return background for 23§U is 0.247%. For

the average cross section for the return spectrum is a factor of 7.2
higher and the fission neutron return background is 5.7%.

CONCLUSIONS

Two other measured values for R g are available. One was obtained by
means of fission foil activation caliérated with monoenergetic neutron
[2,7] and the other by means of fission track detectors calibrated in a
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thermal neutron beam [3,6]. Independently measured values for R5/8 then
are the present work,

(1) R5/8 = 3.71£0.17 (fisslon ifonization chamber,
34 cm diam. cavity)

and the previous measurements,

(2) R5/8 3.78+0.18 (fission track recorders,

50 em diam. cavity)
(3) R5/8 = 3,.85+0.23 (fission foil activation,

10 ecm diam. cavity).
Predicted values for R5 8 have a considerable range because of an

accumulation of fission crosé section and fission spectrum measurements.
If one accepts the constraint on the 50 and 3 fisslion cross 5% tions
provided by the ratio measurements of Stein [8] and includes the <S.U
figsion cross section results of White [9] and also the corrected Los
Alamos counter telescope data for 235y [10], a predicted ratio of
R /8. 4,5+0.2 15 obtained using the conventional Maxwellian description
o; %he 235y fission spectrum. Other selections of fission spectrum shape,
or cross sections that still take cognizance of relative measurements, may
lower the predicted ratio to 4,2. Thus, a 10 to 207 disagreement exists
between integral measurement and the predictions based on differential data.
And this disagreement becomes worse if the cavity return background has been
underestimated as is often suspected. Fission cross section evaluations and
the results of other relevant integral measurements are given in References
[1, 7, and 10]; interpretation and critical discussion of integral fission
spectrum measurements may be found in References [3, and 11 through 14].

Predictions fgsgthe double ratio value above, 0.97 * 0.012, which
compares 2355 and Pu fission spectra, may be obtained from differential
spectrometer measurements of the two spectra [15-17], and from other in-
tegral measurements that have sampled the two spectra with various thresh-
old activation detectors [2,3]:

Rs/8(X49)

R = 0.92+0.02 differential spectrometry
5/8\%25

R5/8(Xs9)

= 0.96, *0.005 integral detectors

It is apparent that the differential data predict a departure from unity
for the ratio of R values which is more than twice that observed in
this and other intégral measurements. On the face of it this discrepancy
i1s not very large. However, since cross section uncertalnties are not
gignificant for the integral detector results and equivalently, detector
efficiency problems are not important for the time-of-flight differential
results, the disagreement is a firm one.
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Abstract

INTEGRAL CHECK OF THE FISSION NEUTRON SPECTRUM THROUGH AVERAGE CROSS=-SECTIONS FOR SOME
THRESHOLD REACTIONS,

Average cross-sections for some threshold reactions were measured in the core of the Kyotc University
Reactor (KUR) and with a fission plate of enriched uranium. Making use of these results and energy-dependent
cross-section data, an integral check of the fission neutron spectrum was carried out. The results support the
authenticity of the forms given by earlier workers,

1. INTRODUCTION

Precise knowledge of cross-sections for threshold reactions is required
not only from the standpoints of using them as fast neutron detectors in
reactors; of the evaluation of radiation effects, such as swelling of reactor
materials, by helium or hydrogen gas produced by these reactions; and
of the calculation of the fuel cycle in detail, but also from that of the integral
examination of neutron energy spectra, especially of fission neutrons.

In more recent years the expression of the fission neutron spectrum
has become the subject of discussion [1-4]. It has been pointed out in
particular that the shape of the fission neutron spectrum obtained with thres-
hold detectors exhibits significant deviation from the earlier data [5-9],
as shown in Fig. 1. While Bresesti et al. [10] concluded that the Watt
spectrum [5] is the most appropriate representation of the 235U fission
spectrum for the threshold foils that they considered, very recently Smith
confirmed that the fission spectrum is reasonably consistent with the earlier
data [11]. Thus from the standpoint of reactor design it is most essential
to settle this problem definitely.

The present paper discusses from this point of view the results of our
measurements of average cross-sections for some threshold reactions,
most of which have been already reported [12-14] and the rest will be pu-
blished soon, although they provide only an indirect integral check of the
problem.

EXPERIMENTAL

Average cross-sections for threshold reactions were measured in the
core of the KUR (Kyoto University Reactor, 5 MW, 90 ~93% enriched uranium-
fuelled and light water moderated) and with a fission plate of 90% enriched
uranium set at the thermal neutron facility of the KUR.
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The energy spectrum of fast neutrons above about 1 MeV in the core
was found to be close to that of fission neutrons, as seen in Figs 2 - 4,
The details are given in a previous paper [13].

The sample foils were fixed by adhesive tape on to an aluminium holder
(middle position) inserted into the fuel element, as shown in Fig.5. The
% Ni(n, p)8Co, #Mg(n, p)2*Na and 27Al(n,@)?*Na reactions were used for
fast neutron flux monitoring during the irradiation of the samples. To obtain
the average cross-sections for these reactions, calculations were performed
by Hughes' method [15] with the Maxwellian fission neutron spectrum given
by Leachman and the energy-dependent cross-sections taken from EUR-119e
[16] to give the values in Table I. Fast neutron fluxes for the core and

3

FAST NEUTRON FLUX PER UNIT ENERGY
3

| ! | !
3 4 5 6
NEUTRON ENERGY {MeV)

000: Spectral analysis by 103Rh(n,n')103mRp,
nsln(n, n' ) llSmInJ 58Ni(n, p)58C0, 27A1(n, p)27Mg,
2 Mg(n, p)#*Na, %6Fe(n,p)®®Mn and 27Al(n, o)%4Na

xxx: Spectral analysis by 193Rh(n,n')103mR},
115In(n, nv)llSmIn, 58Ni(n, p)58 Co, 27A1(n, p)27Mg,
#Mg(n,p)?*Na and ?"Al(n, @)*¢Na

——: Fission spectrum (Leachman's form)

FIG,3. Fast neutron spectrum in the KUR core obtained by the associated Laguerre expansion method,
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FIG.5. Positions of foil irradiation in the KUR core.

TABLE I. NUCLEAR DATA FOR THRESHOLD REACTIONS SELECTED
AS MONITORING DETECTORS

Average

-]i - . a
Reaction Half-life cross-section

Detector and measured gamma ra
of product (mb) < 8 ¥

$8Ni(n, p)*®Co 71.8d 104 1.5 in. Nal(Tl) and Ge(Li), 810 keV
%M %N i i 3 v
g(n, p) “Na 15h 1.4 1.5 in. Nal(Tl) and Ge(Li), 1.37 Me

27A1(n, o) ¥*Na 15h 0.63 1,5 in, NaKTl) and Ge(Li), 1,37 MeV

3 Present values calculated by 'Hughes' method using cross-section data from EUR~119¢ [16] and
Leachman's fission spectrum [8].

for the fission plate measured with the above reactions agreed within 2%
and 3% respectively. If instead of Leachman's we take the SAND-II fission
neutron spectrum, the average cross-sections mentioned above are larger
by 35, 20 and 18% respectively.

The fission plate (31 cm diam,, 10,44 mm total thickness) used was
composed of 90% enriched uranium oxide dispersed into an aluminium matrix
and clad with aluminium plate [17]. The total amount of 225U contained
was 1002 grams, The fission plate was placed in the thermal neutron ir-
radiation facility of the KUR [18], where pure Maxwellian neutrons therma-
lized through a 140-cm thick heavy-water layer were available. The fast
neutron flux at the centre of the surface of the fission plate was about
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FIG.6. Fast neutron spectrum obtained by nuclear emulsion plates (1000 tracks), The dotted line represents
Leachman's fission spectrum.

2,5X 10° n-em™ . s™? when the KUR was operating at its full power of 5 MW.
The 58Ni(n, p)58Co, 24Mg(n, p)24Na and 27Al(n,@)?*Na reactions were also
used for fast neutron flux monitoring. The fast neutron spectrum in front

of the fission plate was measured with nuclear emulsion plates, Fuji ET-6B,
100 pm thick. A preliminary result is given in Fig. 6.

The errors incurred in the course of the present work have been ex-
amined, These errors comprise (1) statistical errors, (2) errors deriving
from the monitor flux, and (3) a systematic error. The amount of the
second type of error, arising from dispersions occurring in each monitor
flux, was found to be 2% for the core and 3% for the fission plate. As factors
contributing to the systematic error we have considered the operating con-
dition of the gamma-ray detector, the imprecision of the irradiation, waiting
and counting, deviations in location between the samples and the monitor
foils, changes in neutron flux during irradiation, errors in determining
the weight of the foils, and so forth, The value of 5% attributed to the
systematic error has usually been determined from the results of the above
error analysis and from the results of several independent measurements.

RESULTS AND DISCUSSIONS

3.1, *Ti(n, p)*®Sc, *"Ti(n, p)*"Sc and *¥Ti(n, p)*¥Sc [13]

As shown in Tables II - IV, the results for the core of the KUR and for
the fission plate agree reasonably, but the data hardly allow any comment
on the shape of the fission neutron spectrum,
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TABLE 1I. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE “Ti(n, p)*Sc REACTION

Cross-section

(mb) Reference, given in Ref, [13]

1l., 0.64 | Present (reactor)
10.5+ 0.6, Present (fission plate)
8.2 Mellish (reactor)
8.0 Roy (preferred)
10 Durham (reactor)
11.1 Comera (reactor)
17+ 3 Niese (reactor)
9.0+ 0,1 Hogg (reactor)
12,8+ 0.6 Boldeman (fission plate)
12,61 0.4 K8hler (reactor)

10.2+ 0.4 Bresesti (fission plate)

TABLE III. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 47Ti(n, p)4"Sc REACTION

Cross-section

s (13
(mb) Reference, given in Ref. [13]

19,4 + 1., Present (reactor)

17,5+ 0.9, Present (fission plate)
0.42 Mellish (reactor)

18 Durham (reactor)

18+ 3 Niese (reactor)

15+ 0,6 Hogg (reactor)

22+ 1.5 Boldeman (fission plate)

13,2+ 1,0 K&hler (reactor)
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TABLE IV. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 8Ti(n, p)8Sc REACTION

Cross-section

, gi i . [13
(mb) Refgrence given in Ref. [13]

0,29, + 0,02, Present (reactor)
0,27, 0.05, Present (fission plate)
0,15 Mellish (reactor)

0.53 Durham (reactor)

0.44+ 0,08 Niese (reactor)

0,25+ 0.01 Hogg (reactor)
0.21+ 0.0186 Boldeman (fission plate)

3.3+ 0,2 Kd8hler (reactor)

3.2. 283i(n, p)28Al1, 29Si(n,p)2°Al and 3°Si(n,)2"Mg [13]

As shown in Tables V - VII, no comment can be made here either.

TABLE V. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 28Si(n, p) %A1 REACTION

Cross-section

(mb) Reference, given in Ref. [13]

4,95+ 0.3, Present (reactor)

4.0 Roy (preferred)

TABLE VI. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 2°Si(n, p) %A1 REACTION

Cross=section

(mb) Reference, given in Ref. [13]

2,95+ 0.1, Present (reactor)

2.7 Roy (preferred)
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TABLE VII, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE %Si(n, ¢)?"Mg REACTION

Cross-section

o (13
(mb) Reference, given in Ref. [13]

0.13, £ 0,02, Present (reactor)

0.15+ 0,02 Niese (reactor)

3.3. ®V(n,e)*8sc, #Zn(n, p)**Cu, %2Mo(n, p) 2™Nb and %Nb(n, 2n) 92mNb [13]

The results for these reactions are shown in Tables VIII-XI.

