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EXPERIMENTAL AND EVALUATED DATA ON SECONDARY NEUTRON SPECTRA
FROM REACTIONS ON IRON, CHROMIUM ARD NICKEL NUCLEI

S.P. Simakov

A knowledge of the cross-sections for the interaction of neutrons with
iron, chromium and nickel nuclei as basic structural components of nuclear
facilities is of great practical importance. 1In the neutron energy range of
the order of a megaelectronvolt and above, the principal contribution to the
total cross-section is made by the inelastic scattering process and the
(n,2n), (n,np) and (n,na) reactions. From an applied point of view,
substantial importance also attaches to a knowledge of the energy
distributions of the secondary neutrons from thece reactions, in accordance
with which "softening"™ of the neutron spectrum occurs in the reactor. At
present these physical quantities need to be known with an accuracy of
5-20% [1]). The present paper considers the qualitative adequacy of
experimental and evaluated data for meeting this requirement.

The comparatively light nuclei of iron, chromium and nickel are
characterized by the slight density of the low-lying nuclear levels, and
therefore experimental data on inelastic interactions of neutrons with
energies up to 5 MeV are usually presented in the form of partial inelastic
scattering cross-sections with excitation of individual levels. We shall
therefore remain in the higher energy region, in which it is possible
experimentally to derive information on the continuous energy distributions of
secondary neutrons.

Let us consider two libraries of evaluated neutron data for a natural
mixture of chromium, iron and nickel isotopes, namely the fourth edition of
the American library ENDF/B-1IV [2), and the second edition of the Japanese
library JENDL-2 [3]. Table 1 lists the experimental works (with the exception
of those carried out for energies of 14-15 MeV) devoted to an investigation of
the spectra of secondary neutrons formed as a result of the interaction of

fast neutrons with the elements in question.



The fullest information is given for iron, while for the other elements
it is limited to the results of only 2-3 studies. The experimental
cross-sections (with the exception of study [4]) were measured by the
time-of-flight method. These data usually agree with each other, and also
with other data under conditions of coinciding energies and nuclei, which is
an indication of their reliability.

Figure 1 shows the nuclear temperatures characterizing the energy
dependence of the inelastic scattering spectra for iron, derived by various
authors. As will be seen, the temperatures at neutron energies up to 10 MeV
are in good agreement among themselves and with the evaluated data from the
JENDL-2 library (the data spread at id MeV indicates the considerable
divergence among the experimental spectra at this energy). The evaluated data
for chromium and nickel nuclei are in poor agreement with the experimental
figures (cf the results of study [8] in Fig. 2). As is apparent from this
figure, the evaluated data from the ENDF/B-IV library, in which a "flow"
representation is used, are likewise in unsatisfactory agreement with
experiment.

Let us consider the experimental data derived at 14-15 MeV. The
relatively large number of independent experiments at these energies permits
the drawing of specific conclusions regarding the reliability of the various
results. At an initial energy of 14 MeV, the channels for the (n,2n), (n,np)
and (n,na) reactions are open in the nuclei under consideration, in addition
to the (n,n') reaction channel. Hence, the secondary neutron spectrum
comprises the sum of the neutron spectra for all these reactions, i.e. the
emission spectrum.

Table 2 lists the principal experimental investigations with an
indication of various parameters. 1In the first group of experiments (the
upper part of Table 2) we find those in which the time resolution of the
neutron spectrometer, referred to its time base (At/L), was greater

than 1 ns/m. 1In the experiments with such moderate resolution, the greatest



reliability attaches to the data on the low energy part of the emission
spectrum, since in the high energy part substantial systematic errors are
possible, associated with incorrect division of the elastically scattered
neutron peak. As will be seen from Fig. 3, the results of these
investigations, which were mostly carried out during the period 1966-1972,
reveal significant discrepancies in the secondary neutron energy

region E' < 1 MeV. An experiment mounted in 1979 with the specific aim of
investigating the low energy part of the spectra [19] confirmed the data of
study [12]. 1In the light of the methodological sophistication of these
studies, it can be stated that for iron, chromium and nickel a complete
picture of the low energy part of the emission spectra at 14 MeV can be
derived on the basis of the data from Refs [12, 19].

In recent years, accompanying the improvement in the resolving power of
neutron spectrometers, the attention of researchers was drawn to the high
energy part of emission spectra. The relevant studies (at At/L < 1 ns/m)
are listed in the second part of Table 2, and their results are also given in
Fig. 3. As will be observed from the figure, there is a discrepancy between
the data from the various studies, although it can be confidently asserted
that, in the case of inelastic scattering of neutrons, collective states of
the 56Fe nucleus with spins 2+ and 3  are very probably excited. This
conclusion is based on the fact that the position and value of the maxima in
the high energy part of experimental spectra for inelastically scattered
neutrons can be described in terms of a strong channel coupling model,
assuming the collective nature of the lowest states of the
56Fe nucleus (cf., e.g., Ref. [15]).

As regards evaluated data, as can be seen from Fig. 4 the neutron
spectra in the ENDF/B-1IV library describe the experimental data relatively
well. 1In the case of chromium, it is necessary to make a correction for the

intercalated spectra to the data of the ENDF/B-IV library.
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A new type of experiment carried out by the correlation method
(measurement of emitted neutrons for coincidences with Yy quanta) (end of the
1970s) [24-26] provided unequivocal information on the neutron spectra from
the (n,n'y) reaction, which gives an idea of the first and subsequent
neutron spectra. The relevant works are listed in the third part of Table 2,
and their results for the 56Fe nucleus are given in Fig. 5.

The complexity of the correlation experiments is responsible for the
divergence in the results of the different authors. However, a general trend,
which can be discerned in all studies, lies in the fact that the neutron
spectrum from the (n,n'y) reaction at E' < E + QnZn’ when the emission
channel of the second neutron from the excited 56Fe nucleus opens, drops to
zero. In principle this tendency is correctly reflected in the data of the
ENDF/B-IV library, while data on the first neutron spectrum embodied in the
JENDL-2 library do not reflect this trend. In the case of chromium and nickel
nuclei, an incorrect representation is used in the ENDF/B-IV library for the
first neutron spectrum. And although information on the Cr (n,n'y) and Ni
(n,n'Y) reactions is not available, nevertheless - as experimental data for
neighbouring nuclei show [25] - the neutron spectra for the (n,n'y) reaction
must have, for E' < E + QnZn’ a dependence on E' which tends to zero. This
circumstance should be taken into account when correcting the evaluated data
files. On the basis of the present analysis the following conclusion may be
drawn. For iron, there is now sufficient experimental material available to
permit inferences regarding the structure of the neutron spectra in the
5-15 MeV neutron energy region. Regarding the evaluated data, we may note the
satisfactory parameterization of the nuclear temperatures in the JENDL-2
library and of the first and second neutron spectra at 14 MeV in the ENDF/B-1IV
library. These positive factors should be taken into account when preparing a
new edition of the evaluated data. Regarding experimental results for
chromium and nickel, these are relatively few and the evaluated data are in

poor agreement with them.
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Table 1. WNuclei and initial energies for which secondary neutron
spectra were measured.

Nucleus Initial Literature
energy, MeV |reference
Iron 5; 7 [4]
- 7 [5]
" 6 f6]
Nickel 3,6—8'5 [7J )
Iron,Chromium,Nickel 9,1 [8)]
" n n 4_8'5 [9]
Iron 2,7 {10]




Table 2. Experimental investigations of secondary neutron spectra at 14-15 MeV.

Process 23/L, E, Lit.
measured, Element ns/m Angles, HeV lf
resolution deg. ref.
Emission Iron 1,6. 39, ©0, 120 Lo {11)]
" 53 9 0,57 [16]
s Iron,chromiun,nickel 3,9 31-151 0,1-14 [12]
At/L >1 ? ’ ’ '
LT ms/ S ony nickel 3,8 9 0,1-7 [17)
Iron,chromium,nickel 2 5 110 265 [13]
" " " 1,5 42.150 2-14 [14]
Nickel - 120 2,5-16 [18]
Iron,chronium,nickel 2,5 Integral with 0, 3-6 [19]
respect to angles
Emission Iron,nickel 0,2  45-135 1-14 [20]
- Iron 0,5 60 0,5-14 [15]
1 L - - ’ »
£1/L<1 ps/n Iron,chromium,nickel 0,2 15_143 0.6-14 [21]
: Iron 0,13 45 3-14 [22] .
" 0,9 30, 45, 60 1-14 [23]
. Integral with
ig:i:::;ﬁg Iron - respect to angle;—B’5 [24]
" N - 70 0'6—4.1 [25]
n - [Integral with 0,29 - [26]

! respect to angles

W5 F
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245 5 10 15 E, ¥ev
Fig. 1. Iron nucleus temperature as a function of incident neutron

energy. Experimental data from studies: 0O - [4]; o - [5];

e - [6); A - [8]); x- [11]); O - [12); & - [13];

¥ - [14]); V¥V - [15]. Evaluated data from the JENDL-2

library: ———— - nuclear temperature after emission of first
neutron; - - - = the same for second neutron.
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Differential cross-sections for inelastic scattering of neutrons
on nuclei of iron (a), chromium (b) and nickel (c) at an energy of
9.1 MeV (in this and subsequent figures the secondary neutron
energy is laid off on the x-axis): o - experimental data from
Ref. [8]); evaluated library data: ——— - ENDL/B-IV;

- - - - JENDL-2.
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Differential cross-sections for neutron emission by the

(Fe + n) reaction at energy 14-15 MeV. Experimental data from
studies: v - [11); & - [12); o - [14); + - [16]); x - [17];
o- [19); - . - - [15); - - - - [20]; - [21].
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Fig. 4. Double differential cross-sections for neutron emission at initial
energy 14 MeV for nuclei of iron (a), nickel (b) and chromium (c)
at an angle of 80°. Data: 4 - experimental [21};
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Fig. 5. Differential inelastic scattering cross-sections for the (n,n')

12

reaction and emission [sum of (n,n') and (n,2n) reaction cross-
sections) at initial energy 14-15 MeV for the iron nucleus.
Experimental data from studies: 4 - [15); o - [19) (integrated
in the range 0.5 MeV); e - [24); 0O,® - [25); & - [26].
Evaluated data from libraries: — _ - ENDF/B-IV;

— - - - JENDL-2.



EVALUATION OF NEUTRON CROSS~SECTIONS FOR IRON ISOTOPES
IN THE RESONANCE REGION

V.G. Pronyaev, A.V. Ignatyuk

54,57,58Fe i

Neutron cross-sections for the isotopes n the

10_5 eV-500 keV energy region and for 56Fe in the 10_5 eV-850 keV energy
region were evaluated. The evaluation (TsYaD-2) was based mainly on
experimental data obtained since 197%5. Particular attention was paid to the
description of cross~section structure in a wide neutron energy range, which
makes possible correct allowance for cross-section self-shielding when
performing neutron-physical calculations of systems with a hard spectrum,
containing iron.

At the present time users of evaluated neutron cross-sections have
available files of data on iron from the ENDF/B-IV [1], TsYaD-1 [2],
ENDL-82 [3) and JENDL-II [4] libraries of evaluated neutron cross-sections.
In comparing cross-sections from various libraries averaged over broad
groups [5], one must note the satisfactory agreement of total cross-sections
and the substantial divergence in respect of capture cross-sections
(Fig. 1,a,b). Thus, even ignoring the evaluation in the ENDL-82 library,
which is systematically higher than the others, the divergence among the
various groups in a 26-group representation lies within a range of 30-50% for
the capture cross-section relating to a natural mixture of iron isotopes.