TABLE VIII, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE V(n,2)*®Sc REACTION

Cross-section

(mb) Reference, given in Ref, [13]

0.021;+ 0,001, Present (reactor)
0,08 Hughes (fission plate)
Saeland (reactor)

Roy (preferred)

TABLE IX, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE %Zn(n, p) %*Cu REACTION

Cross-section

Reference, given in Ref. (13]
(mb)

85.5 1 2.8 Present (reactor)
37,4 % 34 Present (fission plate)
44 Mellish (reactor)

39 Roy (preferred)
28 Passell (reactor)

31 Durham (reactor)

27+ 1,6 Boldeman (fission plate)

26,9+ 1,2 Rau (reactor)
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TABLE X. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS FOR
THE 2 Mo(n, p) ¥?™Nb REACTION

Cross-section

(mb) Reference, given in Ref. [13]

6.04£ 0.4, Present (reactor)

6,04  0.45 Present (fission plate)
Mellish (reactor)

Roy (preferred)
Hogg (reactor)

.2+ 0.4 Boldeman (fission plate)
144 0,27 Rau (reactor)

.75% 0,25 Bresesti (fission plate)

TABLE XI. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE %Nb(n, 2n)%"Nb REACTION

Cross-section

(mb) Reference, given in Ref. {13]

0.43,+ 0,03, Present (reactor)
0,40, + 0,03, Present (fission plate)

0.33 Fabry (reactor)

3.4. 2%pp(n, n")24MPh and 24Ph(n, 20)2°2Pb [13]

The results for these reactions are shown in Tables XII and XIII,

TABLE XII, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 2%4pp(n, n')2%4mpy REACTION

Cross-section

(mb) Reference, given in Ref, [13]

184 249 Present (reactor)
22 Durham (reactor)

15,3+ 0.7 Ké&hler (reactor)
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TABLE XIII, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 204Ph(n, 2n)203Ph REACTION

Cross-section

Reference, given in Ref. [13]
(mb)

1.90% 0.1 Present (reactor)
3.3 Roy (preferred)

5.0 Durham (reactor)

3.5. 1%Rh(n, n")1®™Rh

Our preliminary result of the average cross-section for this reaction
measured with the fission plate five times independently agrees satisfactorily
with the value calculated with the energy-dependent cross-section obtained
by ourselves [19] and Leachman's fission spectrum. The result is given
in Table XIV. Ribon [25] examined the ‘data for this reaction and concluded
that Butler and Santry's value, 710 mb, might be recommended as the
average cross-section, but the present value is not in reasonable agreement
with this value.

TABLE XIV. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 19Rh(n, n')19¥MRp REACTION

Cross=section

(mb) Reference

560+ 7 Present (fission plate)

558+ 32 Present calculation with the
cross-section by the authors [19]
and Leachman's fission spectrum,
Present calculation with the
cross~section by the authors [19]
and SAND-II fission spectrum,
566+ 17 Kanda et al, [20] (fission plate),
716+ 40 Butler and Santry [21]

(from energy-dependent cross-
section),

Fabry [22] (reactor),

Beckurts and Wirtz [23]

Roy [24] (reactor).
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3.6. 115In(n, n')115myy

Asaresult of improving the accuracy of the cross-section data for this
reaction, it has become one or of the important reactions in fast neutron
measurements and could also be useful as an imtegral check of the fission
neutron spectrum. Our preliminary result for the average cross-section
for this reaction measured with the fission plate four times independently
agrees satisfactorily with the value calculated with the energy-dependent
cross-section by ourselves [19] and Leachman's fission spectrum, as seen
in Table XV, The agreement with the earlier data is reasonable,

TABLE XV. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 5In(n, n') 5™ n REACTION

Cross-section

Reference
(mb)

175+ 2 Present (fission plate).

177+ 10 Present calculation with the
cross-section by the authors [19]
and Leachman's fission spectrum,
Present calculation with the
cross-section by the authors [19]
and SAND-II fission spectrum.
Kanda et al. [20] (fission plate),
Bresesti et al. [10]

Zijp [26]

Beckurts and Wirtz [23]

F&hrmann [27]

3.7. 27Al(n,p)?"Mg

Our preliminary result for the average cross-section for this reaction
measured with the fission plate five times independently agrees satisfactorily
with the value calculated with the energy-dependent cross-section in EUR-
119e [16] and Leachman's fission spectrum, as seen in Table XVI,
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TABLE XVI. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 2'Al(n, p)?"Mg REACTION

Cross-section

R
(mb) eference

3,41 0,1 Present (fission plate).

3.34 Present calculation with the
cross-section in EUR-119e
and Leachman's fission spectrum,

Present calculation with the
cross=section in EUR-119e
and SAND-II fission spectrum.

3.5 Beckurts and Wirtz [23]

3.4+ 0,38 Alexander [28]
2,92 0.5 Boldeman [29]
3.83 Brownell [30]

3,5+ 0,2 Beaugé [31]

3.8, 282Th(n,f) [12]

When the absolute fission yield of 140Ba is normalized to 7. 64%, as
recommended by Bresesti et al, [32], the average cross-section for this
reaction measured in the core of the KUR becomes 67 + 6 mb; this was
compared with earlier data and the value calculated with the energy~dependent
cross-section in BNL-325 (2nd edition, Supplement 2) and four expressions
of the fission neutron spectrum. The present result agrees with those ob-
tained with Watt, Cranberg and Leachman's formulae for the fission spectrum
within the experimental error, as shown in Table XVII,
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TABLE XVII, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 22Th(n, f) REACTION

Cross-section
(mb)

Reference

67+ 6 Present (reactor)

71,6 Present calculation with the
cross-section in BNL-325
(2nd ed., Suppl. 2)

and Watt's fission spectrum.

Present calculation with the
cross-section in BNL-325

(2nd ed., Suppl. 2)

and Cranberg's fission spectrum,

Present calculation with the
cross-section in BNL-325

(2nd ed., Suppl. 2)

and Leachman's fission spectrum,

Present calculation with the
cross-section in BNL-325

(2nd ed., Suppl. 2)

and SAND-II fission spectrum,
Bresesti et al, [33]

Beckurts and Wirtz [23]

Fabry [221]

3.9, 232Th(n, 2n)2%1Th [14]

As shown in Table XVIII, the present result agrees reasonably with
Phillips' value [ 36], and the calculated value with the cross-section in the
UKAEA library [34] and Leachman's fission spectrum.

3.10. Z"Np(n, 1)

When the absolute fission yield of *°Ba is assumed to be 5. 6%, which

is the average of the values given by Namboodiri [37], Von Gunten [38],
Ké&hler [39], Bennett [40] and McElroy [41], the average cross-section

for this reaction measured with the fission plate becomes 1,33 + 0, 11 barns;
this is compared with the earlier data in Table XIX., Since two groups of
energy-dependent cross-sections exist for this reaction [42, 43], an integral
check of the fission neutron spectrum cannot be made without first deter-
mining the cross-section,
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TABLE XVIII, COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 232Th(n, 2n)231Th REACTION

Cross-section
(mb)

Reference

12,5+ 0,84

13.1

12,4+ 0.6

Present (reactor)

Present calculation with the
cross-section in the UKAEA library [34]
and Leachman'’s fission spectrum,

Present calculation with the
cross-section by Butler and
Santry [35] and Leachman's
fission spectrum.

Present calculation with the
cross-section in the UKAEA library [34]
and SAND-II fission spectrum.

Present calculation with the
cross-section by Butler and
Santry [35] and SAND-II fission
spectrum,

Phillips [36] (reactor).

TABLE XIX. COMPARISON OF FISSION AVERAGE CROSS-SECTIONS
FOR THE 2¥"Np(n, ) REACTION

Cross-section
(barn)

Reference

1.33: 0,11

1.32

Present (fission plate).

Present calculation with the
cross-section by Grundl [42]
and Leachman's fission spectrum,

Present calculation with the
cross-section by Grundl [42]
and SAND-II fission spectrum,
Present calculation with the
cross-section by Davey [43]
and Leachman's fission spectrum.
Present calculation with the
cross section by Davey [43]
and SAND-II fission spectrum,
Zijp [44]

Fabry [22]

Grundl (1]
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4, CONCLUSION

The integral check of the fission neutron spectrum with values of average
cross-sections for some threshold reactions obtained in the core of the KUR
and with the fission plate performed so far suggests the authenticity of the
forms given by earlier workers.
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THE INFLUENCE OF FISSION NEUTRON
SPECTRA ON INTEGRAL NUCLEAR
QUANTITIES OF FAST REACTORS
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Abstract

THE INFLUENCE OF FISSION NEUTRON SPECTRA ON INTEGRAL NUCLEAR QUANTITIES OF FAST REACTORS.
A few preliminary results on the influence of fission neutron spectra on important integral quantities of
fast critical assemblies were reported previously. The scope of those studies was limited for two reasons:
(i) only a small number of integral quantities for a few assemblies had been studied; and (ii) the various forms
used previously for the energy dependence of the fission spectrum were of limited accuracy. In the present
work the forms of the fission spectra are taken from the KEDAK and ENDF/B libraries. The various forms are
compared with each other and with our *standard’ fission spectrum generally used in our calculations, which
belongs to v=2.8 of the Russian ABN set of group constants. The influence of the different forms on calcu-
lated integral quantities for fast critical assemblies and on important characteristics of large fast power reactors
is investigated. Some implications for the programs used to calculate flux distributions are outlined.
Important conclusions of the present study are summarized at the end of the paper.

1, COMPARISON OF DIFFERENT FISSION NEUTRON SPECTRA

The forms of the fission spectra have been taken from two evaluated
nuclear data files, the KEDAK and ENDF/B libraries.
The KEDAK fission spectra are described by a 'Watt! -type expression:

X(E) = ¢ . exp(-aE) + sinhJbE

with the normalization constant ¢ given by

c = 2aJa/7b - exp(-b/4a)
(see also Ref.[1]).

235 239

The parameters in the library for “°U and “*"Pu are:

Material 1/a a

25y 0.965 1. 036269

239
Pu 1.0 1.0

(see Ref.[1] p.16, Ref.[2] p. H40 for 23°U; Ref.[1] p. 20 and Ref.[2] p.J42
for 239Pu).
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FIG.1. The fission spectrum of 5y for thermal neutron-induced fission.
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FIG.2. The fission spectrum of ®°Pu for thermal neutron-induced fission.
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The ENDF/B figsion spectra are described by a Maxwellian

X (E) = (2/6J70)" VE * exp(-E/0)

The parameter 6 depends on the energy E' of the neutron that induces the
fission, but for our purposes we may use the parameters given for thermal
fission because for all cases considered here the median energy of the
fission-inducing neutrons is below about 0, 5 MeV and the increase in 6
with increasing energy A§/AE' is only about 1% per 1 MeV (see Ref,[6]

p. H41). The following values have been used:

23515, g = 1, 30 MeV
2¥py. g = 1,41 MeV

For 28U we used a value of 6 = 1,35 MeV, This value was deduced from
the measurements of Barnard et al, [ 3] who determined the g -values at
incident neutron energies of 2, 086 and 4,908 MeV. As in the work of
Barnard, we assumed a linear dependence of 9 on v, the average number
of neutrons per fission. We applied our values of  taken from KEDAK,

For most of the assemblies considered in this study the average value of
v ( )~ 2,85, An interpolation of Barnard's results [ 3] gives
6 (*®U) ~1. 35 MeV. From Terrell's formula (giveninthe report of Barnard[ 3])

6=0,50+0,43Jv+1

one would obtain § = 1, 344, The good agreement with the value we have
chosen may be fortuitous,
These parameters have been used to calculate the various fission
spectra. For the application in multigroup calculations the group values
Ej_y

Xi =f X (E)dE i=1,11

E;

have been determined. They are given in Table I, together with our norm-
ally used 'standard fission spectrum, which belongs tov = 2. 8 of the
Russian ABN set [4]. In our calculations of group values X; the neutrons
emitted with energies above 10, 5 MeV have been included in group 1 and
those with energies below 10 keV in grou? 11 for the sake of simplicity.