A shortcoming of all evaluated neutron cross-section files for iron and
its isotopes is that the resolved resonance region is limited by a neutron

energy of 200-300 keV, and above this level there occurs either a smoothing of
the cross-sections or a region of unresolved resonances with average resonance
parameter values. Here, allowance for self-shielding of the cross-sections

calls for the introduction of supplementary cross-section fluctuation models,
which do not give an unequivocal answer to the question regarding the value of

the cross-section self-shielding coefficient in this region.
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The performance recently of measurements of total cross-sections for
the 56Fe isotope up to an energy of 850 keV [6], together with the data from
earlier studies, and also the results of measuring such characteristics as the
area under the capture cross-section for individual resonances
(Ar = grrrrr/rr ), may serve as a basis for broadening the region of

Y ny tot
resolved resonances up to a higher energy. There are two basic factors
preventing this broadening. Firstly, the upper boundary of this region for
resonances with different spin characteristics can vary quite considerably;
the format limitations of the ENDF-V library at present do not permit the
formal introduction of another upper limit for states with different spins.
The second limitation is associated with the number of resonances considered
in deriving the "flow" representation with a particular pre-set accuracy. For
contemporary computers this number should, it would appear, be limited by the
300-400 resonance level. However, by introducing "pseudo-isotopes" for each
spin state it has proved possible - without any change in fofmat and
processing programs - to use various upper limits for sequences of levels with
different orbital moments. S-wave resonances governing the global structure
of the total cross-section and scattering cross-section are usually known up
to a higher energy than p- and d-wave resonances, and hence by using the
"pseudo-isotope” method it may be hoped that not only the mean cross-sections

but also their fluctuational properties (and consequently such characteristics
as cross-section self-shielding factors) will reproduce precisely those
quantities observed in integral experiments over the wide energy range
important for hard-spectrum systems. The total number of resonances for the
nuclei concerned here lies within the limits of the permissible.

Another problem occurring when describing the cross-section component
governed by s-resonances is the introduction of a single potential scattering
radius for the whole of the energy region under consideration. A good
description of the total cross-section curves over a wide energy range in the

resolved resonance region with a single radius calls for the introduction of
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remote resonances (located outside the region under analysis), whose
characteristics are normally insufficiently well known. However, they have a
significant effect on the mean cross-section level and its energy dependence
over a wide energy range. These approaches are tantamount to introducing an
energy dependence of the potential scattering radius. Allowance for remote
resonances makes it possible to dispense with the introduction of a background
component in the scattering and total cross-sections.

Since inter-resonance interference effecte for iron isotopes are
substantial, the choice of calculational formulae in the resolved resonance
region is of great importance. As calculations have shown, the use of the
Breit-Wigner multi-level formula for 56Fe is largely unjustified. The
principal drawbacks to its use are as follows: under conditions of
appreciable inter-resonance interference it strongly distorts the shape of
resonances, does not reproduce the cross-section minima and leads to a
considerable redistribution of cross-sections even with a broad-group
representation. Furthermore, the analysis of the most recent experiments in
the resolved resonance field was carried out in the context of the Reich-Moore

formalism, taking account of inter-resonance interference in the best

approximation. Accordingly, the use of this formalism in a consequential
evaluation is inevitable.

Below we shall consider the peculiarities of the evaluations for
individual iron isotopes.
Eigg. Using '"pseudo-isotopes', the resolved resonance region for the
5-wave of 56Fe is 10_5 eV-850 keV, i.e. it extends as far as the threshold
of inelastic scattering, while for the p- and d-waves it has an upper limit
of 350 keVv. 1In the 350-850 keV range the contribution of p- and d-waves is
presented in terms of the average resonance parameters, depending on energy
and established at points 50 keV apart. The potential scattering radius is

taken as 5.0 fm, i.e. equal to the radius of the channel as derived upon

analysis of the total cross-sections over a wide energy region [6]. The
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sequence of negative and positive s-resonances located outside the

10_5 eV-850 keV region was generated on the basis of mean resonance
parameters; then the positions and widths of a number of remote resonances
were so varied as to describe the cross-section at the thermal point and the
level of the mean cross-section in groups located at the boundaries of the
resolved resonance region. The parameters of the first p- (1.15 keV) and
s-resonances (27.74 keV), having a strong bearing on the iron capture
cross-section in fast reactors, were selected in accordance with the
recommendations of the international group [7] engaged in analysis and
evaluation of the p-wave resonance parameters, and also with the results of
the latest experiments [8] for the s;resonance (Table 1). As shown in Fig. 2,
by applying the parameter data within the framework of the Reich-Moore
approximation a satisfactory description is obtained of the experimental data
on the interference minimum in the total cross-section for the 27.74 keV
resonance, while calculations under the multi-level Breit-Wigner formula
significantly exaggerate the cross-section at the minima. The position and
neutron widths of the resolved resonances for energies above 350 keV are taken
from Ref. [6], and for energies below this level from Ref. [9].

Figure 3,a shows the curves for the build-up of the sums of resonance
numbers for s-, p- and d-waves for 56Fe. There would appear to be some
omission of weak d-resonances, but their contribution to the total
cross—-section and the elastic scattering cross-section is negligible.

Figure 2,b presents the results of calculating the contribution to the
total cross-section by the s-wave at zero temperature, reckoned from the
resonance parameters [6] in the context of the Reich-Moore formalism and the
multi-level Breit-Wigner formula. Since the parameters themselves are derived
in the Reich-Moore approximation, the "flow" representation obtained in the
context of this formalism describes the shape of the total s-wave
cross-section observed experimentally, and the difference in the description

yielded by the multi-level Breit-Wigner formula characterizes the degree of
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error in the description of the cross-sections occurring upon its use under
conditions of appreciable inter-resonance interference. The divergences in
the cross-section minima are strongest when calculating the self-shielding '
factors.

The radiation widths attributed to the resolved resonances are normally
based on known values of the areas under the resonances in the capture
cross-sections [9) and on the mean radiation width values for the s-, p- and
d-resonances determined by analysis for those resonances where they are known.

The mean resonance parameters for the lower boundary of the p- and

d-wave unresolved resonance region (E = 350 keV) were initially determined by

averaging the resolved resonance parameters (Table 2, values in brackets).
The capture cross-section calculated using these parameters is in good
agreement with the value derived experimentally. However, a part of the
parameters thus determined [e.g. the mean distance between resonances with
spin . (5/2)+] does not agree with existing views on their possible
dependence on spin and parity. Subsequently therefore, using the EVPAR [10]
program, a correction was effected and a set of average resonance parameters
for p- and d-waves was determined which on the one hand was based on
parameters derived by averaging in the resolved resonance region and on the
other hand did not contradict current conceptions regarding their dependence
on spin and parity. The parameters found are given in Table 2 for the extreme
energies in the unresolved resonance region. The significant difference in
the density of states with the same spin but different parity is worthy of
note.

The ENDF-V library format does not permit explicit consideration of the
f-wave, whose contribution to the capture cross-section at the upper boundary
of the unresolved resonance region becomes appreciable. Allowance for the
f-wave contribution is effected by raising the mean radiation widths of the
d-wave with change in energy, which is probably preferable to adding a smooth

component to the cross-section. Data for the s-wave are not given in Table 2,
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since its contribution to this region (350-850 keV) is derived from resolved
resonances.

In Table 3 the cross-sections at the thermal point restored from the
resonance parameters are compared with the results of evaluation [11].

_iﬁgg. The resolved resonance region for the s-wave of this isotope
is 10-5 eV-500 keV, and for the p- and d-waves this region lies within the
range 10_5 eV-200 keV, while from 200 to 500 keV the contribution of these
waves to the cross-section is represented in terms of the mean resonance
parameters. The potential scattering radius is taken as 5.0 fm for the whole
resonance region. The cross-sections in the resolved and unresolved resonance
region are restored on the basis of the given parameters without using any
background components.

The positions of the resolved resonances were taken from Ref. [11], and
the set of s-resonance neutron widths was based on the results of study [12].
In the case of the p- and d-resonances an analysis was made of the entire data
on widths and the values derived therefrom. Here, the neutron and radiation
widths, where they were unknown, were so selected as to describe the
quantities Ar, measured in Ref. [13]), whereas the radiation widths of
the individual resonances probably did not appreciably differ from the average
radiation width value for the resonances of the given wave. Since
considerable omission of d-resonances occurred, leading to an underestimation
of the capture cross-section in comparison with that observed in experiments
with "poor" resolution (particularly in the 100-200 keV region), the d-level
system was supplemented by 24 resonances with the mean width values attributed
to them. Unlike the resonances observed experimentally, these are identified
in the file by the figure 9 as last significant digit in the resonance
energy. The accumulating sums of the resonance numbers for the s-, p- and
d-waves allowing for correction for the d-wave resonance system in 5I'Fe are
shown in Fig. 3,b. For a correct description of the total cross-section near

the upper limit of the resolved resonance region for the s-wave, remote
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positive resonances are introduced. In connection with the "flow"
representation of the cross-sections in the resolved s-resonance region, the
use of the Reich-Moore formalism is recommended, as in the case of the 56Fe'
isotope.

The cross-sections in the unresolved resonance region for p- and
d-waves are described using the mean resonance parameters obtained in the
EVPAR-program processing of the average values from the resolved resonance
region, which are given in brackets in Table 2. Both sets of parameters yield
a good description of the capture cross-section observed in this region.

Table 3 presents the values for the cross-sections at the thermal point,
yielded by calculation from the resonance parameters.

EZEQ is the only stable isotope of iron having a low (14.7 keV)
inelastic scattering threshold. The resolved resonance region for waves with
different orbital moments was regarded as the single range from 10_5 ev to
200 keV, and the unresolved resonance region as the range from 200 to 500 keV.
The potential scattering radius was taken as 5.9 fm for the resolved and
5.0 fm for the unresolved resonance region.

The positions and radiation widths of the resolved resonances are
defined in Ref. [14], and the neutron widths of the s-resonances for the
elastic and inelastic channels in Ref. [15). The neutron width of the elastic
scattering channel for p- and d-resonances was selected from the totality of
the experimental data on one or other resonance, including the areas under the
capture curve, the assumed mean radiation and reduced neutron widths and also
possible spin and parity distributions. The resulting identification of
resonances is of course extremely hypothetical, although it does not
contradict the existing body of experimental data. Figure 3,c shows the
cumulatise sums of resonance numbers derived for 57Fe in the resolved
resonance region. In accordance with the requirements of the ENDF-V format,

file 3 for the total cross-section in the resolved and unresolved resonance

region will contain a component having resonance form in the resolved
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resonance region and giving the inelastic scattering cross-section in this
region.

The mean resonance parameters for the unresolved resonance region were
obtained by averaging over the resolved resonance area and are given in
Table 2. The competing widths describing inelastic scattering in the
unresolved resonance region take effective account of the contribution from a
number of inelastic scattering levels for those spin states and energies where
this is appreciable.

Table 3 shows the cross-section values at the thermal point derived
from the resonance parameters.

EEEQ is the least thoroughly studied of the stable isotopes of iron.
Since its content in a natural mixture is only 0.28%, even substantial
imprecision in its cross-sections does not have an appreciable effect on the
cross-sections for natural iron.

As basis for the evaluation in the resolved resonance region (from
10—5 eV to 200 keV) use was made of the parameter values given in
Ref. [1l1]). Only the contribution from the s- and p-waves were considered in
the resolved resonance region. The p-resonance radiation widths for which
they are unknown were regarded as equal to the mean values obtained by
averaging known widths for p-resonances, and then were so varied as to
describe the mean capture cross-section level, known from experiments with low
resolution. Figure 3,d shows the cumulative sum of resonance numbers for s-
and p-waves in the resolved resonance region for 58Fe.

The unresolved resonance region was regarded as that between 200 and
500 keV. The mean neutron widths and the distances between the levels were
originally derived from averaging the parameters in the resolved resonance
region, and the mean radiation widths were preliminarily evaluated from the
systematics of these widths (see Table 2). Use was then made of the
EVPAR program to make slight corrections to the s- and p-resonance parameters,

while the d-wave parameters were selected with reference to the description of
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the cross-sections derived in experiments with poor resolution. The

cross-sections at the thermal point obtained from the resonance parameters are

given in Table 3.

Natural iron. The cross-sections for a natural mixture of iron

isotopes were obtained by summing all the stable isotopes entering into the

. . 56
composition of iron with the following contents: Fe - 91.72%;

5l'Fe - 5.8%;

57Fe - 2.2%; 58Fe - 0.28%. Hence the evaluation of

natural iron in the resolved and unresolved resonance region was co-ordinated

with the evaluations for the individual iron isotopes. The following features

of the proposed evaluation are worthy of note:

1.