The ENDF/B fission spectrum for %357 is shown in Fig.1, together
with a comparison with the corresponding KEDAK fission spectrum. In
the lower part of this figure the group values X; determined from the
ENDF/B and KEDAK data are compared with those of our ABN ! standard!
fission spectrum belonging to v = 2. 8,Figure 2 shows the analogous figures
for 9y,

From Fig. 1 it can be seen that, except for the region of very high
energies, the KEDAK spectrum for 23%U is somewhat 'harder' than the
corresponding ENDF/B spectrum and both are softer than our 'standard'
fission spectrum, Figure 2 shows that for 29py the KEDAK spectrum is
generally 'softer' than the 'standard fission spectrum, whereas the
ENDF /B spectrum is definitely 'harder', Thus, for the most interesting
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energy range from 0.2 to 5. 0 MeV the ENDF /B spectra show the largest
deviations compared to our standard fission spectrum, that for 235U being
the softest and that for 2%%Pu being the hardest of the fission spectra studied
here,

The differential fission neutron spectra measurements of Werle [ 5]
for thermal neutron-induced fission of 2°°U and 2*°Pu support the ENDF/B
description, Therefore, the ENDF/B fission spectra are cosgsidere(g by
us to be representative for the real difference between the “"°U and " "Pu
fission spectra, The ratio of both fission spectra is shown in the upper
part of Fig, 3.,

In the Russian ABN set the fission spectrum is given for different
values of v, the average number of fission neutrons per fission. For fast
criticals and fast power reactors the average v is generally somewhat be-
low 3.0 for 2*Pu and somewhat higher than 2, 4 for 235y (probably even
above 2, 5), The lower part of Fig. 3 gives the ratio of the ABN fission
spectra belonging tov = 2,4 andv = 3,0, From a comparison with the
upper part of the same figure it can be concluded that the difference be-
tween the 2°%U and 23%Pu fission spectra is not sufficiently well represented
by the v -dependence, as assumed in the ABN set,

INFLUENCE OF DIFFERENT FISSION NEUTRON SPECTRA ON
CALCULATED INTEGRAL QUANTITIES OF FAST CRITICAL
ASSEMBLIES

2, 1. Influence on criticality

Table II gives the criticality differences obtained by using instead of
the 'standard' fission spectrum the KEDAK and the ENDF/B fission spectra,
The results have been determined by fundamental-mode homogeneous diffu-
sion calculations. As nuclear data basis we have used the group constants
of the MOXTOT set [6]. (Some few test calculations have shown that the
influence of the fission spectrum on the criticality is even somewhat more
pronounced in two-dimensional calculations, probably because the result-
ing change of the leakage probability or the space dependence of the flux
shape is not accounted for by a corresponding change of the buckling in
the fundamental-mode calculations.) The fission spectrum used corresponds
in every case to the main fissionable isotope of the special assembly
considered, With the ENDF/B data the maximum criticality decrease is
about 0. 009, the maximum criticality increase about 0. 006, The criticality
difference observed in Table II is generally of the same order of magni-
tude as other corrections, e, g. heterogeneity or transport corrections,
which are applied in order to determine best theoretical criticality values.
Thus the criticality correction caused by the deviation of the appropriate
fission spectrum from the ! standard! fission spectrum is of the same
importance as other commonly applied corrections,

From Table II it can be noted that replacing the 'standard' fission
spectrum by the KEDAK fission spectrum gives for plutonium assemblies
an opposite sign of the criticality differences than that obtained upon re-
placement by the ENDF/B fission spectrum, This is due to the fact men-
tioned before that for 23%Pu the KEDAK fission spectrum is 'softer',
whereas the ENDF/B fission spectrum is 'harder' than our 'standard’
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TABLE II. CRITICALITY DIFFERENCES Ak CAUSED BY USING FISSION
SPECTRA DIFFERENT FROM THE 'STANDARD' FISSION SPECTRUM
Results of fundamental mode diffusion calculations for homogeneous
mixtures using the MOXTOT set,

Main
Assembly fissionable
isotope

Keff (KEDAK) Keff (ENDF/B)
-keff { Standard) ~keff (Standard)

SUAK U1B B35y . 0033 . 0054
SUAK UH1B . 0013 . 0011
ZPRIII-10 . 0037 . 0062
ZPRIII-25 . 0051 L0091
SNEAK-3A1 .0016 . 0027
SNEAK-3A2 .0013 . 0021

ZPRIII-48 . 0015 .0030
ZEBRA-6A L0011 . 0024
SNEAK-5C .0018 . 0034
ZPRIII-55 . 0032 . 0064

fission spectrum. The most pronounced difference occurs for the kg,
experiment ZPR III-55 where the criticality difference obtained when
using the ENDF/B instead of the KEDAK data amounts to about 0. 01 in
Keff.

For a few test cases the influence of the fission spectrum of 287 has
also been studied, We have chosen such critical assemblies where the
fission in 2%y is of relatively large importance: for the uranium assembly
ZPRIII-25 about 27% of the neutron production stems from 238y and 73%
from 235’U; for the plutonium assembly ZPR III-55 more than 20% of the
neutron production stems from 238U, about 75% from 239py and the rest
from 2*°U and the higher plutonium isotopes, The criticality values of the
assemblies studied are known to be sensitive to the form of the figsion
spectrum, As a modified fission spectrum we have used a weighted aver-
age of the corresponding fission spectra: for ZPRIII-25 285y (73%) and
2381 (27%) and for ZPRIII-55 2%Pu (75%) and 23%U (25%) (the contributions
of 235U and the higher plutonium isotopes have been neglected in this case).
The criticality differences Ak obtained with these modified fission spectra
compared with the results obtained with the corresponding pure fission
spectra of the appropriate main fissionable isotope are Ak = +0, 0023 for
ZPRIII-25 and Ak = -0, 0021 for ZPRIII-55, Even these criticality differ-
ences are of the order of other more familiar criticality corrections,
Thus for some particular assemblies even the effect of the 238y fission
spectrum has to be taken into account for a precise criticality determina-
tion, This statement holds at least as long as the differences in the
temperatures for the Maxwell distributions are as 1ar§e as assumed at
present: 0 (*°U) = 1. 30 MeV, 0 (?*®U) = 1.35 MeV, 6 (**°Pu) = 1.41 MeV.
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2.2, Influence on reaction rate ratios

Besides the criticality, one is also interested in the reaction rate ratios
for fast zero-power assemblies because these quantities provide additional
possibilities of testing the quality of the basic neutron cross-sections,

Of course, one is mainly interested in those reaction rates that are rele-
vant for the neutron balance, i, e, for neutron production or loss processes,
It is evident that a change in the fission spectrum will cause the largest
effect for those reactions that have a threshold in the MeV region, Here
the fission process in %% is the most important one, Replacing our
'standard' ABN fission spectrum by the ENDF/B representations, the
fission rate ratio R? /Rsf decreased by about 5-6% for U-fuelled and in-
creased by about 2, 5-3. 5% for Pu-fuelled assemblies, Moreover, notice-
able variations in this ratio are even observed if the 2°U contribution to

the fission spectrum is taken into account appropriately.

For ZPRIII-25 a mixed fission spectrum composed of 235y (73%) and
238y (27%) leads to a 1% increase of the ratio R?/R5 as compared to the
result obtained for a pure 23%U fission spectrum., For ZPRIII-55 we used
a mixed fission spectrum composed of 2°Pu (75%) and 238y (25%) instead of
a pure 9Py fission spectrum and obtained a decrease of 1% for the
R?/R‘? ratio,

All other important reaction rate ratios remain nearly unchanged for
the changes of the fission spectrum under consideration, Especially for
the important ratios o® = R2/R}, R®/R?, RY/R}, o = RY/RY, RYR}, RY/RS,
R./R} the changes are smaller than 1% for the assemblies considered
here, This change is much smaller than that caused by the uncertainties
in the corresponding basic nuclear data, Only if those errors in the above-
mentioned reaction rate ratios, which are caused by basic cross-section
uncertainties, can be reduced below 1%, must the influence of the fission
spectra on these reaction rate ratios be taken into account.

2. 3. Influence on material worth and substitution experiments

For two assemblies (ZPRIII-25 and ZPRIII-48) we have studied the

influence of the various forms of the fission neutron spectrum on the
central material worth, Such an effect may be important if the reactivity
of a plutonium (33%Pu) sample in a uranium (235U) core has to be deter-
mined or vice versa, In both cases the figsion spectrum of the sample

is different from that of the surrounding medium, an effect that usually has
been neglected up to now and cannot be taken into account in most of the
existing perturbation codes, The net perturbation effect for the central
material worth is composed of three terms: production, absorption and
degradation, Our test calculations have shown that the production term

is changed by about 2% for ZPRIII-25 and by about 1% for ZPRIII-48 if

we use the fission spectrum for %Py instead of that for 22°U (both taken
from ENDF/B). For the assembly ZPRIII-48 the productio%s;cerm is larger
than the net perturbation effect by a factor of about 1,5 for = Pu and

about 2. 0 for 23U, Therefore we have to expect that errors of the order
of a few per cent (probably up to 5%) may arise by neglecting the difference
between the fission spectrum of the sample and that of the surrounding
core material,
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From the preceding discussion it is evident that in the case of sub-
stitution experiments errors of the same order as for the material worth
may arise when the effect of differences in the fission spectra is ne-
glected, In these experiments, e, g., a uranium zone is successively re-
placed by a plutonium zone [7]. From the resulis of successive substitution
steps one tries to extrapolate to the results that would correspond to a
full core with the composition of the substituted zone, Direct numerical
calculations to determine the reactivity effect caused by the differences
in the fission spectra of the substituted and the surrounding zone could
not be performed up to now because the appropriate codes were not avail-
able, However, from the criticality calculations mentioned in section 2,1
one may conclude that for the extrapolated results of a fully substituted core
criticality errors of up to 0,01 may arise if the differences in the fission
spectra of the substituted and the original core zone are neglected,

2.4, Influence on reaction rate traverses

In Ref, [ 8] it has been shown that the form of the fission spectrum has
some influence on the shape of reaction rate traverses too, apart from
the influence on the absolute magnitude of central reaction rates or central
reaction rate ratios discussed in section 2,2, The result of the earlier
work for the SNEAK 3A2 assembly [ 8] is redrawn here in Fig.4, The
Fabry fission spectrum used for Fig, 4 is based on results of integral
measurements for the temperature of the 23513 thermal neutron fission
spectrum [9]. This fission spectrum is 'harder! than our 'standard'
fission spectrum and therefore considerably harder than the ENDF/B

fission spectrum, which in the present work is considered to be the
most realistic representation of the differential measurements, The
ENDF/B 2357 figsion spectrum has been used to obtain the results of Fig. 5.

With the 'harder! ssp ctrum used for Fig, 4 all the three reaction rate
traverses studied (Rc(23 U), Rf(2350), Rf(ZSBU)) show an increase of 0,7%

in the outer part of the core region (all traverses are normalized at the
core centre), In the blanket region R (3*®¥U) and R¢?*®U) are increased by
about 2% and R(***U) by about 4%,

In Fig, 5 the corresponding results with the 'softer’ ENDF/B 235y

fission spectrum are shown, In the outer part of the core the three reac-
tion rate traverses studied are lower by about 0, 7% than those calculated
with the 'standard’ fission spectrum, In the blanket region the traverses
for Re(**®U) and R¢(?*U) are decreased by about 2. 5% and for R(?*U) by
about 4%,

It is probably interesting that even the discrepancies between the shape
of the traverses determined with the **®J ENDF/B and *°U KEDAK fission
spectrum are not too small: for the case studied here the traverses with
the KEDAK spectrum are in the outer part of the core region about 0. 5%
and in the blanket region up to 1. 5% higher than those calculated with the
ENDF/B spectrum, -

The present results indicate that for the precise determination of the
reaction rate traverses including the power traverse it will be necessary
to take into account the appropriate form of the fission spectrum if dis-
crepancies in the shape between theory and experiment of the order of
1% in the core region and/or several per cent in the blanket region become
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relevazgt. The possible effect of using different fission spectra in the
core ( 5U and blanket region (238U) could not be studied because an appro-
priate code is not available at the moment.

INFLUENCE OF OTHER NUCLEAR DATA UNCERTAINTIES ON THE
CRITICALITY OF FAST CRITICAL ASSEMBLIES

The importance of a precise knowledge of the appropriate fission spec-
trum must be judged in the context of the other current uncertainties in
the nuclear data, We will discuss here only two examples of uncertainties,
namely the fission and the inelastic scattering cross-sections of 238y,

The following results will show the sensitivity of the criticality on
certain changes in the nuclear data. As the first change (CI of Table III)
we study an increase in the 238y figsion cross-section by 5%. Then the
inelastic scattering cross-section of 238U ig changed from the values used
in the MOXTOT set [ 6] to the ABN values. In the first step (CII) for the
energy range from 1.4-10,5 MeV (groups 1-4) and in the second step
(CIII) from 0, 05-1,4 MeV (groups 5-92 In addition to the change in the
inelastic scattering cross-section of 2%U we considered also a change in
the corresponding scattering probabilities, i.e, of the energy distribution
of the neutrons scattered inelastically by 238U. Instead of the probabilities
determined for the MOXTOT set [ 6] we use those of the ABN set for the
next two changes: Change CIV concerns the energy range between 1.4-6,5
MeV (groups 2-4) and CV the energy range between 0, 05-1,4 MeV (groups
5-9). For case CVI the changes CII and CIII are applied simultaneously,
i.e. the cross-section for inelastic scattering by 28U is changed in the
whole energy range from the MOXTOT to the ABN values, The same is
done for the inelastic scattering probabilities in case CVII, which is a
combination of CIV and CV. For case CVIII, finally, all data for the ine-
lastic scattering on %8y are changed from the MOXTOT to the ABN values,

Before discussing the results it is probably useful to mention that the
changes considered here are reasonably realistic, Pitterle et al, [10]
have increased their 23%U fission cross-section by about 6% over Pitterle's
earlier evaluation [11], for which a reasonable agreement with the
corresponding data of the MOXTOT set exists. The modified data are
similar to the ABN data, Kallfelz et al, [12] have shown that a possible
reduction of the inelastic scattering cross-section by an amount between
15-30% would improve the agreement between theory and experiment for
1ntegra1 quantities, as, e, g., the criticality of the fission rate ratio
R /R for a series of fast critical assemblies, Pitterle [11] changed the
parameter v, which via the 'effective temaperature' 6 =JE/vA determines
the inelastic scattering probabilities of “°U, from y = 0.099 MeV 1[11]
to the new value vy = 0, 0685 MeV > [10]. For the MOXTOT set v =0,16 MeV™?
has been used to calculate the inelastic scattering probabilities for 238U
in the 'continuum' range of residual nucleus levels,

The difference in the inelastic scattering probabilities between the
MOXTOT and ABN data is similar to the difference that results when the
parameter v is changed from 0,16 to 0. 099 MeV'L Therefore all changes
considered here are within the range of the present uncertainties or
within the range of suggested modifications of the nuclear data,
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All criticality differences Ak given in Table IIl are based on fundamental-
mode homogeneous diffusion calculations using the MOXTOT set as nuclear
data basis, The results should be compared with those given in Table II,
With respect to the absolute Ak values each of the changes CIto CV of
Table III has about the same importance as the differences in the fission
spectrum representations, From cases CVI and CVII it can be seen that
the uncertainties in the magnitude of the inelastic scattering cross-section
as well as that of the inelastic scattering probabilities are somewhat more
important with respect to the criticality than the changes in the form of
the fission spectrum, Case VIII in particular demonstrates the large
effect of the inelastic scattering data for 2387 on the criticality of most
of the fast assemblies included in our study, If the uncertainties assumed
for case VII are realistic, then a precise determination of the inelastic
scattering data of 238U is of high priority,

INFLUENCE OF THE DIFFERENT FISSION NEUTRON SPECTRA ON
IMPORTANT CALCULATED QUANTITIES OF LARGE FAST POWER
REACTORS

4.1, Influence on criticality and critical mass

Besides the influence of different fission neutron spectra on the calcula-
tion of fast critical assemblies discussed before, it is important to study
the influence on the calculation of large fast power reactors, As test ex-
ample of a large fast power reactor we have chosen the simplified model
suggested by Baker, which was used for a world-wide intercomparison
study. The details of the specifications may be found in the recently
published report [ 13] on the results of this intercomparison of nuclear
reactor calculations, The main features of the reactor model are as follows:
spherical model with a core radius of 84,196 ¢m and a spherical annular
blanket of 45, 72 cm thickness, The fuel is mixed PuQ,-UQ, Sodium is
used as coolant and stainless steel for the structure and cladding material,
Three versions have been studied with somewhat different fuel compositions:

(A) Only 2%9py and 238U, no fission products, no higher plutonium

isotopes

(B) 239Pu plus 23U plus 10% fission product pairs, no higher plutonium

isotopes

(C) #%Pu, 24Py and 238U plus 10% fission product pairs, 23?Pu; 240%Pyu=1.0,5,

In the first column of Table IV the criticality differences are given
that arise if the fission spectra for 2%%U and 2¥%Py (ENDF/B form) are used
instead of our 'standard' fission spectrum. The reactor composition has
been kept constant in this case. The fuel enrichment has been adjusted so
that the original criticality value k4 = 1, 0000 is attained, The correspond-
ing absolute changes in critical mass of fissile material (23%Pu) are given
in the second column, The third column shows the relative changes of the
critical fissile mass that were necessary to re-establish the criticality,

The largest absolute criticality change is about 0, 007, which causes
a change of the critical mass of somewhat more than 1%, corresponding
in this case to about 11 kg of %%y, This change occurs if we use the
%357 figsion spectrum instead of our standard fission spectrum, Using the
2%y figsion spectrum, which is more appropriate in this case because
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TABLE IV. VARIATION IN NUCLEAR CHARACTERISTICS OF LARGE
FAST POWER REACTORS CAUSED BY USING FISSION SPECTRA
DIFFERENT FROM THE !'STANDARD' FISSION SPECTRUM

Changes in nuclear characteristics

Fission AM(2¥Pu) AM/M
spectrum (kg) (%)

23y +10. 57 +1.10
239py - 5.68 -0.59
235y +10.22 +0.98
23%py - 5.00 -0.48
5y +10.98 +1.14
239py - 4.72 -0.49

the fissionable material is plutonium and which is closer to our standard
fission spectrum than the 2%%U fission spectrum, the resulting changes are
smaller in absolute magnitude, although of alternate sign, For this more
realistic change the criticality difference is about 0, 003, the change in
critical mass about 0. 6%, equivalent to somewhat less than 6 kg of %%y
for these simplified cases with about 1000 kg total fissile mass. The main
reason for the criticality differences is the change of the fission and pro-
duction rate in the fertile materials 238U and 24%Pu with fission thresholds
in the high energy range,

4,2, Influence on breeding performance

The most important quantity next to the critical mass is the breeding
performance of a power reactor. Column 4 of Table IV shows that changes
in the breeding ratio of up to 0. 015 may be caused by changes in the form
of the fission spectrum, The change in the breeding ratio is mainly caused
by the adjustment of the enrichment that is necessary to bring the reactor
with modified fission spectrum back to criticality. The ratio of reaction
rates per atom Rf/Rgf is changed by at most 0, 5% upon changing the fission
spectrum. For the corresponding fission rate ratio R?/Rgf changes similar
to those mentioned in section 2.2 for the fast critical assemblies have
been observed, i,e. -5, 3% for the 2357 figsion spectrum and +2, 3% for the
Z39py figsion spectrum, The adjustment of the enrichment causes very
small variations in the reaction rate ratios per atom, generally one order
of magnitude smaller than the variations caused by using different forms
of the fission spectrum,

INFLUENCE OF OTHER NUCLEAR DATA UNCERTAINTIES ON
CRITICALITY, CRITICAL MASS AND BREEDING PERFORMANCE

The influence of nuclear data uncertainties on criticality and breeding
performance may be judged on the basis of the intercomparison study by
Baker and Hammond [ 13] already mentioned, Excluding those sets of
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group constants that still used the old KAPL values for o (239Pu) in the
resonance region, we found the following maximum deviations between the
most extreme cases appearing in the intercomparison, For the criticality
difference: Ak < 0, 04, for the critical mass about 7. 5% equivalent to 73 kg
of 2%Pu and 0.10 for the physical breeding ratio, For version B of the
reactor model considered here the most extreme values for the total breed-
ing gain are 0.160 and 0. 268 (see Table 21 of Ref. [13]) if those group-
constant sets still using the old and too low Kapl-o (239Pu) values are
excluded. The corresponding average value is 0,206 for the total breed-
ing gain of version B, which has the lowest total breeding gain of the three
versions that formed the basis of the study by Baker, The deviation from
the average value of about +0. 05 for the extreme cases is much larger
than the deviation caused by changes in the fission spectrum, The amount
of +0, 05 represents about 25% of the average value for the total breeding
gain and will lead to a similar deviation in the doubling time, i.e. the
time necessary for a reactor to produce a surplus of fissile mass equal

to its own inventory, It should be mentioned that similar changes of
0,12-0.15 for the breeding ratio or the breeding gain have been observed
at Karlsruhe when using the recently established MOXTOT set instead of
the SNEAK or NAPPMB sets used formerly [ 14, 15].

From a comparison of the differences discussed in the preceding
section with those obtained when the fission spectrum is changed it seems
to us that for the physics prediction of large fast power reactors the form
of the fission spectrum is not the most important uncertainty that exists in
the nuclear data field at present,

6. IMPLICATIONS FOR THE COMPUTER PROGRAMS USED TO
CALCULATE FLUX DISTRIBUTIONS

Table II illustrates the importance of taking into account the appro-
priate fission spectrum for each material composition, To do this correct-
ly it will be necessary to modify the diffusion and transport codes in such
a way that they are able to handle at least a composition-dependent fission
spectrum. Even more desirable would be an isotope-dependent fission
spectrum and as ultimate refinement an isotope-dependent fission matrix
that also takes into account the dependence of the fission spectrum on the
energy of the fission-inducing neutron (probably most important for 238U).
As a good first approximation a composition-dependent fission spectrum
is presumably sufficient, This may be obtained by a calculation prior
to the flux calculation if reliable values for the neutron production in
the various isotopes are available, Otherwise an iteration procedure has
to be applied. The indicated modification of the codes calculating the
flux distribution seems to be necessary because otherwise one will not
be able to calculate very accurately the nuclear characteristics of, e, g.,
an assembly like SNEAK 3B2 with an inner plutonium zone and an outer
uranium driver zone in the core region.
os8 For small cores reflected by natural or depleted uranium, i, e, mainly

U, an influence of the different fission spectra in core and blanket may
be important too. It seems worthwhile to study whether an effect on the
reaction rate traverses, e.g. the fission traverse of 23 , can be observed
by using the appropriate different fission spectra for different material
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compositions, If a cell arrangement for a fast zero-power assembly
contains platelets of both 23%7 and 23%Pu of about equal amounts or of en-
riched fuel and natural (or depleted) uranium, then also the heterogeneity
codes like ZERA [ 16] should probably be able to take into account a
composition-dependent fission spectrum,

An isotope- dependent fission spectrum may probably be desirable for
the calculation of a power reactor, which at the beginning may have 235y
as main fissionable isotope and during the power production produces
%%y according to its breeding properties, although it may turn out that
in the burn-up calculations an approximate treatment of the variation of
the form of the fission spectrum during the reactor lifetime may be
sufficiently accurate.