The capture cross-section in the group 4.65-10 keV is

approximately 30% lower than the values given in other evaluations
(see Fig. 1), and is confirmed by the results of measurements on a
lead cube. It is necessary to increase the capture cross-section
in this group for 5I‘Fe, which accounts for the principal
contribution to this region (approximately by 60%), in order to
obtain such a high level for the cross-section in respect of
natural iron. However, the parameters of the two 5I‘Fe

resonances making a contribution to this group are fairly well
known and cannot be appreciably changed;

The total cross-section for energies 1-40 keV is higher, and for
the region 40-200 keV is lower, than all other evaluations. This
would seem to be associated with the fact that, over the broad
energy range 10—5 eV-850 keV, the calculations for 56Fe were
effected with a single scattering potential radius, 5 fm.

However, the mean cross-section level itself in this region needs

experimental refinement.
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Table 1. Parameters of first p- and s-resonances for Sépe
Parameter p-resonance s—-resonance
Resonance energy, keV 1.15 27.74
. . v - +
Spin of parity I (1/2) (1/2)
Neutron width Fn, eV 0.0617 1474.0
Radiation width [y, ev 0.574 1.06




Table 2. Mean distances between levels <D> (in keV) and mean widths
<I‘::>, <I‘n,>, <I‘Y> (in eV) for boundary energy
values in the unresolved resonance region of iron isotopes
56re, 1% = 0O
Epy =1 J : 1=2
A - a oy fi_ + g +
keV 1" =(1/2) " = (3/2) 1= (3/2) 1" = (5/2) _
<D? <TR> | <> | «<D> | <r?> <T> |<D> <r2> <h>| <D> <rf> <>
a0 13,2 ' 0,248 ' 0,64 ' 6,60 0,124 0,53 10,6 1,77 @ 0,49 7,06 1,18 0,37
(14,3) (0,205) (0,58) (8,5D) (0,164) (0,58) (10,0) (1,68) (0,8) (27,0) (4,02) (0,B)
50 °.22 0,17 0,77 4,58 0,084 0,64 7,40 1,18 1,54 4,8 0,78 1.16
154‘.Fe, ISZ =0t
1= 1 1e 2
LoV 1= (1/2)~ 1% = (3/2)7 1% =(3/2)* 1" = (3/2)* .
<D> <Mp> | <F> | <D> | <> <> [<D> |<IP> <Mp> | <D> | <TE> | <>
200 10,3 0,44 0,75 ' 5,14 0,22 ' 0,64 10,4 1,73 0,64 6,90 1,15 0,50
) (9,67) 0,40)  (0,64) (6,58) (0,50) (0,64) (8,20) (1,37) (1,0) (23,6) (9,50) (1,0)
500 8,41 0,35 0,68 4,19 0,17 0,71 8,46 1,3 0,71 561 0,9 0,
STre, 1% = (1/2)"
> 1l = 0 1«1
an'
wev | 1%=0" Sl 17 o 1% -1 .
<D> |<I7> <M (<> [<D> [ <> (<> <l | D> | <> e Md<p> [<D> [<T> K> k>
p: 26,3’ 8,31 00 '1,9 12,4 5,95 1687 '2,1126,3 0,7 2 0,69 8,77 0,31 31,8 0,65
£ 26,3 8,31 0,0 1,2 12,4 5,9 451 2,1 26,3 0,7 131 0,69.8,77 0,31 167 0,65
i l=1 1l=2
‘n? , : :
LeV 1% - 2t 1% = 1~ 1% = 2~ 1% - 3-
<D> | <rE> < Ty <D> <P2> <M <rp>|<D> <[ <M <> <D> | <> KM e
Z00 ' 5,2 027345 0,6116,6 1,85 1820 1,5 10 0,642930 1,267,14 0,4 100 1,26
500 526 0,27 202 0,61 16,6 1,85 4651 1,5 10 0,64 7330 1,26 7,14 0,4 2640 1,26 .
58re, 1% <ot
E l1=0 1l1=1 l=2
’ >
k“v 1%. 172yt 1% = (1/2)" 1% = (3/2)- 1% = (3/2)* 1% = (5/2)*
) - - .
D> [ I> [<Mp> (<D> [<Mg> [RM> {<D> [<FR> | <Mo>l <D> K> [ <> | <D> <>
o 215769 T 12 18,0 1,06 0,44 8,98 0,53' 0,38 10,7'1,06' 0,30 7,12 0,70 0,23"
2l .
(21 ) (6,9) (1,2) (18.) (1,1} (0,4) (9,0) (0,5) (0,4) - - - - - -
500 17,3 3,05 1,34 14,5 0,8 0,50 7,23 0,41 0,42 8,62 0,64 0,61 5,72 0,56 0,47
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Table 3. Thermal cross-sections (E, = 0.253 eV) on iron isotopes

Isotope TsYaD-2 MDH-81 [11) ,
G, 6 6, l 6y
Sdge 2,16 2,14  2,17%.0,10  2,25%.0,18
Sre 12,27 2,63 12,467.0,49 2, 50%40,14
7 pe 2,13 2,44 - 2,49.0,30
SSye 3,19 1,27 - 1,28 40,05
[*] Cross-sections averaged over the thermal spectrum.
G,,b

10,04

[od

"1 A 1 3 4 i1 _— [ ~ 1 3
03 0,215 0465 4,0 235 4,65 1,0 21,5 465 10,0 2000 E,,keV

b

Comparison of total cross-sections (a) and capture
cross-sections (b) for natural iron on the basis of various
libraries of evaluated neutron cross-sections in a 26-group
representation: o= - TsYaD-2; - TsYaD-1;

----- - BNAB-78; —— - ENDFB-1IV; - - - -~ JENDL-II.

Fig. 1.
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SCATTERING OF 6 MeV NEUTRONS ON VANADIUM

A.V. Polyakov, G.N. Lovchikova, V.A. Vinogradov,
B.V. Zhuravlev, 0.A. Sal'nikov, S.Eh. Sukhikh

Vanadium is foreseen as a structural material in the blankets of
thermonuclear reactors, forming part of the envelope separating the
thermonuclear plasma zone and the heat release and tritium breeding zone.
According to the list of required data [1), there is a need, in the case of
vanadium, for scattered neutron energy and angular distributions in the energy
region of several megaelectron volts. The required precision in respect of
elastic scattering angular distributions is 10%, and in respect of secondary
neutron energy spectra 15%. The present work was performed on the basis of
these_requirements.

The spectra of neutrons scattered on natural vanadium were measured
with a neutron spectrometer working by time-of-flight [2] in association with
an EhGP-10M accelerator. As neutron source use was made of the 3T(p,n)3He
reaction, with a gaseous tritium target. The initial energy of the neutrons
incident on the sample was 6.07 + 0.07 MeV. The features of the gaseous
target are described in detail in Ref. [3]. The neutron detector consisted of
a stilbene crystal (diameter 6.3 cm and thickness 3.9 cm), viewed by an
FEhU-30 photomultiplier. 1In order to reduce the background the detector was
located in a shielding whose design is described in Ref. [2]). The distance
between detector and sample was 1.98 m. The sample, natural vanadium, was
prlaced at a distance of 16.5 c¢m from the target centre, and took the form of a
hollow cylinder of mass 120 g, height 5 cm, external diameter 3 cm and

internal diameter 2 cm.

The yield of neutrons from the target was monitored by a neutron
detector, similar to the basic detector; it was placed at an angle of 45° to
the direction of the accelerated protons at a distance of 3 m from the target

centre. Normalization of the scattered neutron spectra and monitoring of

27



spectrometer operation were effected by reference to the monochromatic neutron
peak. As additional monitor use was made of an all-wave counter. The
stability of operation of detector, monitor and all-wave counter were checked
by periodical measurements of the number of radioactive source events recorded
over a given period of time. Stability éf operation of the detector and
monitor was at the 1.5% level, and that of the all-wave counter at the

1% level.

The absolute efficiency of neutron recording by the detector in the
energy range from recording threshold up to 7 MeV was determined by comparing
the experimental and calculational spectra of prompt neutrons from 252Cf
spontaneous fission. The calculational spectrum was described by a Maxwellian
distribution with parameter T = 1.42 MeV. The root mean square error of the
results of the series of measurements amounted to 2-5% in the escaping neutron
energy range 0.5-7 MeV. The detector neutron recording threshold was 0.4 MeV.

The block diagram and the operating principle of the spectrometer
electronics are set forth in Ref. [4]. The channel width of the time
converter was 0.503 ns, and its differential and integral non-linearity were
not poorer than 1 and 0.5% respectively. The total time resolution of the
spectrometer, determined from the half-height width of the gamma peak, over a
flight path of 1.98 m, was 3 ns.

The absolute values of the cross-sections for neutron elastic and
inelastic scattering were derived by normalizing for the (n-p)-scattering
cross-section on hydrogen {5]. For this purpose measurements were made at an
angle of 45° to the direction of motion of the protons in a polyethylene
sample (height 5 cm, diameter 1 cm). The polyethylene scatterer was located
in the same place as the vanadium sample.

By means of a Monte Carlo method using the programme described in
Ref. [6], a correction was calculated for the attenuation and multiple
scattering of neutrons in the vanadium sample. The procedure for studying the

scattered neutron spectra on the vanadium consisted of a series of
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measurements with and without the sample at angles of 30°, 45°, 60°, 90°, 120°
and 150° with an evacuated target and with a target filled with tritium to a
pressure of about 2.02 x 105 Pa. At the beginning of each series,
measurements were made of the direct flux spectrum at an angle of 0°.

Figure 1 shows the time spectrum of neutrons scattered on vanadium, measured
at an angle of 120° and a neutron energy of 6.07 MeV. On the spectrum are
visible groups of neutrons corresponding to excitation of vanadium levels, and
the elastically scattered neutron peak. Separation of the elastic and
inelastic neutron scattering processes was effected with reference to the
shape of the direct flux spectrum by the method described in Ref. [7].

The differential cross—sectionﬁ for elastic scattering on vanadium are
given in Fig. 2. The results of the present work and of that described in
Ref. [8], obtained at the same neutron energy, coincide within the limits of
measurement error for angles of 60° and 90°. For angles of 30°, 45°, 120°
and 150° the results of the present work are 15-30% higher than those of

Ref. [8). For purposes of comparison the figure shows the results from
Ref. [9] obtained for neutron energies of 5.44 and 6.44 MeV.

The spectra at the various angles and the integral spectrum of
inelastically scattered neutrons on vanadium at an initial energy
Eo = 6.07 MeV are presented in Fig. 3. The group of neutrons corresponding
to excitation of levels Q = -(1.609 + 1.813) MeV was separated off. This
separation was carried out on the time spectra, it being assumed that the
contribution by less energetic and higher energetic neutrons was equal to the
contribution from the neutrons of the separated group in the higher energetic
and lower energetic neutron regions.

Figure 4 shows the neutron angular distributions derived in the present
work, corresponding to excitation of levels Q = -(1.609 + 1.813) MeV, in
comparison with the results of Ref. [9]. It will be seen from the figure that
at similar initial energies the data from the present work do not contradict

those of Ref. [9].
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The cross-sections for inelastically scattered neutrons as a function
of secondary neutron energy were measured with an accuracy of 6-12%. This
error includes the statistical error (2-8%), and also the error - amounting
to 6% - due to normalization for the (n-p)-scattering cross-section in
polyethylene, the stability of operation of the apparatus, the detector
efficiency, the transition from time spectrum to energy spectrum, and
subtraction of the elastic peak. The error in separation of the group of
neutrons corresponding to excitation of levels Q = -(1.609 + 1.813) MeV was
10-20% for various angles of neutron escape.