The implications for the codes used in perturbation calculations have
already been mentioned in section 2, 3,

CONCLUSIONS

Our studies confirm that the difference in the form of the fission spec-
trum for 2°°U and 239Pu, as obtained in differential spectrum measure-
ments, cannot be represented reasonably well by the v -dependence given,
e.g., in Terrell's formula and, e, g., assumed in the Russian ABN set,

For the calculation of fast critical assemblies we have found criticality
changes of up to 1% upon changing the form of the fission spectrum from
our 'standard' form to the forms that are more appropriate for the indi-
vidual assemblies considered.

The reaction rate ratios that are important for the neutron balance
are rather insensitive to the form of the fission spectrum with the only
exception of the fission rate ratio R;(***U)/Ry(**U)or Rf(238U)/Rf(239Pu).
This ratio is changed by several per cent when the form of the fission
spectrum is changed.

For some special assemblies it also seems important to take into
account the contribution of the 2%%U fission spectrum to the total fission
spectrum of the fuel mixture (either (235U+ 2387y or (239P+238U)). Criticality
changes slightly above 0,2% and changes of the fission rate ratio
R;(2%U) /R;(?3%U) of about 1% have been found when the 2385 contribution
has been properly taken into account,

Generally the criticality changes that have been obtained when the
form of the fission spectrum is changed within reasonable limits are of
the same order of magnitude as the criticality changes that result from
various corrections usually applied, e.g. the transport (Sy) correction,
the heterogeneity correction etc, This shows that the form of the fission
spectrum is of the same importance as these corrections, which usually
need rather complicated and/or time-consuming computations, Therefore
the appropriate form of the fission spectrum should be taken into account
for accurate and reliable nuclear calculations.

At the present state of knowledge of nuclear data it seems impossible
for us to draw definite conclusions from the analysis of fast critical
assemblies on the correctness of the fission spectra used for this analysis,
However, we have found that when using appropriately the ENDF/B forms
for 22°U and %°Pu instead of our 'standard' fission spectrum the agreement
between theory and experiment for the criticality is improved, With our
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'standard' form we have found in our analysis of a series of fast criticals
using the MOXTOT set [ 6] that *°U-fuelled assemblies are generally
predicted supercritical, whereas 23?Pu-fuelled assemblies are predicted
subcritical, These discrepancies are reduced by using the more reason-
able ENDF /B forms of the fission spectra.

For fast power reactors the form of the fission spectrum is in most
cases less important than for fast criticals, But the test of the nuclear
data and methods of calculations that should subsequently be used for the
calculation of power reactors can only be performed by comparing the
experimental results obtained in fast criticals with the corresponding
theoretical results, The reliability of the nuclear data used for the power
reactor design can therefore only be judged on the basis of checking the
experimental results of a variety of different fast criticals, This fact
explains why the fission spectrum is more important for the calculation
of fast power reactors than one would assume from its direct influence
on the nuclear characteristics of fast power reactors.

The effect of nuclear data uncertainties on the design of large fast
breeder reactors has been studied by several authors (see, e, g., Refs
[17,18]). One major concern is for the design of the early-generation
fast breeder power plants, Here the uncertainties in the nuclear data
and the resulting uncertainties in the predicted reactor parameters as
e, g., criticality or reactivity coefficients will cause economic disad-
vantages, The costs of the power plant will increase because of the in-
creased flexibility of the core design, which is necessary in order to
counterbalance the effects of uncertainties in the predicted reactor para-
meters, Probably at the same time the maximum total power output
cannot be attained because the optimum conditions for the power produc-
tion cannot be reached. Furthermore, an extrapolation from early
demonstration power reactors to large power plants with an output of at
least 1000 MW(e) will be affected by uncertainties in the nuclear data
(even if the results derived from critical assemblies are taken into
account), This leads us to the second concern; The uncertainties in the
nuclear data cause uncertainties in the long-term potential of fast
breeders as, e, g., the doubling time or the long-term power generating
costs, Usually a criticality uncertainty Ak of + 1% caused by the combined
effects of all nuclear data uncertainties is considered to be tolerable at
present, Table IV shows that a criticality difference of about this magni-
tude is caused just by replacing the 2399py fission spectrum by the 2357
fission spectrum (ENDF /B forms). If the uncertainty in the fission
spectrum is only allowed to cause a criticality uncertainty smaller than
+ 0.2%, which seems reasonable for an accepted total criticality un-
certainty of £ 1% caused by a combination of all nuclear data undertainties,
this would mean that the temperatures of the corresponding Maxwell dis-
tributions of the fission spectra have to be determined with an absolute un-
certainty smaller than+ 0, 02 MeV, This fact demonstrates more drastically
than Table IV or the discussion in section 4 that the fission spectrum should
be determined with rather high accuracy because it is only one of a long
list of important nuclear data,

It is probably worth mentioning that the form of the fission spectrum
is also of some importance with respect to irradiation effects on fuel ele-
ments and structural materials caused by high-energy neutrons,
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The studies presented in this paper have shown that the form of fission
neutron spectrum plays an important role in neutron physics calculations
of fast critical assemblies and large fast power reactors, At present,
however, one specific difficulty exists: most existing codes for nuclear
calculations assume that the fission spectrum is the same for all regions
or compositions of the reactor. Probably this assumption is too crude
and may give rise to difficulties in the interpretation of material worth or
substitution experiments, as explained in more detail in section 2, 3,

It may turn out that in special cases even in heterogeneity codes like ZERA
[16] it will be desirable to use different fission spectra for the different
fuel platelets,

In the analysis of fast critical assemblies and in the nuclear design
calculations of large fast power reactors a variety of important nuclear data
is involved, The fission spectrum is only one of several nuclear data
that are important in the high-energy range and are still uncertain to some
extent, Other uncertainties in the nuclear data field are the inelastic
scattering cross-section and the figsion cross-section of 2387 for the calcu-
lation of criticality or critical mass and the capture cross-section of
238y for the determination of the breeding properties of power reactors.

To draw more definite conclusions with respect to the reliability of these
other data it is highly desirable to know the form of the fission spectra of
the different isotopes rather accurately,
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Abstract

PROMPT FISSION NEUTRON SPECTRA,

Some of the main features of the present theoretical understanding of the fission neutron spectra are
discussed. The effect of a possible centre-of-mass anisotropy and the validity of Terrell's T(7) relation
are discussed. Results of some calculations on the prompt fission neutron spectra are given,

INTRODUCTION

The main purpose of this paper is to give a short survey of the present
state of the theory of the emission of prompt fission neutrons. The topic
is a very large one and is of great importance both for 'pure' nuclear
physics and for reactor physics and design. The large amount of experi-
mental data and observations of the pre-1965 period and also most
~ 'macroscopic' measurements of the ensuing period were surprisingly
well interpreted by Terrell's considerations [1]. (The terms microscopic
and macroscopic are used in a similar sense to that in nuclear physics,
i.e. the first term is used in connection with the individual fragment
nuclei, while the second refers to the totality of fission reactions.) How-
ever, understanding of such new observations as the saw-tooth dependence
of the average number of prompt neutrons on the fragment mass, or the
interpretation of the more sophisticated 'microscopic' measurements,
including those with higher excitation energies, have revealed the need for
an extention and detailing of the earlier theoretical interpretations. (It is
a pity that not much has happened in this field.)

The need seems to be twofold: the interpretations of the microscopic
spectra, the possible existence of more detailed characteristics of
scission neutrons and the understanding of emission processes at higher
excitation energies on the one hand, and the deviations and some new
observations on the characteristics of the measured spectra on the other
require new considerations to solve the possible contradictions and new
attempts to clarify the situation in a unified manner. I should like to
make a small contribution in this direction by reviewing the present status
of understanding.

Remarks on the experimental situation

There seems to have been no significant progress in the microscopic
measurement of neutron spectra from low-energy fission, not even in
the interesting but rather difficult problem of scission neutrons, since
the important measurements of various authors published between 1962
and 1965 [2-6]. This is not the case for fission induced by particles of
higher energy (e. g. Refs [7-11]), alone an enumeration of the results
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would go beyond the scope of this review. The practical need for better
nuclear data has stimulated a number of authors to carry out neutron
energy spectra measurements, partly with new techniques, partly over

an extended energy range, or just to confirm earlier data or such newly
observed phenomenon as the detection of peaks or some excess in the low-
energy part of the fission neutron spectra [12-24].

BASIC CONCEPTS ON EMISSION SPECTRA

The contradictions in the conclusions drawn from experiments and
the attempts to understand the best way of extracting information from
measured spectra make it necessary to develop or revise Terrell's
conclusions by tracing all the approximations made, whether consciously
or not, in evaluating the experimental data. The energy and angular
distributions of prompt fission neutrons measured in the laboratory frame
of reference are described partly as a sum of contributions of neutrons
emitted from flying fragments and, as an assumed possibility for the case
of low-energy fission, partly by the contributions of 'central' or 'scission’
neutrons, i.e. neutrons emitted before or just at the instant of scission
of the fissioning nucleus. The investigation of neutrons of the latter kind
is being carried out by studying the deviation between experimentally
determined and calculated spectra, assuming only neutrons from the fully
accelerated fragments in the calculations. In the course of such calculations
one tries to determine the spectrum form in the frame of reference of the
fully accelerated fragments and then transforms them into the laboratory
system for possible comparison with the experimental data.

It has to be emphasized that the determination of the centre-of-mass
(c.m.) spectra is physically of basic importance and at the same time a-
most difficult task. There may be a lot of different spectra, depending
on such characteristics of the individual fragments as the initial excitation
energy E¥, number of neutrons and protons, N,Z, spins and so on, Only
those spectra qq n(€,V, E*, N, Z,E,) retaining parameters that are thought
to be the most important will be considered.

In the first approximation € and ¥ are the energy and the angle charac-
terizing the direction of the emission of the neutrons in the c.m. system.
Ej, the kinetic energy of the fragment, seems to be included only formally,
but it connects the total and excitation energies of the fragments through
the relation E,y, = E, + E®. The total spectra of neutrons in the c¢. m.
system could be described by

N(e, 9)de d¥ = Z /p(E*,Ek,N,z)cpc_mge,.a,E*:N,Z,Ek)dE de dv
N,Z E¥

The p-function gives the frequency of occurrence of the fragment with the
given characteristics.

These spectra must be transformed individually into the laboratory
system according to the kinetic energy of the given fragment. The
connection between the centre-of-mass neutron energy, €, and that in the
laboratory system is the well-known relation
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E =E; + €+ 2VE;€ cos?

where E; is the fragment kinetic energy per nucleon (E,/A), or more
precisely the energy of a neutron moving with the velocity of the fragment.

Even if the c. m. spectrum forms for different fragments show strong
similarity, rather large differences have been observed in the laboratory
system in at least some characteristic spectrum parameters. Let the
transformed spectra be ¢(E, §, E*, N, Z,Es). Then the total spectrum of
neutrons can be given as

N(E, 0)dE d6 =Z/p(E*,Ek,N,Z) $(E,0,E*,N,Z,E;) dE* dE d6
N,Z E¥

The next approximation is the replacement of the N, Z pair by A,
which implies an imaginary averaging over the different N, Z on the
condition that A = N + Z.

Then

N(E, 6)dE d6 =Z fp(E*,Ek,A)qS(E, 6,E*,A,E;)dE* dE do
A FX

In Terrell's 'classical' consideration the sum over A is ignored by
using one or several representative fragments and so the weighting function
is reduced to the distribution probability of the different excitation energies,
or in other words to the probability distribution of the fragment temperatures

N(E, 6)dE de6 =fp(T) $(E, 0, T)dT dE d6
T

As the transformation from the c.m. to the laboratory system is independent
of T, formulas in the ¢. m. and laboratory systems are similar.

The further approximation used to be to neglect the p(T) distribution
by using only one of their T values.

In our work [25] we investigated another possible approximation,
namely replacement of the initial energy distributions of the individual
fragments by an average value, again in principle by an averaging

N(E, 6)dE d6 =Z o(E*,E, A) ¢ (E,6,E*, A, E[) dE d6
A

In this case p (E™, E,,A) becomes an expression proportional to
v(A) - y(A)

Beyond the problems of averaging and of transforming from the c.m. to
the laboratory system, the basic problem is the adequate description of
the neutron cascades emitted from the individual fragments, i.e. the

calculation of the functions cpc'm'(e,o,E*, N, Z) or cpc_m_(e,ﬁ,E*,A). These
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functions ought to be determined in a detailed Hauser-Feshbach calculation,
but the enormous quantity of calculations involved makes it necessary to
find reasonable simplifications.

One approximation, based on the compound reaction theory, is the
assumption of isotropic, or at least symmetric angular distribution about
90°, This can be realized by a general function ¢(e,E™, A} - (1 + b cos?IV).

A number of different assumptions and approximations exist for ¢ (e, E*, A).
The most often used are the following:

(a) o mle,E¥,A) ~ € 0§(€) - wy 1(E*-By-¢€)

where of (€) is the cross-section of formation of a compound nucleus A of
excitation E; by a neutron of energy ¢; wA-l(E""-Bn-e) is the density of
nuclear energy levels in the final nucleus with mass number A-1, and B
is the binding energy of a neutron.

From this an evaporation spectra of the form e exp(-¢/T) is derived
in the case of one neutron emission with the assumption of a constant
0%. Inthis case, and in this case only, does the T parameter have
some real, immediate relation to the nuclear temperature, although on
the other hand the validity of the derivation for neutron energies e K €
or € »€ is rather questionable. (However, in the latter case, at small
residual excitation energies the exact level densities could show a similar
functional form up to energies where the use of level-densities becomes
meaningless. )

(b) The Maxwellian approximation

Pe.mi€, E*, A) ~e'/? exp(-¢/T)

is supported by two special reasons. One is the general l/xfe behaviour

of the inverse cross-sections at low energies, the other is the theoretical
reasoning of Le Couteur and Lang's studies [26], according to which a
spectrum of the neutron cascade emission from a nucleus having a
distribution of the initial excitation energies can be approximated tolerably
well by a Maxwellian spectrum and there is a simple relation between

the T parameter of the spectrum and the average initial excitation energy.

(c) The numerical results of 'exact' cascade calculation [25], which
also seem to reproduce the experimentally observed spectra rather well.

(d) Phenomenological spectrum forms such as that of Bowman
etal, [2].

In sum, we can draw the conclusion that until recently the best
theoretical established spectrum form is the Maxwellian one. This form
automatically takes into account the spread in the initial excitation energies,
so giving a reasonable simplification in the very complicated calculations.
For experimental tests these spectrum forms have to be transformed into
the laboratory system and averaged for the different fragments and
excitation energies.

SCISSION NEUTRONS

Comparison of the measured and calculated total angular and energy
spectra indicates that there are extra neutrons with isotropic angular
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distribution in the laboratory system (Refs [2-6]). It appears that about
10-15% of all prompt neutrons belong to this 'central group' of neutrons
and their average energy is somewhat greater than that of the prompt
neutrons generally. It assumed that they are emitted about the instant
of the scission and they are therefore referred to as 'scission' neutrons.
In 1965 Sargent et al. were unable to demonstrate the existence of
scission neutrons in photofission of 22Th. As an attempt to clarify the
problem of the reality of the scission neutrons, or at least of some of
their properties, it has been shown in Ref.[25] that one cannot exclude
the possibility that this central component of neutrons might arise as a
consequence of insufficiently precise evaluation of the experimental data.

4. ENERGY SPECTRA OF FISSION NEUTRONS

If the centre-of-mass emission spectrum is isotropic, the laboratory
energy spectrum for a given E; is

(VE-VEg?
NE dE = f @ (e)/4NEs- € de
(VE-VEg?

If the emission spectra of neutrons is of Maxwellian type, one gets the
Watt distribution:

N(E) dE = (e’Bt/T /7E{T) - e"¥/T- sin h (2VEE{/T)

This Watt distribution with its simple average E¢ (0. 75 MeV) does not fit
the experimental data, indicating a c¢.m. emission spectrum, broader
than a single Maxwellian and hence possibly the necessity for a more
realistic averaging process for the different E¢ values, as suggested in
Ref.[1]. Moreover, c.m. spectra are better represented by a sum of
two Maxwellian distributions of different average energy and thus the
laboratory spectra can be viewed as a sum of at least four Watt distributions,
the result of which is close to a Maxwellian distribution. See Ref.[1].

Note that the same situation is valid for the case of c. m. evaporation
spectra, i.e. the sum of evaporation spectra transformed into laboratory
system can be approximated rather well by one Maxwellian spectrum [18].
These observations confirm the considerations of the first part of this
paper.

Effect of a ¢c.m. anisotropy on the energy spectra

One has to take into account also the effect of a possible anisotropy
of the ¢. m. fission neutron spectrum [27]. Here we quote Terrell's
result for a spectrum

Pom, (€,0) =0, 1 (€) (1+Db cos’d)
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Then the laboratory spectrum is

p(e){1 + b(E-E¢-¢)* /4€E¢] E
4(eEr)V¥1+b/3)

N(E)dE =

It can be observed that an anisotropy of this type causes a perturbation
in the energy spectra, but for low energies leaves the E1/2 dependence
unchanged, even allowing for the possibility of a fit to a Maxwellian with
changed T and with not so good overall agreement.

The main effect of an anisotropy with b > 0 is twofold:

(a) A decrease in the neutron yield between 0.7 and 3 MeV

(b) An increase elsewhere at the expense of the average energy.
Thus in principle the anisotropy can cause the effect observed by Meadows
and other authors, namely a surplus number of neutrons at low energies
relative to a Maxwellian fit at other energies. This possibility was not
verified until recently.

TERREL'S T(v) RELATION

An inadequate averaging process can cause deviations in some of the
experimental data from the simple form of the relation between the average
neutron energy and the average number of neutrons proposed by Terrell.
From the relation between the laboratory and ¢. m. neutron energies one
gets for the averaged values of these energies

E=Ef+€

E~T =<EV2/al/25 ~ [(B+ 1) Eyf2a]1/2

T is an averaged, representative value of the parameters of the assumed
evaporation spectra, and a is an average of the different level-density
parameters

E, =E'-B,-e~(V+ 1)Ey/2

where v and Ey are the average number and the average excitation energy
change per emitted neutron, respectively.
For the value of E; Terrell obtained 0. 78 + 0. 02 and later 0. 74 + 0.02 MeV,
The fact that E; remains essentially unchanged for a wide range of Z and
A, although the total fragment kinetic energy divided by the total number
of nucleons E; = E /A =0, 121Z2/A%3 increases with Z, may be connected
with the compensating decrease of the mass ratio with increasing Z [1].
However, these considerations seem to stray too far from the exact
averaging process by a p(E*,Ek, N,Z)- cpc_m.(e,ﬁ,E*, N, Z) distribution.
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We can state that Terrell's T(v) expression for the T parameters of the
laboratory energy spectra

E=3/2T~a+bJ/v+1

is a rough general guide and is probably a good expression for the case

of different excitations of the same fissioning nuclei if the fragment mass
yields and the kinetic energy distributions do not change drastically with
the variations of the excitation. On the other hand, a too precise test

of this expression for different fissioning nuclei seems to be meaningless.

SPECTRA AT HIGHER EXCITATION ENERGIES

The study of the T(¥) relation leads directly to the problem of in-
vestigating neutron spectra at higher excitation energies (above 10 MeV).
Despite the experimental difficulties, a considerable number of such
experiments on fission neutrons have been carried out [7-11]. The
'microscopic' information of great importance, such as the dependence
of average neutron energies on the fragment mass, has been obtained,
but in general this gives no direct information for the evaluation of the
total neutron spectra.

The theoretical considerations should be similar to those for the case
of low excitation energies, but the problem of the poorly known dependence
of the previously mentioned weighting functions and that of the characteristics
of the spectrum shapes of the neutron cascade processes make them
especially difficult.

After these short remarks I should like to turn back to a discussion
of the problem of the evaluation of experimental neutron spectra of
fissioning nuclei at lower excitation energies.

RESULTS OF SOME NEW CALCULATIONS

Though we cannot speak of a basic progress in the theoretical under-
standing of neutron spectra, the comparisons of results of different
approximate calculations can give some guide for further studies.

On the basis of the approximations described in the first part of this
paper we have made some pure theoretical calculations in the c. m.
system of fragments, with the assumption of different spectrum types.
By using realistic ¢, m. average energies and weighting functions for
spontaneous fission of 252Cf and for the thermal fission of 235U we have
obtained total neutron spectra in numerical forms.

What conclusions can be drawn from this calculation?

(1) All the total spectra could be described rather well by a simple
Maxwellian spectrum, but the fits in different energy intervals give
different values of T (see Table I).

(2) As mentioned by Meadows, the effect of anisotropy seems to be
the most probable cause of the extra neutrons at low energies relative
to the Maxwellian distribution (see Figs 1-5) but for more precise
conclusions more detailed investigations are needed.
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TABLE 1.