The double differential inelastic scattering cross-sections and the
angular distributions for neutron elastic and inelastic scattering
corresponding to excitation of levels Q = -(1.609 + 1.813) MeV were
transmitted to the Nuclear Data Centre of the USSR State Committee on the

Utilization of Atomic Energy.
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INELASTIC SCATTERING OF NEUTRONS ON 93Nb NUCLEI

Yu.A. Nemilov, Ya.M. Kramarovskij, E.D. Teteren, L.P. Pobedonostsev

Niobium is a promising material for use in various nuclear reactor
components. This element possesses such valuable properties as a high melting
point, a relatively low neutron capture cross-section, and ease of machining.
The inelastic scattering of neutrons on 93Nb nuclei has been studied in
Refs [1-3), but in these works there are appreciable discrepancies between the
values obtained for the cross-sections. Thus, in Ref. [1] the cross-section
for the 93Nb(n,n'y) reaction with excitation of a level at 809.8 keV in
the neutron energy range 1-2 MeV is és much as 125 mb, whereas in Ref. [3], in
the same energy range, the cross-section obtained does not exceed 75 mb.

There are also divergences in the 93Nb nuclear level systems employed, and

in the y-transitions between them: in Ref. [1l]) no level appears or is
referred to with an excitation energy of 686.8 keV, but it does appear in
Ref. [3). We therefore performed measurements of neutron inelastic scattering
sross-sections at energies of 780-2200 keV with excitation of a number of low
levels of the 93Nb nucleus. The measurement procedure was similar to that
described in Ref. [4]). The neutron source was the T(p,n) reaction, and the
target thickness was about 1 mg/cmz. The sample, of high purity metallic
niobium in the form of a cylinder 18 mm in diameter and 27 mm in height, was
prlaced at a distance of 10 cm from the target. The y-photons were recorded
by a Ge(Li) detector with volume 45 cm3, located within a shielding of lead

and hydrogenous materials. The detector resolution was 4.5 keV for 60Co lines.

Detector efficiency was calibrated with reference to 137Cs and
lszEu sources, which were put in place of the sample being investigated.
The neutron flux to the target during the measurement time was determined from
counting fission fragments in a miniature ionizing chamber with a known

quantity of 2350. attached to the sample being studied. In determining the

number y-photons recorded, we made corrections for the finite dimensions of
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the sample in accordance with the data contained in Ref. [5]. When
determining the cross-sections for the 93Nb(n,n'Y) reaction with

excitation of number of low energy levels of this nucleus we made direct use
of the y-lines observed in the experiment. Here, great attention was
devoted to finding those y-lines which may be associated with the populating
of the states under investigation as a result of transitions from more highly
excited states (see Table and Figure). The 93Nb excitation functions
measured in the present work for the states at 743.7, 808.4, 809.8, 949.6 and
978.6 keV did not substantially differ in shape from similar curves shown in
Ref. [3]. However, in the case of the 743.7 and 949.6 keV states a smaller
cross-section is observed in Ref. [3].when E > 1.6 MeV, while for the

808.4 keV state and with E < 1.4 MeV a cross-section emerges in Ref. [3] which

is larger than in the present work.
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Cross-sections (and their errors) for excitation of six levels in the

reaction 93Nb(n.,n'), X 10_31 e (mb)

Level-excitation energy

Neuteon 1B eV, | 7437 keV 805.4 keV; | 809.8keV; | 949,6keV 6 k
gneray (1/2, 3/23= 7]+ o 5/5+ o 5/2* o 13/é§ e ?%9? e¥:
780 - 32(5) - - - -
810 - 70(5) - - - -
840 - 65(7) - - - -
870 19(5) 83(6) 6(5) 10(5) - -
900 23(4) 112(8) 7(4) 26(6)° - -
930 18(4) 142(13) 10(5) 34(6) - -
960 30(3) 186(13) 12(5) 57(5) - -
9%0 22(4) 179(14) 10(5) 47(12) - -
1020 29(5) 192(195) 14(5) 40(12) - -
1050 29(6) 167(14) 15(4) 64(12) 50(8) 20(8)
1080 24(4) 216(15) 22(7) 74(14) 85(8) 35(8)
1110 - 209(15) 256(7) 91(6) 96(7) 84(8)
1140 28(4) 210(15) 31(10) 49(16) 119(7) 138(7)
1170 19(4) 224(16) 28(7) 91(14) 128(8) 149(9)
1200 - 226(17) 40(5) 98(12) 145(8) 174(9)
1230 33(6) 256(17) 32(6) 110(" 150(8) 198(9)
1260 24(4) 255(18) 38(14) B4(15) 150(9) 190(10)
1290 30(6) 270(18) 10(7) 82(14) 179(10) 233(10)
1320 3L 256(17) 2(M 90(14) 158(9) 211(9)
1350 32(6) 287(20) 41(6) 158(9) 171(7) 228(8)
1380 29(6) 289(20) 34(6) 9B(6) . 192(9) 255(9)
1410 - 307(20) - 101(16) 20I(9) 261(9)
1440 - 323(20) 31(10) 96(16) 1%4(11) 257(12)
1470 25(5) 331(20) 37(13) 108(16) 209(10) 263(11)
1500 36(4) 328(20) 52(13) 85(14) 207(10) 266(11)
1530 - 324(20) 51(10) 116(11) 237(12) 292(14)
1560 32(5) 35I(20) 70(12) 123(14) 236(8) 297(8)
1590 29(6) 351(21) 65(15) 107(17) 239(13) 306(14)
1620 48(6) 374(20) 84(9) 138(7) 24I(1I) 287(12)
1650 41(7) 333(18) 87(9) 120(9) 225(8) 315(10)
1680 - 400(20) 120(12) 125(10) 238(14) 325(18)
1710 - 399(24) 9I(14) 109(10) 247(12) 290(14)
1770 83(13) 432(26) 120(17) 124(15) 302(17) 339(18)
1800 108(20) 417(25) 93(16) 125(15) 284(17) - 312(18)
1830 - 443(28) 83(15) 133(15) 295(17) 296(18)
1860 - 376(25) 83(12) 14I(I5) 306(17) 280(15)
18%0 - 426(31) 73(13) 142(20) 363(19) 312(18)
1920 - 454(33) 102(12) -137(14) 343(19) 300(17)
1950 - 417(30) 86(9) 133(13) 335(18) 298(20)
1980 - 414(30) 87(10) 138(13) 317(19) 289(21)
2010 - 434(295) 80(12) 140(12) 234(12) 286(22)
2040 - 456(27) 96(10) 11I(13) 360(25) 298(22)
2070 - 452(27) 110(12) 152(15) 353(24) 286(22)
2100 - 462(27) 123(12) 110(20) 404(25) 285(23)
2130 - 470(28) 106(8) 150(11) 400(23) 280(22)
2160 - 498(30) 105(8) 153(4) 377(24) 292(21)
2190 - 487(30) 95(6) 160(10) 380(24) 333(18)

35






INTEGRAL PROMPT FISSION NEUTRON SPECTRUM FROM 1.5 MeV
NEUTRON INDUCED FISSION OF 232Th

S.Eh. Sukhikh, G.N. Lovchikova, V.A. Vinogradov,
B.V. Zhuravlev, A.V. Polyakov, O.A. Sal'nikov

Measurements were made of the prompt fission neutron spectrum under
conditions of induced fission of 232Th nuclei by 1.45 MeV neutrons. There
has recently been a considerably heightened interest in prompt fission neutron
spectra. On the one hand there have emerged new calculational approaches
based on application of the progress made in nuclear theory to analysis of
prompt fission neutron spectra, and on the other hand there has been an
increase in the number of experimentél investigations of these
spectra [1, 2]. However, studies on measurements of prompt fission neutron
spectra occurring upon 232Th fission by fast neutrons are practically
non-existent, due to difficulties in carrying out the experiments.
Nevertheless, the data in question are necessary for calculating nuclear power
facilities, and requests for them are contained in the list of necessary
nuclear data [3]. The required accuracy for the data is 10%.

In the present study, measurements were made of the emission spectra
for neutrons from 232Th nuclei in the secondary neutron energy range from
the detector threshold (0.6 MeV) up to En = 10 MeV. The emission spectrum
in the energy range above the initial bombarding neutron energy level contains
only neutrons formed as a result of fission. The emission neutron spectra
were measured by the time-of-flight method using a spectrometer associated
with an EhGP-10M accelerator, working in the pulsed regime. The neutron

3 3 . . s s
source was the T(p,n) He reaction, using a gaseous tritium target. The

initial neutron energy incident on the sample was 1.49 + 0.05 MeV. The design
and features of the target are described in detail in Ref. [4]. The mean
proton flux to the target was 1 pA at a pulse repetition frequency of

% MHz. The sample, made of metallic thorium, had the form of a hollow

cylinder with external diameter 4.5 cm, internal diameter 4.0 cm and height



5.0 cm, and was located at an angle of 0° to the direction of the proton beam
at a distance of 16.8 cm from the centre of the gaseous tritium target. The
sample contained 0.737 mol of 232Th nuclei.

The neutrons were recorded by a scintillation detector located at a
distance of 198 cm from the centre of the sample. The detector, consisting of
a stilbene crystal (diameter 6.3 cm, height 3.9 cm) in contact with an FEhU-30
photomultiplier, was placed in shielding whose design is described in
Ref. [5]. The absolute efficiency of neutron recording by the detector in the
range from recording threshold up to an energy of 11 MeV was determined by
comparing the experimental and calculated prompt neutron spectra for
spontaneous fission of 252Cf. The calculated spectrum is described by a
Maxwellian distribution with parameter T = 1.42 MeV; for the energy region
above 6 MeV a correction was made to take account of the deviation of the
252Cf fission neutron spectrum from a Maxwellian distribution [6). The
statistical error in the results of measuring the 252Cf fission neutron
spectrum was 2-7% and the time resolution of the spectrum was 3 ns at
half-height 6f the gamma photon peak from the target. The width of the time
analyser channel was 0.503 ns, the integral non-linearity 0.4% and the
differential non-linearity 0.6%. To monitor the neutron flux we used a
scintillation detector, which measured the time spectrum of the neutrons from
the target. The yield of neutrons from the target was monitored also by an
all-wave detector. The block diagram and the operating principle of the
spectrometer electronics are set forth in Ref. [7].

Measurement of the neutron emission spectra from 232Th was performed
at angles of 90° and 150° at a neutron energy incident on the sample of
1.49 MeV. The investigations consisted of measurement of the spectra of the
neutrons escaping from the sample (effect with background) and measurement of
the background without the sample at a fixed number of protons incident on the
target. At the same time the monitor was used to determine the spectrum of

neutrons from the target. The measurements were carried out in groups in
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order to reduce the influence of unstable operation of the accelerator and the
electronic apparatus on the results. Stability of operation was checked by
reference to the shape and position of the neutron peak in the monitor
spectrum, and also to the position of the centre of gravity of the
gamma-photon peaks in the monitor and principal detector spectra. Each series
included measurement of the spectrum of neutrons escaping from the target at
an angle of 0° in relation to the accelerated proton beam. The absolute value
of the differential emission spectrum of neutrons from the 232Th nuclei was
determined by normalizing for the elastic scattering cross-section on carbon,
measurement of which was carried out at an angle of 90° to the direction of
the incident neutron beam. As scatterer we used a hollow cylinder of graphite
(external diameter 3.0 cm, height 4.5 cm, thickness 0.5 cm), containing
14.27 mol of 120 nucleli. The differential elastic scattering cross-section
on carbon at an angle of 90°C (in the laboratory system of co-ordinates),
equal to 0.2033 b/sr, was taken from Ref. [8]. The recorded spectrum obtained
in measurements with the 232Th sample at an angle of 90° is shown in
Fig. 1. After separation of the elastically scattered neutrons by the method
explained in Ref. {9), the spectra were subjected to further processing in the
energy range 2-10 MeV, which contained only neutrons formed upon fission. The
method of treatment is described in detail in Ref. [10]. The prompt fission
neutron energy spectra are given in Fig. 2.

Analysis of the shape of the 232Th prompt fission neutron spectrum
was carried out on the assumption that, for a sufficiently wide energy range,
the spectrum is described by a Maxwellian distribution N(E) = A VE exp(-E/T).
For selecting the distribution parameters A and T, conversion of the
co-ordinates N(E) < 1nN(E)/vE in order to linearize the distribution curve
was carried out. The experimental spectrum after conversion of the
co-ordinates is shown in Fig. 3. Approximation of the experimental points by
a Maxwellian distribution using the least-squares method in the energy range

—3/2.

Z2-10 MeV resulted in the values A = 0.151 + 0.006 MeV b,
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T = 1.27 + 0.04 MeV. The assigned errors were calculated using the formulae
from Ref. [11]. An analysis of the contribution of the various components to
the total error is given in Ref. [10]}. 1Integration of the normalized

. . . . . -3/2
Maxwellian distribution with the parameters A = 0.151 MeV *b and
T = 1.27 MeV within the energy range from zero to infinity gave a

. . s 232 e e s

cross-section for emission of Th nuclei fission neutrons of

0.185 + 0.021 b, i.e.

?OJSIV?:‘:IP(- E/1,272)dE = Ge(Ep) Uy(Eq) = 0,185,
where cf(Eo) is the cross-section for fission of 232Th nuclei by
1.5 MeV neutrons, and Gf(Eo) is the mean number of prompt fission
neutrons at this energy. On the other hand, using the recommended value
ag. (1.5 MeV) = 0.077 b [12] and the experimental value Gp (1.5 MevV) = 2.25 [13],

f
it is possible to get o .V = 0.1778, which is in satisfactory agreement with the

fp
results of integrating the Maxwellian distribution describing the body of
experimental points. 1In its turn, the value of the parameter T, calculated
with reference to the ratio [14) T = 2/3E = 2/3 [0.74 + 0.35 (Gp + 1)],
where E is a mean Maxwellian distribution energy of 1.252 MeV, in good
agreement with the value T = 1.27 + 0.04 MeV derived in the present work.

The angular dependence of the number of prompt fission neutrons is
evaluated by comparing the number of neutrons escaping at angles of 90° and
150°. The ratio of the number of neutrons escaping at an angle of 150° to the
number escaping at 90° is 1.04 + 0.04. The result obtained is in qualitative
agreement with the data in Ref. [15], in which similar evaluations were
carried out for 238U prompt fission neutron spectra. The measured 232Th
prompt fission neutron spectrum is shown in the table.

The present work has yielded the following results:

1. The prompt neutron spectrum for fission of 232Th in the energy

range 2-10 MeV was measured. The data on 232Th fission by
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(1)

(2]

3]

14]

(5]

(6]

(7]

(8]

[9]

[10]

1.5 MeV neutrons have here been obtained for the first time. The
total number of fission neutrons determined from the measured
spectra is in good agreement with the values of % and v

as determined from the data in Refs [12, 13];

The experimental results show that it is possible satisfactorily

to describe the spectrum in the 2-10 MeV energy region by a

Maxwellian distribution with parameter T = 1.27 + 0.04 MeV;

In the 7-10 MeV energy region there is some difference between the
spectra measured at angles of 90° and 150°, but this difference
lies within the limits of measurement error, which does not permit
the drawing of conclusions regarding the angular dependence of

232

Th fission neutron spectra at the initial neutron energy

concerned.
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Table. 232Th prompt fission neutron spectrum.

- B
E, MeV |Toyp (E)10%,1E, Nev |F o (E).10°,

-

b MeV b AleV
2,03 €240 + 5,2 6,19 3227
2,20 4531 + 5,2 6,36 206 + 7
2,40 358 + 5,3 6,59 300 + 8,5
2,60 3214 . 5,3 6,84 23 : 8,5
2,81 2693 5 5,3 7,03 186 . 10
3,00 2648 .53 7,23 2% + 10
3,19 2080 + 5,3 7,44 203 + I0
3,40 1901 + 5,6 7,59 175 + I2
3,60 1643 + 5,6 7,81  1i5+ 12
3,80 549 + 5,6 8,05 121 + 12
3,99 1423 + 5,6 8,2F. 100 + I5
4,20 1125 . 5,6 8,38 92 | 15
4,42 1138 + 5,6 8,56 94 + 26
4,62 912 +.5,6 8,73 83 + 26
4,80 843 . 5,6 8,92 III + 26
4,99 667 + 6,1 9,11 51 » 32
5,19 592 + 6,1 9,31 30 4 32
5,41 620 + 6,1 9,51 59 + 32
5,64 442 + 6,1 9,72 17 + 32
5,83 46] + 6,8 9,94 43 + 40
6,03 407 . 6,8 10,16 68 3+ 40

Note: 1. Nexp(E) = bmNoxp(E, 90°).

2. The relative measurement error is shown in per cent.
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Fig. 1.
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MEASUREMENT OF THE RADIATIVE NEUTRON CAPTURE CROSS-SECTION
FOR 238y IN THE 4-460 keV ENERGY REGION

L.E. Kazakov, V.N. Kononov, G.N. Manturov, E.D. Poletaev
M.V. Bokhovko, V.M. Timokhov, A.A. Voevodskij

. 238 .
The radiative neutron capture cross-sections ac(E) for U in

the 1-500 keV energy region is a highly important parameter used for
calculations and optimization of fast breeder reactors. Demands are high with
regard to the accuracy of this factor - 2-2.5% [1l]. In recent years the
cross- section oc(E) for 2380 has been measured in various experimental
facilities over a wide range of neutfon energies [2-12]. However, the
divergences in results have been significantly above the required accuracy
level and for some energy ranges have been as high as 20-30%; this is due to
the difficulty of measuring the radiative neutron capture cross-section for

8U owing to the anomalous small neutron bonding energy, noticeable natural
radiation background, strong neutron capture resonance self-shielding, and
other factors.

The aim of the present paper is to obtain new experimental data on the
neutron capture cross-section for 2380 for the 4-460 keV energy region. The
measurement method and the experimental facility used differ significantly
different from those in earlier work, and have enabled new results on the

absolute value of the neutron capture cross-section for 2380 to be obtained.

Measurement method and experimental facility. The radiative neutron

capture cross-section measurements were carried out in a fast and resonance
neutron spectrometer using the EhG-1 pulsed Van-de-Graaff electrostatic
accelerator at the Power Physics Institute (Obninsk) [13]. The measurements
involved the registration of prompt capture gamma-quanta using a large liquid
scintillation detector employing the time-of-flight method to determine
neutron energy and for background discrimination. The saturated resonance

method was used to normalize the cross-section; this method cuts out having
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to measure the neutron source and the efficiency of the detector system
directly.

The capture event detector comprised a spherical tank with a capacity
of 17 L filled with a toluene-based scintillator with 60% trimethyl borate
added. The neutron source was measured using a detector with a thin
(1 mm thick) 6Li window placed in front of the sample under investigation
and a detector consisting of a 10B plate and 2 NaI(Tl) crystals which was
placed behind the sample.

The experiment was carried out in three stages:

- Measurements in the 2-130 keV region with a path length of 0.72 m;

- Measurements in the 30-460 keV neutron energy region with a path

length of 2.4 m;

- Measurements in the resonance region with a path length of 2.4 m.

The spectrometer parameters for the experiments are given in Table 1.
A metallic lithium target was used to generate neutrons via the
reaction 7Li(p,n)7Be. In the last experiment, to obtain resonance
neutrons the target was surrounded by a polyethylene moderator the dimensions
of which were chosen with a view to optimizing resonance neutron yield and the

spectrometer resolution required to observe the "shelves" of the 2380

saturated resoﬁance at Eo = 6.67 eV. The geometry for all three experiments
and the parameters of the electronic apparatus (amplification and
discrimination thresholds) remained the same. The neutron beam was collimated
in such a way that its diameter did not exceed the diameter of the sample and
the diameter of the neutron beam detectors. The shape and position of the
neutron beam on the sample were monitored by means of special experiments with
ring samples made of metallic indium. A detailed description of the
experimental apparatus, the electronic apparatus and the measurement procedure

is given in Refs [14-16]. A lot of attention was paid in the experiment to

reducing the level of capture event detector background; this background can
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be divided provisionally into a constant component (independent of the flight
time) and a variable (prompt) component.

The constant background is caused by cosmic radiation, natural
radioactivity, and additional background in the building due to the neutron
beam and operation of the accelerator. This background, which is the main
component of the general background, was significantly reduced during
measurements with a flight path of 2.4 m by placing the detector system in an
insulated area separated from the accelerator target hall by a two-metre wall
of heavy concrete, and by the use of lead shielding. 1In experiments with a
short flight path, when the detector system was situated in the target hall,
the target was surrounded by a compact shield comprising a mixture of LiH and
paraffin to reduce the neutron background, and a 150 mm thick lead shielding
wall was placed between the detector and the target. Thus, despite an
increase in the background from the liquid scintillation detector, thanks to
the short path used in these measurements a significantly improved
effect-to-background ratio (better by a factor of approximately 10) was
achieved by comparison with the experiments with a flight path of 2.4 m.

In the course of each irradiation the constant background level was measured
o a high degree of accuracy (~ 0.5%) for the portion of the spectrum
between the gamma peak and the moment where neutrons of maximum energy were
registered for measurements with a long flight path, and in the region of the
E:o = 2.85 keV resonance of the 3Na filter which was constantly fixed on

the neutron beam for measurements with a short path, and in the region of the
Eo = 3.86 and 9.15 eV resonances of the llsln filter which was constantly

in position for measurements in the resonance region.

In experiments with a short flight path, in spectra measured by time of
flight, a variable background component was observed which was related to the
registration of instances of source neutron capture in the shielding, the

lifetime of these neutrons being 150-200 ns in such systems. This component

comprised 5-10% of the effect and was measured in experiments with no sample.
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The prompt background is caused by the registration of beam neutrons
scattered in the sample under investigation and, together with the constant
neutron background, it was reduced by adding trimethyl 5orate to the
scintillator. Special research carried out with graphite and
zoan scatterers showed that the sensitivity of our detector to scattered
neutrons was no greater than 7 x 10_3 at 5 keV, and it went down
to 2 x 10—5 at 100 keV. Under experimental conditions the prompt component
of the background comprised 2-10% of the effect and was measured in
experiments with an equivalent scatterer.

Another important source of systematic errors in experiments measuring
capture cross-sections is the finite thickness of the samples used. In order
to uncover these errors and to check whether the relevant corrections had been
properly introduced, measurements were carried out with a metallic sample and

oxide samples of two thicknesses. Samples prepared from depleted 238U

containing less than 0.004% 235U were packed in aluminium containers with a

diameter of 40 mm and a wall thickness of 0.07 mm (Table 2).

. 7
During the experiment, the radiative capture cross-section for 19 Au

was measured as well as that for 238U. The measurement results helped
monitor experimental conditions, and produced independent data on the absolute

value of the ratio of these two cross-sections.

Normalization of cross-section and corrections. Using the saturated

resonance method for normalization, the radiative neutron capture

cross-section can be obtained as follows:

Ne(E) | Groe(E) SL(E)
— ?
NiE)T GE SEVTL(E) g8

LG (E)=K

where K is the normalization coefficient; Nc(E) and NLi(E) are the number
of counts from the capture event detector and the neutron source detector with
the 6Li window in the fast neutron region in relation to energy; N is the

number of nuclei in the sample under investigation, atoms/b; cna(E)' c;a is
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the cross-section of the reaction 6Li(n,u)3H for a neutron energy E in the
saturated resonance region; SLi(E) is the correction for resonance self-
shielding and multiple scattering of neutrons in the sample; TLi(E) is the
transmission of the detector with the 6Li window. The coefficient K was

determined from measurements in the saturated resonance region using the

function
z (4 T .z
Ko N p? Tii Fyep , 2
4 c SZ. F.f Jr
Ne L "pép

where the index r denotes values in the saturated resonance region; f denotes
the same in the fast neutron region; PZ is the probability of radiative
capture of neutrons in the sample; FY is the correction for self-

absorption of capture gamma quanta in the sample; cY is the efficiency

of the capture event detector.