KLUGE

T VALUES OF VARIOUS BASIC SPECTRA FOR VARIOUS
ENERGY RANGES

Energy range

(MeV)

T for different basic spectra

BOW

lucf
0.003 - 15
0.5 -15

1 - 15
0.003 - 10
0.89 -10
With scission
neutrons

1.2 -10

0.003 - 7,5
0.5 1.5
1

0,003
0.5
1.2
0.003
0.59

2!§U

0,003 - 15

1,405 + 0,007
1.374
1.365

1.449 + 0.008
1.410

1.428
1,397

1.496 + 0,009
1.445
1.422

1.521
1.470
1,450 + 0,006

1.671 + 0,007
1.599 + 0.007
1,560

1,741 + 0,005
1.667

1,342 + 0,005

1.384 + 0,005
1.385 + 0.007
1.375 + 0,006

1,391 + 0.010
1,402 + 0,020

1,388 + 0,020

1.422 + 0,012
1.458 + 0,009
1.437

1.424 + 0,015
1.482 + 0,008
1,466

1,295 + 0,040
1.595
1.574

1,063 + 0.050
1.615 + 0,004

1,458 + 0,003
1,446
1.442

1.473
1,458

1.468
1.453

1,478 + 0,005
1.451
1.439

1.481 + 0,006
1.450
1.435

1.592 + 0.003
1.579 + 0.014
1.510 + 0.017

1.594 + 0,004
1.666

1,288 + 0,008

1,435 + 0,006
1.457 + 0,003
1.453

1.430 + 0,009
1.470 + 0,003

1,466

1.405 + 0,013
1.463 + 0.005
1,452

1,390 + 0,016
1.461 + 0,006
1.448

1.249 + 0,044
1,582 + 0,010
1.527 + 0,016

1,006 + 0,050
1.613 + 0,004

1.50 +0,0072
1,46 + 0,006
1.45 +0,005%

1.306 + 0,021
1.268

1,938 + 0,025
1,861 + 0,027

2,123 + 0,018

2 With the spectrum of Ref.[ 2] averaged from 0° up to 85° only.
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FIG.1. Comparison of the sum of Maxwellians (MAX) and a single Maxwellian fit from 1 to 10 MeV.
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FIG. 2, Comparison of the sum of anisotropic Maxwellians gpge) (1+ 0.4 cos'$9) (MAX~AN) and a single
Maxwellian fit from 1 to 10 MeV.
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FIG. 3. Comparison of the sum of spectra from Ref, [ 2] (BOW) and a single Maxwellian fit from 1to 10 MeV.

(3) The calculations direct attention to some possibilities of under-
standing the deviations in the values of spectrum temperatures obtained
by the different authors for different energy ranges.

(4) The deviations in the experimental data from a single Maxwellian
could indicate a description with two Maxwellians of different T parameters.
The conclusions with respect to the energy and angular distribution
of neutrons are summarized in a paper to be published in Physics Letters

[25]. Because of the lack of energy-angular distribution data below
0.5 MeV, the theoretical caleulations likewise refer to neutron energies
above 0.5 MeV,
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FIG.4. Comparison of the sum of spectra from Ref, [2] with an anisotropic term 1+ 0.4 cos®® 9 (BOW-AN) and
a single Maxwellian fit from 1 to 10 MeV.
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FIG.5. Comparison of the sum of spectra from detailed cascade calculations [ 25] (CA) and a single
Maxwellian fit from 1 to 10 MeV,

CONCLUSIONS

After this review of only some of the main features of the present
situation of the fission neutron spectra, it must be stated that this paper
is far from being a comprehensive or complete one. The intention has been
to point out some interesting aspects of the problem that may have some
actuality and should be settled in a more definite way. From this point
of view we should keep in mind that both nuclear fission itself and neutron
emission from fission reactions are very complex processes and the
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simplifications that arise out of this complexity have only a limited range
of validity. On this basis the following comments can be made on the
subject.

(1) From the theoretical point of view similar experiments to those
of Bowman et al., Skarsvidg and Bergheim, and others, but over extended
energy ranges and for specific fragment excitations and kinetic energies,
would be of great importance and could give more decisive information
on the problem of a possible ¢. m. anisotropy, or on the problem of the
existence of scission neutrons.

(2) Energy spectrum measurements with proper precision over
extended energy intervals also would be very informative, if special care
would be given to the accuracy of

(a) the detection of fragments of all kinds and different kinetic energies

(b) the proper averaging for the different angles (these remarks may
not apply to earlier measurements)

(¢) the more detailed spectrum analysis not only by deducing an
overall T parameter for the spectra but also by evaluating it for
definite energy ranges

(d) the effect of the different background problems [28].

(3) More spectrum measurements of fission of higher energies are
required for the experimental study of T(V) relations. Perhaps these
desires are too unrealistic at present, but results of this type would greatly
help theoreticians to escape from the stagnation into which work on the
solution of the problem of fission neutron spectra has fallen.
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Abstract

REMARKS ON NEUTRON FISSION RELATED TO THE RELATIVE IMPORTANCE OF THE SYMMETRIC AND
ASYMMETRIC FISSION MODES,

Any comparison between experimental mean energies of neutron-induced fission spectra and theory
were up to now performed without taking into account the existence of the two different fission modes:
a symmetric and an asymmerric one. The paper shows that the discrepancy observed with Terrell’s laws
could reasonably be explained if the physical characteristics of the neutrons emitted during symmetric and
asymmetric fission were not the same; if neutrons emitted during symmetric fission were not emitted by
the fully accelerated fission fragments but at the moment of scission with the spectral characteristics found
for the scission neutrons of thermal fission.

Theoretical neutron fission spectra have been extensively compared
to experimental results in the case of thermal neutron fission characterized
by an almost purely asymmetric fission mode, theory being based in this
case on the hypothesis of the emission of neutrons by the fully accelerated
fission fragments. Discrepancies between experimental neutron fission
results and Terrell's E(v) law and the existence of scission neutrons with
spectra of rather large mean energies, together with discrepancies ob-
served in charged particle fission between theory and experimental results,
especially when neutron binding energies are involved, have led us to con-
sider neutron fission as a superposition of the two fission modes with a
relative importance related to the valley to peak ratio of the fragment
mass distribution, at least for small variations of their ratio. Taking into
account the nature of discrepancies observed, a reasonable distinction
between the two fission modes as far as the emitted neutrons concerned is
their emission mode,
Most of the discrepancies vanish if one adopts the following hypothesis:
"Neutrons emitted during the symmetric fission mode are not emitted
by the fully accelerated fission fragments, but at the moment of
scission. "

There are no measurements to verify this hypothesis directly, as
could be done by the determination of the angular fission neutron distri-
bution emitted during a pure symmetric fission process, but it is possible
to test its validity indirectly by comparing experimental E values for
neutron fission with E calculated values using the following statements
related to the hypothesis:
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(1) Neutrons emitted during the symmetric fission mode are analogous
to scission neutrons that have an evaporation spectrum with large mean
energy. ‘

(2) The mass yield before neutron emission Y(M*) is a sum of two
components, a symmetric Y, (M*) and an asymmetric Y, (M*) one, Thus:

Y(M*) = Y, (M*) + Y, (M*)
The fractions of symmetric and agsymmetric fission are then defined by

Y, (MF)dM*
as  [Y(M¥)dM*

F +F =1
a S
(3) 7 may be decomposed as follows:

V—naF

a+nst

where n, and n, are the mean number of neutrons emitted respectively
for 100% asymmetric and symmetric binary fission, i.e.

i

2 =g I MY, (MF)dM*
[y,  (M*)dm*

n

a,s

n,(M*) and n (M*) being the number of emitted neutrons associated to
mass 1\_4* for the asymmetric and symmetric component respectively.
In the E determination, n, was taken as constant and equal to 7.5 [1].

(4) The fission spectrum is represented by the superposition of two
distributions, one due to the neutrons emitted during symmetric fission
and the other to asymmetric fission,

v x(E) = ,F, x, (E) + n,F, x,(E)
the different x(E) being normalized to 1. The mean energy is given by

= F,= , 0, =
= -a-2a
E=32E, +2FE,
a S

Putting p, = @F, /¥, and p, = iiF, /7, then p, + p, = 1.
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FIG.1, Comparison of peak to valley ratios,

"-E-a is the mean energy of the neutron spectrum issued from asymmetric
fission for which Terrell's theory is admitted

E, = (0. 746 + 0, 646 W&, + 1) MeV

Es is the mean energy of the scission neutron spectrum, A constant
value of 3 MeV {2] was assumed in the E calculations.

(5) Fast neutron fission mass yields being very scarce, F, and F;
were determined in two different ways, once from peak to valley ratios
and once from valley yields for 200% binary fission,
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(a) Peak to valley ratios from Refs [3-11] are shown in Fig. 1,
together with possible least square fits, The fit adopted is given
by the relation

R™1 =2 8exp(-1/F)
where for

F=0,1177 + 0,0161 (E*-E,)

F=[0.0145 (E* - E,)-0.0879]*

with E*: excitation energy
E,: activation energy for fission [12],

This fit is in agreement with the results of Turkevich et al, [13]

and at high excitation energies gives a result quite similar to that
obtained by Jones et al. [14]. The dashed line is given for comparison
with Ref. [4]. It seems that a unique curve for all figsile isotopes

can hardly be accepted at lower excitation energies, where the curve
is probably not smooth at all, It is clear that these fits report only

an overall trend of the valley to peak ratios.

(b) Experimental valley yields are reported in Fig. 2 as a function of
excitation energy. The solid line fits the experimental results from
Ref, [15] (squares) and Ref, [16] (open dots) by the procedure of
Ref.[15]. The dashed line refers to first chance fission alone, To
determine F, one assumes a normal distribution curve for Y, with a
full width at half maximum equal to W,. Its surface equals 1,06 Y, W
if Y, is the valley yield in per cent. The values of F; so deduced are
given for a total yield normalized to 200% by:

_ 1,06 Y, W,
F 200

-1
kW
Fo= [ZRO Tosw ' 1>] (3)
N

with R;: peak to valley ratio corrected for the amount of symmetry
products in the peak region
and k: form factor ~ 1,

Using both formulae it shouldbe possible to deduce W; from the
experimental yield curves. In practice such an estimate is impossible
because its extreme sensitivity to experimental inaccuracies. Errors
of several hundred per cent are legion at low excitation energies, only

at higher excitation energies (E,~ 14 MeV) are the results better,
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FIG.2. Experimental valley yields as a function of excitation energy E*.

_ To analyse the consistency of experimental and calculated E values,

E values were determined by means of relation (1) and the above-mentioned
statements for 225U, The results are compared in Fig, 3 with experimental
E values of several fission spectra, A trial and error procedure was

used in which we assumed Fgy for thermal neutron fission, calculated

Wany from relation (3) with R determined from Fig. 1 and corrected to
obtain Ry and W, = W, from the experimental data; or alternatively
used relation (2) with Y, from Fig. 2,

To calculate the E values of the 23U figsion spectra as a function
of the incident neutron energy or corresponding experimental ¥ values,
Fgn was taken as equal to 0. 0055 [17] and W, = Wy, . The E values
computed with relation (2) correspond to the upper dashed curve, those
computed with relation (3) to the upper dot-dashed one.

To make sure that the assumed W, values were not inconsistent with
experimental data, Y, (M*)+ Y _(M*) and Y, (M*) were compared. No
evident inconsistency was found up to E; = 6 MeV, which does not necessarily
mean that W, is constant up to this energy but that within the experimental
errors of the existing data a constant value did not lead to inconsistencies,
On the other hand, the 14-MeV yield data could not be fitted with that W
value. The largest value that could be adopted was Woameyv= 2 Wy, - The
lower dot-dashed and dashed curves were obtained for the new W, value,
corresponding to F , = 0.00275,
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FIG.3., Comparison of E values from Eq.(1), experimental E values and Terrell’s law.

Above about E, = 6 MeV the true result should be somewhat between
the two sets, reaching the lower curve at 14 MeV. In this energy region,
however, first chance fission is competitive and though this is not accounted
for, no great confidence can be given to the results obtained there. The
v in Fig. 3 are obtained from the best least square fit to the data of Refs [18-20]
and the experimental points are from Refs [21-25]. The solid line gives
Terrell's law [26, 27].

CONCLUSION

Although the ¥, and f)s values used are somewhat arbitrary, the general
trend of the curves of Fig, 3 indicates that a symmetric fission component
should be taken into account for intercomparison of experimental and
theoretical results and that it is a possible explanation for the discrepancies
observed between experimental E values and Terrell's law, reinforcing
the previously formulated hypothesis., Its introduction into theoretical
evaluations on measurements, such as the determination of fragment mass
distribution by the time-of-flight method, could give better agreement
between theory and results.