The probability of neutron capture in the sample in the saturated
resonance region Pz was determined from known resonance parameters taking
into account contribution from nearby resonances and the multiple neutron
scattering effect which was calculated using the Monte Carlo method. For the
sample of metallic uranium used in the measurements in the resonance region a
probability PZ of 0.99 + 0.02 was obtained (Eo = 6.67 eV), and for the
gold sample - 0.98 + 0.02 (EO = 4.9 eV). The error level in the calculation
of Pz is mainly due to uncertainty regarding the widths rn and FY for these
resonances.

f f 238

YcY) =1+ 0.02 both for U and for gold

was obtained by analysing the capture event spectra in the fast and resonance

The ratio (F e )/(F
Yy

regions and calculating the correction for self-absorption of capture gamma
quanta in the sample which was done by the Monte Carlo method using the
BRAND program package [17].

When calculating the correction FY' model spectra were used

representing a series of gamma quanta cascades [18] corresponding to
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experimental thermal neutron capture gamma spectra both in shape and average
number. A typical value for the correction FY for the samples used was
0.9-0.95, but for the ratio F:/Fi a value of 0.98 + 0.01 was obtained.
This ratio diverges from unity owing to the varying distribution of fast and
resonance neutron capture events over the sample thickness.

The efficiency ratio c:/ci = 1.02 + 0.02 was obtained by comparing

the count above the registration threshold measured in the fast and resonance

neutron region. Capture events were reduced to an identical number by
normalizing to the total gamma quanta energy obtained by the amplitude
weighting method using the weighting function for our detector [19]. The
result was confirmed by comparing thé shape of capture event amplitude spectra
normalized by area; these do not change as they pass from the saturated
resonance to the fast neutron region within the limits of statistical
accuracy (+ 2%).

Thus, taking into account uncertainties regarding the introduction of
other insignificant corrections (TEi and SEi) which form part of
expression (2), and doubts concerning the measurable experimental ratio
NEi/NZ, the accuracy of the normalization method was judged to be + 3%.

The relative behaviour of the 6Li(n,a)3H reaction cross-section
was used to obtain the cross-section cc(E) up to 130 keV. For higher
energies the
reaction 1OB(n,aY)7Li was used to determine neutron flux shape and the data
were normalized to obtain absolute values for the cross-section in the
50-100 keV range. The evaluation for the cross-sections of these reference
reactions given in the ENDF/B-V library was used [20].

The correction for multiple scattering of neutrons in neutron flux
detectors was calculated using the Monte Carlo method and the BRAND program
package. For the detector with the 6Li window the correction was 4-4.5% in

the 4-130 keV energy range, and for the detector with the 10B plate the

correction ranged from 13% at En = 30 keV to 16% at En = 450 kev. It
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should be noted that, since the data obtained in relation to the
7. . . . . ;
1oB(n,aY) Li reaction were normalized to results obtained in relation
to the 7Li(n,a)3H reaction, the uncertainty with regard to the
1

introduction of this correction for the detector with the 0B plate depends

not on its absolute value but its energy dependence.

The methodology put forward in Ref. [21] was used to calculate the
correction for resonance self-shielding and multiple scattering of neutrons in
the samples used. The correction amounted to 1% at a neutron energy of 4 keV
and increased smoothly up to 7% for higher energy levels. The main source of
uncertainty with regard to calculation of this correction is the error level
of the resonance parameters and it is evaluated at 2%.

It should be noted that the inference above that the value FYcY changes
but little when moving from the saturated resonance to the fast region allows
one to determine the absolute value of the capture event detector efficiency
ratio for uranium and gold from measurements in the resonance region, and thus
to obtain the og(E)/oﬁu(E) cross—-section ratio. This functional would seem to
be an important additional piece of information in that it is independent of the

1OIB(n,ch)7Li reactions and thus

reference cross-sections of the 6Li(n,a)3H and
avoids the inherent uncertainties of the latter.

Results and comments. The results of the neutron capture cross-section

measurements are given in Table 3. Columns 1 and 2 contain the results
obtained for a sample of metallic uranium in relation to the cross-sections of
the reference reactions 6Li(n,a)3H and loB(n,aY)7Li respectively, and
columns 3 and 4 contain the results for an oxide sample of thickness
0.00654 atoms/b.

Analysis of the data obtained from measurements with different types of
sample showed that, after the relevant corrections for the finite thickness of
the samples have been introduced, the measurements agree within the limits of

evaluable error. Therefore, the final values of oc(E) for 238U were
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obtained by averaging the results of all the different measurements with the
weight which is inversely proportional to the square of the error level.

The measurement error level comprises the statistical accuracy which
was defined as the mean square spread between series (from 6 to 21 for the
different types of sample), the error level for eliminating the background,
the normalization error level, uncertainty in the relative behaviour of the
reference cross-sections, the error level for the introduction of
corrections. The components of the total error level in relation to neutron
energy are given in Table 4.

The figure compares the results obtained on oc(E) for 238U with
the data from other papers. One can see that there is a high level of
agreement with the data from Ref. [2}], especially for the 10-100 keV energy
range where results agree to + 3% with the exception of two points (at 35 and
85 keV). 1In the 4-10 keV energy region the data from Ref. [2] are lower than
our results by 10% on average. In the 4-30 keV energy region our results
tally with those in Ref. [8], whereas the data from Ref. [3] are approximately
30% lower. It should be noted that in this energy region, owing to the low
level density, the capture cross-section can fluctuate a lot. Therefore, the
different averaging intervals used in the various papers can be an additional
cause for divergence of results. The data from Ref. [4] show a fair level of
agreement with our results for energies below 10 keV, but in the 20-100 keV
region they are systematically higher by 15%. 1In the 30-300 keV energy region
there is a high level of agreement for the absolute value with the last data
from Ref. [12].

Comparing the results obtained with the results of other authors one
comes to the conclusion that, in the 10-200 keV energy region, they lie on the
lower limit of all the experimental data. We note also that our data show a
high level of agreement over the whole neutron energy range investigated with
the latest evaluation given in Ref. [22] which was based on a simultaneous

analysis of the experimental data on all neutron cross-sections for 238U.
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The results obtained shéw clearly the sharp change in the energy
dependence of oc(E) above 44.7 keV which is caused by the opening up of
the inelastic neutron scattering channel with excitation of the first
2+ level in 2380. There are striking fluctuations in the capture
cross—section in the 150-300 keV energy region; they appear in other papers
too [7, 12). However, the detailed behaviour of these fluctuations cannot be
taken to be reliably confirmed at present and it is entirely possible that
they are caused by systematic measurement errors not taken into consideration.

The experimental results obtained on the neutron capture cross-section
were analysed within the framework of the statistical theory of nuclear
reactions in order to determine mean resonance parameters. For this analysis,
the EVPAR program was used [23] in which the radiative neutron capture
cross-section is calculated using the Hauser-Feshbach-Moldauer model and the
theorétical cross-section curve optimized with the experiment using the
maximum likelihood method. The program was also used to set up a correlation
matrix for error levels in the experimental data based on the above analysis
of the components of the total error level in the measurements.

Above 10 keV the contribution of neutrons with non-zero orbital
momentum to the capture cross-section becomes significant and, consequently,
the value of the cross-section in the energy range studied is determined using
s-, p— and a-wave neutron and radiation strength functions. To reduce the
number of variable parameters, the s-wave neutron strength function was taken

to be equal to S, = 1.11 x 10_4 (+ 10%), which value was obtained from an

0
analysis of resolved resonances in Ref. [24] to a high level of reliability.
By analysing the data below 10 keV where the capture cross-section is

determined in the main by the s-wave, a value for the radiation strength

function SYo was obtained which, within evaluable error limits (+ 10%),

coincided with the resonance value. Therefore, in subsequent analysis,

SYo was assumed to be equal to the resonance value §

given in Ref. [24] and was not varied.

yo = 11.3 (+ 4%)
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The optimal values of the mean resonance parameters, including the
values for the four strength functions Sl’ SZ’ SYl and SY2 found
by us, and their correlation matrix, are given in Table 5. Generation of the
correlation matrix takes into account the error levels for So and SYo
taken from the resolved resonance region.

The values obtained for the neutron and radiation strength functions
for p- and d-neutrons did not differ significantly from the parameters given
in Ref. [22], although some of the starting positions were different.

Overall, our data on the neutron capture cross-section in 2380 over the

whole 4-460 keV energy range fit in well with the Hauser-Feshbach-Moldauer
model using the resonance values for So and SYO' At the same time, the

values for the radiation strength functions for s- and d-neutrons are close to
one another, but for p-neutrons they are 25% lower.

* * *

Several cycles of measurements were performed yielding new experimental
data on the value of the radiative neutron capture cross-section for 2380 in
the 4-460 keV energy region. The accuracy level of the results in the
10-460 keV energy region is 4.5-6.0%. In this energy region the data obtained
lie on the lower limit of all the experimental results, but they show a high
level of agreement with the latest evaluation of the capture cross-section
done by the Power Physics Institute and incorporated in the FOND evaluated
data library [{25]. The capture cross-section was analysed using the
Hauser-Feshbach-Moldauer model and this showed that the data obtained agreed
well with theoretical calculations using the resonance values for S0

and SYO.
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lgple 1

Neutron spectrometer paraseters

p ¢ Experiment
araseter
1 2 3
Van-de-Graaff accelerator
Energy: .
Protons, MeV 1'9 .2.1 2,8
Neutrons, keV . 2-130 30460 I-30 ev
Pulse length, ns K 5 0,4 ¥
Repetition interval,
petition in ps 1,7 2,2 140
Mean current, 2 I.B 1.5
Spectrometer flight path, m:
Large liquid scintillation detector 0.72 2,4 2’4
-Detector: '
with 6Li windou 0,51 2,2 2,2
with loB plate - 2.7 -
Table 2

Characteristics of samples used

Sample No. Sample Thickness,

' atoms/b
1 238'0 |[letallic) 0.0054,5
2. 238U3OB ' 0.00554
3 2385304 0,00274
4 Rt 0,00458
S Vi . 0,00229

Table 3

Measurement results for the neutron capture cross-section for 238y and

ratios of the neutron capture cross-sections in 238y and !197Ay

En,. : Gy B : U/ Au
C ke I T2 3 1 <G> k= Gc/f"'c
45 = 1018 - 1290 - - 11544192 0,530+0,094
5.6 . 1085 - 1225 - 1155+158 0,57240,084
67 881 - 880 - 88197 0,509<0,061
7-8 819 - 880 - B50+80 0,584+0,059
8.9 713 - 820 - 767461 0,566+0,049
9.10 668 . - © 508 - - 738452 0,621+0,051
10-12 643 - 719 - - 68142 0,582+0,044
12.14 653 - 707 - - 650+38 0,689+ 044
14.16 584 - 598 - " 0,714+0,043
16.18 572 - - 594 - 583429, 0,72740,042
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Table 3 {continued)

58

(metat); 2 - '0B(n,av)7Li (metal); 3 - 6Li(n,a)3H(238us0q )
4 - '%B(n,ay) 7L (238y50q). S

- Eny \ 61 a eV /AU
by PR T <G> e R=G/6;
1820 530 - 569 - . - 550427 0,776+0,044
022 514 - 535 - 525-25 0,763+0,043
22.24 .. ... 480 - 491 - 485423 .0,78840,044
2426 . 458 - 486 .- - 472422 0,7520,041
2628 455 - 469 - 462421 0,76940,042
2830 .. . 437 - 473 - 455-21 0,73340,041"
3035 428 419 440 440 434320 0,785+0,044
35.40 - 400 403 407 . 409 405+18 0,770+0,042
2045 - 38] - 376 397 . an . 384417 0,820,044
4550 233 316 336 . 341 335+15 0,748+0,040
5055 .- ... 287 030I. 298 . . 303 . 294313 . 0,72150,039
5560 - .. 272 292 20 - . 218 277412 10,69250,037
60-65 =~ 256 263 262 264 | 280412 0,664+0,037
B5-70 - 237 254 240 225 24011 0,627+0,035
20-75 222 24 230 221 225+10 0,613-0,033
75-80 216 224 218 214 - 217-9,8 . 0,605+0,033
80-B5 ' 208 - 195 204 208 . 207-9,3 0,597+0,033
85-90 w199 - 194 - 198 - 201 - 20049 0,602-0,033
90-95 - - 187" - 0195 192 194 - - -19148,6 - 0,590+0,032
"95.100 | 182 "7 - 187 186 " 18I .18448,3 . 0,57940,032
100110 ° 1@ - 175 186 169 - 184483 -0,5710,031
110-120 - . 173 169 172 161 7 173.7.8 0,58540,032

120.130 -- 168 165 162 163 164.9,5 0,575.0,038
130.140 - 155 - - 147 '15148,8 0,534-0,035
140150 - - 152 - 142 14748,5 0,531+0,035

150.160 - 138 - 139 138.8,1 0,493+0,032

160-170 - 144 - 139 14248,1 " . 0,515+0,033
170-180 - 136 - 139 13847,9 0,5090,033

. 180-190 - - 140 - 133 13747,8 + 0,515+0,033

" 190200 - - 145 - 135 © 140478 - 0,53940,034
200210 - 144 - 133 13947,8 ' 0,533.0,034

" 210220 - 137 - 134 13547,6° 0,50640,032
220230 - 13 - 130 134:7,4 0,498+0,031
230-240 - - $ 136 - 129 13337,3 ' 0,51640,032
2402250 - 126 - - 121 - 12468 0,480,030
250250 - 132 - 117 125469 0,500+0,032
260.270 . 123 - 1227 122,546,7 0,49230,031
270280 - . 132 - ‘119, - . 12546,8° 0,510+0,032
280200 . 141 - 125 137,2 0,613+0,038
250300 - 132 - 133 T132,5.7,2  0,634:0,040

* 300-320 . - 135 - 127 13146,9 0,64240,039
320.340 - 138 4 122 13036,9 0,688:0,042
340350 - 130 - 124 12746,6 0,72540,044
360380 - 127 - 122 12546,5 0,767+0,046
380400 - 126 - 120 . 12355.3 0,794+0,047
400-420 - 124 - 118 12146, 0,B01+0,047
420.440 - - 121 - 121 12146,1 - -
440450 - - 125 | - 122 12446,1 . -

= Note: Capture cross-sections in relation to the reactions: | - 6Li(n,a)3H



_T_alble &

Error levels of experimental results

£ . rr.r: e.ve.l . Error leve.l
k :“ MR 'E t? : f] Ref . En,) limination off Reference
o s_t._ti“h.'l I;a::;_::u::n "’ r:a:::::i Total. - ke Statistical background reect_ion . Tota)
bross—sectiods - crpss-sectians
45 - 10,6 12,2 0,5 -16,6 120.130 3,8 0,5 2,00 5,
56 972 11,0 0,5 '13,7 200210 3,8 .05 1.6 5,7
0-l12- 3,0 3,4 1,0 6,1 300320 3,0 0,5 2,0 5,2
035 0,7° 0,5 2,0 45 440450 22 . 0,5 20 4,
0-120 0,65 0!5 2,0 - 4.5 .
-— Note: For all energy values the normalization error is 3.0%, and the error
leve! for the introduction of corrections 2.5%.
Teble 5
Optimum values for the mean resonance parsmeters for 238
and comparison with the evaluation in Ref, [22)
'P- 0 g ! Eerg Correlation coefficients Evaluation in
“ara- ptiaum value, rrdr 3 - :
seter . ;m" | level, % So S1 Sz Sa“o SB"1 sz\z :;;;[22]
So 1,11 24 100 1 ' 0,930,03
s, 2,2 . 8,5 016 I 2,3030,07
S, 28 97 0,03 0,03 I 3,0 50,3
S;, 113 24/ 4,0 -0,08.-0,55 0,02 I 11,050,3
sz.° 8,1 6,5. 0,27 0,03.0,01 .021 I '8,0+0,3
'Sz‘;- 108 .- 104 052 030037018014 I 8003
[
N l=
1000 (¢

5‘00. ' o ‘-
. e T

< ST
% 35 4
e B
200
e |4
10 ' . ' ! l |
3 5 10 20 50 100 200 500 £, ke

Hadntne capture cross-sectxon for 38 U. Sources of da_ta : Present uork [ .

- . :

P A, S A Sy e S My S AR VAR R
U- [12]; the curve represents the results of the authors’ calculation using the EVPAR progras

vith the parameters fros Table 5.
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EVALUATION OF MEAN RESONANCE PARAMETERS FOR “2350, PLUTONIUM ISOTOPES
AND 241Am USING DATA FROM THE RESOLVED RESONANCE REGION

V.A. Kon'shin, N.K. Salyakhov

Reference [1l] examines the basic principles employed in analytical
methods for evaluating mean resonance parameters: A3—statistics [2],
moments [3], maximum likelihood taking into account omission of weak
resonances [4, 5}, and the maximum likelihood method taking into account
omission of weak resonances and omission of resonances owing to multiplicity
[6, 7]. In Ref. [1], only the best methods [4, 6) for analysing data on

238U were described and used. This paper presents an example of the joint

use of the above methods to evaluate mean parameters for 2350, plutonium

isotopes and 241Am.

| In the A3—statistics method [2], the region where there is no
resonance omission is determined on the basis of the assumption that the true
resonance density is not dependent on energy. 1In other words, it is assumed
that the dependence of the rising sum of resonances N(E) on energy is linear
in the region where there is no omission. This region may be defined using
the following condition [3]

<A5(E)> = 6(8;)< 85(E)< <45(E)>+ G(ay) ,

where
As(E)=f2,iBrISE[N(E)-(AE+B)]2dE; <ag(E)>=1/a2 {En[N(E)-O,DSWJ} ; 62_(4\3):0,012,
A

The moments method [3] uses neutron width distribution moments to take

account of weak resonance omission. It is assumed that all resonances whose

reduced widths grg are greater than the conditional proportion a of

the true mean <gr:> are detected. 1In essence, the method compares the
expected theoretical value for the factor derived from the distribution
moment.s for a with the experimental value over the number of widths na

for which gr: > a<gr:> [4]:
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where

f(I)dI=(2.‘7E.1f)-1/283:p(-3:)dx; $=9Fr?/2<9/7$> .

The summations in the left-hand portion of the equation are calculated
by decreasing the widths until the ratio given in expression (1) is achieved,
and F(u):I:f(x)dx determines what proportion of the true number N
of resonances in the set is comprised by n.- The authors of Ref. [3] used
only one value of o = 0.24 in this method. C(Clearly, the non-dependence of
the result on o would be proof of the evaluation of N is reliable, and
therefore it would be useful to study the dependence N(x).

Coceva's maximum likelihood method can be used to determine the mean
reduced neutron width <gri> for p-resonances as well as the parameters

0 . .
<gI‘n> and <D>, (mean distance for s-resonances). The choice of the

0
shape and height of the conditional threshold n(E) above which it is assumed

there is no omission of resonances is an important feature of the use of this

method [4). We have used the type of threshold proposed in Ref. [5):

nEy=(AEB+C)t (2

where t is a variable parameter; the coefficients A, B, C are selected for
t = 1 on the basis of correspondence to the real resonance registration
threshold.

The Frohner method [6) can be used to take into account diffuseness of
the real resonance registration threshold. The parameters for the conditional
threshold, which is not set in any manifest way, are selected automatically.
The weakness of this method is the way it approximates the curve for the
rising sum of resonances when obtaining the expression for observable

resonance density. In some instances, the lack of similarity to the
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likelihood function owing to the incorrect approximation prevented us from
. . 241
using this method to analyse Pu data.
The above-mentioned methods vary with respect to their reliability.
Six factors which affect reliability may be singled out:
1. Allowance for the energy dependence of the threshold above which
all resonances are determined experimentally;
2. Allowance for diffuseness of the real registration threshold;

3. Allowance for omission of resonances owing to the multiplicity of

observable peaks;

4, Use of data on the energy dependence of the density of observable
peaks;

5. Use of data on neutron width distribution;

6. Use of data on the distribution of the distances between
resonances.

Table 1 shows which of these factors each of the various methods takes
into account and one can see that Ref. [6] takes fullest account of the
statistical characteristics of resonance parameters and of the causes of
resonance omission. However, one should bear in mind that the standard to
which these characteristics are taken into account may vary. Thus, factor 4

is incorporated more accurately in Ref. {4] than in Ref. [6].

Comparison of the results obtained using these methods and the level to
which factors determining the reliability of the evaluation have been taken
into account should provide a firmer basis for the evaluation of mean
parameters. The use of the methods described to evaluate the mean parameters
for 235U on the basis of the data provided in Ref. [3] in which resonances
are subdivided according to spin tends to support this conclusion. The
statistical data can be used to make an evaluation based on the total set of
resonances and sets of resonances divided according to spin, and these results

can be checked subsequently to see if they correlate. This also helps improve

the reliability of the final evaluation. In order to improve the reliability
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of evaluations the methods described were also used over various energy
intervals. 1If results tallied over several intervals this was taken as proof
that resonance omission was being taken into account adequately.
Use of the A3—statistics method [2] revealed that the set of
3 -resonances obeys the condition of linearity for the rising sum of levels
in the 0-100 eV region, and the set of 4 —-resonances and the total set of
resonances obey that condition in the 0-73 eV interval. The mean values for
<D>o obtained using the method employed in Ref. [2] are given in Table 2
together with the relevant statistical errors for the 0-73 eV interval.
Linearity of the rising sum of levels is often looked upon as an

indicator that there is no level omission. 1In fact, it only shows that the

proportion of omitted levels is not dependent on energy, as demonstrated in

the case of 238U.

The results for <D>, calculated using the method employed in Ref. (3]

0
showed that Dg(a) and Dg(a) are practically independent of the

parameter a over a wide range of its use. There are significant divergences
from the plateau on the Dg(a) value in the 0-100 and 0-80 eV energy
intervals; Dg(a) varies in the range 0.86-1.00 eV when a = 0.1-0.3.
Clearly, the dependence of Dg on the determination interval and the
parameter a is essentially related to the divergence of the experimental
neutron width distribution for 3 -resonances from the Porter-Thomas
distribution in the region of the conditional threshold a<grg>3—
(over 70 eV). The values given in Table 1 are for the 0-80 eV interval.
The parameter <D>o lies within the range 0.43-0.46 eV for change region of
ae({0.1-0.3]; <D>4 lies on average within the range 0.79-0.84 eV.

The error levels in the evaluation of <D>o using the method employed in
Ref. [3) includes statistical error (0.52/vN), error related to fluctuation

in the mean values over energy intervals, and error related to the parameter a.

The results of an evaluation of the mean values of <grg> and <D>o for

350 using the method employed in Ref. [4] are given in Table 2.



The region of permissible change for the threshold height was limited
to 80% of the part of the sample above the threshold, which is the usability
condition for the statistical error evaluations in the method. The evaluated
mean parameters (set of resonances not divided according to spin) turned out
to be practically independent of t (see Fig. 1). The width cut-off threshold
took the following form:

n(E) = (4.201078 V038 4 3.16.107%)¢

Use of the method employed in Ref. [6] showed that the parameters
<grg> and <D>o for 4 -resonances in the 0-90 and 0-100 eV intervals
are noticeably lower (by 9%) than for the 0-60, 0-70 and 0-80 eV intervals;

this produces a divergence in the values obtained for <D>_ using the total

0

set of parameters and those obtained using the sets for 3 - and

4 -resonances. This lends support to the view that level omission is not
being taken into account accurately enough in the 80-100 eV region. This
inaccuracy may be related to the choice of energy dependence parameters in the
expression for the density of observable resonances Po in the method

employed in Ref. [6]). A more realistic way of evaluating the coefficients
incorporated in the expression for Py is to determine them in the area of
linearity N(E). Then the values which may be obtained for <D>,- and

4

<g]"g>4 tally with the results over narrower intervals and can be used

to evaluate mean values (Fig. 2). In the 0-60 eV interval, the values of
<gfg> for the total set of parameters and the set for 4 -resonances
are noticeably higher (by 8%) than for the 0-70, 0-80 and 0-90 eV intervals;
this may be related to the small size of the sample.