Since 7, and E, are difficult to determine experimentally, more precise
values for theoretical use can be indirectly derived if more fragment mass
distributions and EX(En) are available,
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CONCLUSIONS AND RECOMMENDATIONS

After listening to the papers and subsequent discussion the meeting
reached consensus on a number of points, which are reflected in recom-
mendations formally adopted in the final session, These notes attempt
to place these recommendations in context, The framework of these re-
commendations is to be found in the paper by A. B. Smith at the beginning
of these Proceedings and much detailed supporting argument is to be
found there. The recommendations fall into three classes, viz. those
directed particularly at the microscopic area, those directed at the macro-
scopic area and those of a more general nature,

MICROSCOPIC MEASUREMENTS

It was recognised that just as there was a need for standard cross-
gsections such as those for scattering of neutrons by hydrogen or carbon
so it would be of value if there were a well-measured and documented
fission spectrum to act as a standard in this field, It was essential that
the standard spectrum should be measurable by as many of the standard
techniques as pogsible, Two candidates were considered, viz, the sponta-
neous fission of “>Cf and the fission of 2°U by thermal neutrons, It did
not seem possible that either would completely satisfy everyone's needs.
For time-of-flight systems "~ Cf had to be contained in a fission chamber
with the attendent complexity of corrections for environmental scattering.
On the other hand, it could be used in the absence of reactor or accelerator
neutron sources, There was also a problem of its availability, It was
felt that 2°°U was widely available in whatever quantity required. The
agreed solution was for both to be regarded as standards,

Recommendations

1, We recommend that the fission neutron spectrum of 5y arising
from fission induced by neutrons below 150 keV should be regarded as
a standard., High priority should be given to its precise determination
over an energy range from a few keV up to above 10 MeV, The expe-
rimental data should be made available in tabular form, including
estimated errors, We suggest it would be valuable to make strictly
comparable measurements of the fission neutron spectra of other
elements such as “°Pu at the same incident neutron energy and under
essentially identical experimental conditions to those used for the

' standard' measurements, The point by point ratios of the unknown
to the standard would constitute valuable data.

2, High priority should be given to the determination of the 25201”
fission neutron spectrum to the best possible precision over an energy
ranggsérom a few keV up to at least 10 MeV and to relate them to

the standard, The quality of the results should be such as to make
it a ! standard' fission neutron spectrum.
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The results presented by Holmqgvist at this meeting, together with
analyses of other results both at this meeting and from the published liter-
ature, convinced the participants that the simple Maxwellian form could
not be regarded as a satisfactory representation of the fission neutron
spectrum, This representation is very poorly grounded in theory. The
meeting accepted that a more complex representation would be required but
that it would be premature to suggest one, Instead it was felt that for the
present a purely numerical representation of experimental results would be
best, The meeting therefore resolved that:

3. It is recognised that a simple Maxwellian form does not satisfac-

torily fit all observed fission spectra,

One consequence of this is that it cannot be regarded as satisfactory
to measure a part of the fission spectrum and extrapolate using a Max-
wellian shape., As a result we recommend:

4. The shape of the fission neutron spectra of 235U, 2887y, 239py —

and, if possible, higher Pu isotopes — as a function of incident neutron

energy should be studied, The fission neutron spectra should be

measured over the entire fission neutron energy range from a few
keV to = 10 MeV. Techniques that specifically identify the observed
neutrons as being of fission origin should be used in order to avoid
distorting the fission neutron spectrum by elastically and inelastically
scattered neutrons. The experimental data should be made in tabular
form including the estimated errors.

There was considerable discussion on sources of systematic error in
microscopic measurements, It was realized that few results had been
fully corrected for multiple scattering in the sample and its environment.
The calibration of the efficiency of detection systems as a function of
neutrons energy as well as obtaining a reliable energy scale were also
recognised as major problems, In time-of-flight methods the dangers due
to delayed gamma rays, which could have half-lives of between nanoseconds
and microseconds, were pointed out and the need for neutron detectors
insensitive to these gamma rays was accepted. The results reported to
date give no indication of a dependence of the spectrum on the angle between
the incident neutron and the outgoing fission neutron, Nevertheless, be-
cause of neutron fragment and fragment-fission-neutron correlations, the
possibility of this was recognised as existing. Dr. Knitter pointed out
recent measurements of angular correlations that showed a greater angu-
lar dependence than had hitherto been supposed.

Arising from concern in these areas, the following recommendations
were made;

5. Measurement systems employed in microscopic-fission spectrum

experiments should be well calibrated, using a controlled monoenergetic

neutron source and a standard such as hydrogen or carbon or other

methods of equivalent accuracy, e.g. associated radioactivity or

associated particle counting manganese bath, ete. The calibration

should be inclusive of corrections for multiple processes and other

perturbations,
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6. Angular distribution measurements of fission neutrons relative to
the direction of the incident neutron seem necessary as anisotropies of
unknown magnitude may arise from a number of underlying causes, viz,
(a) effect of anisotropic fission fragment angular distribution
(b) effect of a possible anisotropy in emission of neutrons from
the fission fragments in the centre-of-mass systems
(c) some possible systematic errors in the neutron spectrum
measurements,

7. Particular attention should be paid to measurements of the low-
energy parts of the zsch, 235y and other fission spectra where, in some
experiments, the major departures from a simple Maxwellian shape
have been suggested, To carry out time-of-flight measurements in

the low-energy part of the ol spectrum, a detector of well-known
efficiency and smooth energy dependence from 1 - 200 keV, insensitive
to gamma rays below 2 MeV, is required.

Although the meeting concentrated mainly on empirical measurements,
the desirability of a theoretical undertanding was strongly felt and therefore:
8. It is recommended that a theoretical understanding of the shape
of fission spectra and that of ¥ (E_) are very desirable in the long-term.

To achieve this, multiparameter investigation of neutron spectra
versus fragment mass, v(A) and fission fragment mass distributions
as a function of incident energy should be encouraged.

However, on one theoretical point this meeting sounded a note of
caution, This was concerned with Terrell's T() formula, If we abandon
a representation in terms of T, this becomes less useful, The consider-
able scatter of points round the theoretical line was not accepted as being
purely random, The meeting therefore proposed:

9. The limited validity of Terrell's T{v) formula must be recognized

concerning the possible differences in connection with:

(a) the different type of fission reactions
(b) the different excitation energies.
Notwithstanding this, however, in the absence of any empirical data

the broad predictions of Terrell' s formula must be regarded as the
best available for applied use.

Although it should by now be standard practice, it was felt to be worth
emphasizing that to reach and be of use to the reactor community data
must be incorporated in appropriate compilations and evaluations, The
meeting therefore adopted the following recommendation:

10, It is recommended that data on fission neutron spectra should be

transmitted by the experimenter to his local nuclear data centre in

numerical form as measured, A hard copy should be sent to the

Nuclear Data Section of the IAEA who should correlate them and, at

an appropriate time, issue a compilation and review, A detailed

technological description of the experimental apparatus should be
given and the environment described, A tabulation of the important
parameters of the experiment should accompany the data, A clear
account should be given of the corrections already applied to the data.
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Macroscopic Measurements

It was the analysis of integral experiments that first suggested that
our knowledge of the fission neutron spectrum might not be as good as
had been believed. However, the large body of relevant experiments
comprised many complex measurements that required for their interpreta-
tion numerous different cross-sections, Recognising the extremely
confused state of the interpretation of these experiments (see, e.g., the
paper by Campbell and Rowlands in these Proceedings) the meeting
proposed that for the immediate future there should be some concentration
on the very simplest integral experiments., It was therefore recommended
that:

11. Fundamental microscopic integral cross-sections (X, is the thermal

fission spectrum of isotope A)

(1) 5; (Kggp —"U) and 5 (%, V), 5, (Xpgp 2°U) aNd3; (ggp, 2°U)
should be determined to an accuracy of + 2-3%, preferably at more
than one laboratory.

(2) Tf(Xgzp °U) and & (Xpgq, 2°°U) should be determined in an alter-
native approach, using pulsed-source and fast timing techniques for
background reduction,

These are difficult measurements to the suggested precisions but this
is considered to be the minimum requisite to giving a meaningful com-
parison with microscopic data,

There are a number of areas of nuclear data where important un-
certainties have masked critical analysis as it relates to fission neutron
spectra. It is appreciated that these are by no means the only shortcomings,
It has been pointed out that improper computational procedures, ignoring
dependence of spectra on incident neutron enérgy, lack of homogeneity
of composition etc. all contribute to the confused analytical situation,
Nevertheless it seemed important to get some of these important cross-
sections right and so it was proposed:

12, To enable a more reliable interpretation of important integral

measurements, absolute fission cross-section measurements are

required for the following:

(2 *U: E,=500keV - 1.3 MeV; Ac =+ 10mb
Ep=1.3-2.0MeV (AE = + 25 keV);
E

L> 2.0 MeV;A_GG_ =1 29,

Ao
o)

=+ 3%

() *°U: Fu> 100 keV; 22 - 4 20,

In view of the fact that the **®U fission cross-section serves as basic
standard for the majority of fission and capture cross-section measure-
ments, it is highly recommended that the second IAEA Panel on
Neutron Standard Reference Data (to be held in November 1972) con-
sider the 233U figsion cross-section as one of the main discussion
items.

(©) *%Pu; Eg> 100 kev A-c—" = £ 29
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13. Measurements on 2U inelastic scattering should be extended

above 1.5 MeV., Cross-sections for individual levels should be re-
ported wherever possible; otherwise cross-sections over small energy
intervals (250-500 keV) would be acceptable. If the degree of angular
anisotropy is shown to be small (= 10 - 20%), then energy spectra

at one angle (preferably 55°) would suffice.

14, It is recognized that in some circumstances it will be necessary
to use detectors based on the GLi(n, a)T reaction, e. g, Li glass, or
sandwich detectors. The group is concerned that this cross-section
is still inadequately known above 100 keV. For some applications
especially below 100 keV, it is necessary to know the triton angular
distribution,

Another ' simple' integral experiment suggested is to measure the
age to the indium resonance of {f fission neutrons in water. Harris has
pointed out that a 10% change in age corresponds to a 200 keV change in
average fission neutron energy about 2 MeV. (Besides, it was noted that
this method, when applied to Pu and = , also gives good values for the
ratios of average fission neutron energies.) It was therefore proposed
that:

15. The age of %t fission neutrons to indium resonance in HLO

should be determined to at least £ 0.5 cm® using an ideal point source.

Many of the experimental worries were seen to be common to integral
and differential measurements, e. g, concern over the effects of the
environment, This gave rise to proposals: |

16, In fission-neutron studies, careful attention should be given to

spectral purity and a controlled environment,

17. Wherever possible, detectors employed for both differential and
integral measurements should be carefully calibrated with a controlled
mono-energetic neutron source. Foils used should be retained and
made available for subsequent study and exchange,

The latter part of this resolution was given considerable importance.

GENERAL COMMENTS

In all kinds of experiments the participants recognized the need for
the fullest criticism and assessment, This could only take place if a
detailed account of the procedures were made widely available. In all
scientific journals there is pressure to reduce the length of papers, which
leads to the exclusion of much experimental detail whose importance
might only be appreciated on reanalysis, The conclusion was that two-
tier publication was inevitable, i, e, a detailed laboratory report accom-
panied by a brief article in the open literature. It was appreciated that
some smaller institutions might have difficulties with this procedure.
Perhaps this is an area in which the Agency could assist. The formal
resolution of the meeting was:




CONCLUSIONS AND RECOMMENDATIONS

18, More detailed information on the experimental equipment and the

environment should be provided, together with the assumptions used
for the analysis of the experiments and (including) the assessment of
the corresponding corrections and errors,
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