The inaccuracy levels given for the mean values of <gfg> and
<D>o obtained using the method employed in Ref. [6] include statistical
error and error due to fluctuation of the parameters over intervals. The
value of <D>o = 0.426 + 0.016 eV obtained using the total set of parameters

tallies with the value obtained using the sets for 3 - and 4 -resonances.

From Table 1, one can see that the values for <D>_, obtained using the method

(0]
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employed in Ref. [4]) are systematically higher than the values obtained using
the method employed in Ref. [6]. This is due to the fact that the former
method does not take into account level omission due to multiplicity.

To evaluate the mean parameters for 239Pu, we used the evaluated data

in Ref. [8]. 1In the energy region up to 500 eV, 239Pu has 203 resonances.
It was assumed that they are all of the s-type. The results of mean parameter
calculations using the method employed in Refs [4, 6] are shown in Fig. 3.
Application of the Coceva method to the data from Ref. [8] revealed a
clear dependence of mean values on the width of the interval over which
averaging was being performed; this is due to the small size of the sample in
the 0-350, 0-400, 0-450 eV intervals. 1In each interval we managed to ensure
that the result was not dependent on the height of the conditional threshold
for registration of the parameter t (see Fig. 3a). The latter is evidence
that dependence on the energy interval is a characteristic of the data in
Ref. [9] themselves and not of the way the method employed in Ref. [4]
was being applied. 1In the 0-500 eV interval, <grg> = (2.51 + 0.15)-10—4 ev;
<D>o = (2.17 + 0.04) eV; <S>o = (1.16 + 0.05)-10_4. Use of the Froéhner method (6]
also revealed a dependence of the values of <grg> on the averaging
interval in the 350-500 eV region and a plateau in the 270-330 eV region,
(see Fig. 3b).
In the 0-500 eV region the mean values for <gr2> = (2.51 + 0.10)-10—4 eV

and <D>, = (2.17 + 0.04) eV tally with the values obtained using the method

0
employed in Ref. [4]. 1In our evaluation [8], the following mean parameter

values were obtained for 239Pu:

<D>, = 2.38 + 0.06 eV, <S> = (1.19 + 0.17)+10™%. The

0 0

application of methods which allow for the introduction of a correction for

level omission yielded a 10% reduction in the value of <D»>

The evaluated resonance parameters for 247Pu [10]) were analysed.

0"

The mean parameter values obtained using the method employed in Ref. [4]

were as follows: 1in the 0-1 keV interval, <D>0 =13.1 + 0.4 eV,
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<grg> = (1.40 + 0.05)-10_3 eV (total number of resonances - 75, registered - 70);

0 -
in the 0-0.9 keV interval, <D>o = 13.5 + 0.5 eV, <an> = (1.38 + 0.05)+10 3 eV

(total number of resonances 67, registered - 62); in the 0-0.8 keV interval,

(1.30 + o.10)-1o'3 eV (total number of

0
<D>o = 13.5 + 0.5 eV, <an>

resonances - 59, registered 56). The method employed in Ref. [6], when applied

to the data from Ref. [10], yielded the following mean parameter values: in the
0-0.95 keV interval, <D>0 = 13.1 + 0.3 eV, <grg> = (1.33 + 0.06)-10-3 ev

(total number of resonances - 73, registered - 66); in the 0-0.85 keV interval,

<D>o = 13.1 + 0.3 eV, <grg> = (1.28 + 0.06)-10’3 eV (six resonances omitted);
0 -
in the 0-0.75 keV interval, <D>0 = 13.0 + 0.3 eV, <an> = (1.26 + 0.07)-10 3 eV

(six resonances omitted).

The recommended mean parameter values for 240Pu are as follows:

<D>o = 13.1 + 0.03 eV, <grg> = (1.33 + 0.06)010_3 eV,<So> = (1.01 + 0.05)°10_4.

In our evaluation [10]) we obtained the following values: <D>o = 13.5 + 0.05 eV;

<So> = (1.10 + 0.16)-10—4. Introduction of the correction for level omission
produced a 3% drop in the value of <D».

The data from Ref. [9] and the data from the Japanese library [11l] were
used to evaluate 241Pu. Their low quality makes analysis of these
experimental data something of a problem. The difference in the resonance
parameters relates to their neutron width distribution (Figs 4(a) and (b)),
while the curves for the rising sum of resonances are practically identical
(Fig. 5). Since the overall shape of the curve is not straight it could not be
described using the approximations in the Fréhner method [6]; consequently,
that method could not be used.

Application of the Coceva method [4] to the data from Ref. [9] revealed

& noticeable dependence of evaluable mean parameter values on the energy

interval used (Fig. 6(a)). In the 0-50 eV interval, <D>
4

o = (1.06 + 0.06) ev,

<grg> = (1.55 + 0.15)+10 = eV (five resonances omitted); in the 0-100 eV

interval, <gr2> = (1.54 + 0.15)+10™" eV, <D>. = (1.12 + 0.06) eV

0

(13 resonances omitted).
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The evaluated data in Ref. [1l]) in the resolved resonance region were
obtained using experimental data on the capture cross-section [12] because
these were preferable to the evaluation given in Ref. [9]. Use of the
Coceva method [4] to analyse the data from Ref. [11l] yielded a lower
dependence of mean parameter values on the energy interval used by comparison
with Ref. [9], particularly for <D>o (Fig. 6(b)): In the 0-50 eV interval,
<grg> = (1.30 + 0.10)010_4 eV, <D>, = (1.00 + 0.09) eV; in the 0-100 eV
interval, <grg> = (1.42 + 0.10)-10-4 ev, <D>0 = (1.07 + 0.05) eV.

The following mean parameter values may be recommended: <D>0 = 1.07 + 0.07 eV,

<gl'g> = (1.42 + 0.10)+10"" eV, <§.> = 1.32 + 0.15)+10"%. When a correction

0
for level suppression was introduced; the value of <D>o fell by 25% by
comparison with our evaluation [9] in which <D>o was taken to be equal to
1.34 eV. The poor quality of available experimental data in the resolved
resonance region for 241Pu makes a reliable evaluation of resonance
parameters impossible.

The upper boundary of the resolved resonance region for 242Pu is
1 keV. Measurements in a higher energy region cannot be used for resonance
analysis. The evaluated data from Ref. {13] were used to evaluate mean
parameters for 242Pu. The rise in the total number of levels is linear up
to 1 keV. Application of the method employed in Ref. {4] to our data [13]
yields values of <D>o = 15.0 + 2.0 eV and <grg> = (1.41 + 0.20)010-3 eV
for the 0-1 keV region. There is a strong dependence of mean parameter values
on the width of the energy region over which averaging is being carried out,
and on the registration threshold parameter. Analysis of the data from Ref. {[13]
using the method employed in Ref. [6] yields the following parameter values:
<D>o = 13.5 + 0.5 eV, <grg> = (1.13 + 0.05)-10_3 eV in the 0-1 keV region
(four resonances omitted); <D>o = 13.5 + 0.5 eV, <grg> = (1.17 + 0.06)-10—3 ev
in the 0-0.85 keV region (three resonances omitted); <D>, = 13.4 + 0.5 ev,

<gr:> = (1.13 + 0.06)-10—3 eV in the 0-0.75 keV region (three resonances omitted);

<D>o = 13.08 + 0.5 eV, <grg> = (1.10 + 0.06)-10_3 eV in the 0.65 keV region
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. 242
(two resonances omitted). The recommended parameter values for Pu are as

follows: <D>0 = 13.5 + 0.5 eV, <grg> = (1.13 + (:1.05)-10_3 ev,

-4 .
<So> = (0.84 + 0.05)<10 . When a correction for level omission was

introduced the value of <D>0 of 5% by comparison with our evaluation [13] in
which we obtained values of <D>0 = 14.23 + 0.5 eV and <grg> = (0.91 + 0.15)-10_4.
241

The most detailed measurements of the resonance parameters of Am
are in Ref. [14] which uses transmission measurements to obtain values for
Zan for all observable resonances in the 1-150 eV region and values for
I'y for 40% of resonances. Use of the Coceva method [4] to analyse the data
in Ref. [14] produced the following mean parameter values: in the 0-50 eV

region, <D>_. = 0.552 + 0.050 eV, <grﬁ> = (3.7 + 0.3)-10_5 eV (total number of

0

resonances in the region - 89, 76 resonances registered, i.e. 15% level

omission); in the 0-75 eV region, <D»>
5

0= 0.572 + 0.050 eV,

<gr2> = (4.3 + 0.7)+10 ~ eV (total number of levels - 132, registered - 108);

in the 0-100 eV region, <D>_ = 0.570 + 0.050 eV, <gr2> = (4.47 + 0.7)-10-5 ev

0
(total number of levels - 171, registered - 136).

Use of the Frohner method [é] to analyse data from Ref. {10] yields the
following mean parameter values: in the 0-60 eV region, <D>0 = 0.50 + 0.08 eV,
<gF:> = (3.5 + 0.8)010-5 eV (total number of levels - 119, registered - 88);

0 -
in the 0-80 eV region, <D>, = 0.62 + 0.07 eV, <gF;> = (4.9 + 0.6)°10 3 eV.

0

From the above one may draw the following conclusions:

1. Evaluated values have been obtained for the mean parameters for
2350. There is a high level of agreement between the evaluations
of mean data for the total set and for the set divided according to
spin;

2. Spin identification of the observable resonances from the set of
data on 2350 enhances the reliability of the evaluation since one

can then also check for agreement of results with respect to the

total set of data and the set divided according to spin;
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3. Evaluated values have been obtained for the mean parameters for

239Pu, 240Pu, 242Pu and 241Am using the methods employed in

Refs [4, 6]. In view of the low quality and contradictory nature of

the data on 241Pu, new measurements of the total cross-section and

the fission cross-section should be carried out for this nucleus
using the type experiment employed in Ref. [14] for the 0-100 eV

resolved resonance region.
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Table |

Inclusion of factors affecting the reliability of mean resonance
parameter evaluations in the various methods.

Fectors

Methods

[2] -
(3]
[4]
[el

————

+ 4 41

Jable 2

Results of an evalustion of the parameters <gl"g>, <D>q and <Sp> for
23“;‘U, obtained by analysing the experimental data from
Ref. [3) using various methods. '

Parameter Type of

Method

T
i Final

::;mhr [2]

(3]

[4] [6] l evaluation

<9r',f> ,10‘5 oV 3 - resonences -
4”< resonances -
Tota! set -

3,30+0,51
4,5040,58
4,0750,40

3,56+0,54 3,30+0,51
4,23:0,56 4,50:0,58
3,93:0,38 4,0750,40

<D>D’ oV

Total

3-- resonances 1,0904+0,060 0,982+0,127
4"- resonances 0,805+0,053 0,820+0,088
sot 0,49140,035 0,447-0,036

1,01940,037 0,926+40,050 0,926+0,050

- 0,801+0,027 0,790+0,040 0,790+0,040

0,448:0,011 0,434+0,016 0,426+0,016

< SO>’ _10—4 37- resonances -

4. resonances -
Total set . -

0,80+0,11
0,94:0,12
0,88.0,09

0,815+0,11 0,815+0,11
1,01:0,12  1,0140,12
0,94:0,09  0,9530,09
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Calculated results for the mean values of <D>q and <gr2>

using the method employed in Ref, [4] for 2350, based on the
data in Ref. [3]) for various energy intervals. Expression (2) is
used to set the threshold; x,+ - threshold parameters for
A=4.2+ 108, B=1.0%8, C=3.16 « 105 o-as
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Fig. 3. Results obtained by appiying the method employed in Refs. [4] (a)
and [6] (b) to a set of 239y resonance parameters based on data
from Ref. [9) for the intervals: 0-500 eV (x), 0-450 eV (A),
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Fig. 4. Reduced neutron widths for 241py resonances based on dats from
Refs. [9] (a) and [11] (b).
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