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EVALUATED NEUTRON DATA FOR URANIUM-233

L.A. Bakhanovich, A.B. Klepatskij, V.M. Maslov,
G.B. Morogovskij, Yu. V. Porodzinskii, E. Sh. Sukhovitskij

ABSTRACT

The evaluation of the properties of the interaction of
neutrons with the 233U nucleus prepared for the neutron
data evaluated file BROND is presented. Existing neutron
interaction data is supplemented by evaluations of
experimental data. Other types of nuclear data and other
energy ranges are investigated by means of theoretical
calculations and systematics. The evaluated data
obtained in this work are compared with experimental data
and evaluations prepared by other authors.

INTRODUCTION

Recently, interest in the development of an advanced design
for the nuclear power sector using a mixed thorium and uranium
fuel cycle has increased significantly. One important advantage
of a thorium fuel cycle is that the resulting radiocactive waste
would not need to be confined for such long periods of time.
However, development of the thorium cycle has been held up mainly
by the high cost of producing the highly enriched uranium 2°*U
which it requires.

It would appear that by going over to using the 2**U accumulated
as a result of loading thorium in the blankets of fast reactors,
we can overcome the difficulties associated with the use of
thorium [1, 2]. However, effective neutron-physics studies on
such reactors will require a knowledge of the nuclear data for

" all nuclides associated with the thorium fuel cycle, which are

not at present available in our national library of evaluated
neutron data.

The present evaluation of a complete file of neutron data for
233y is part of the work aimed at establishing neutron data files
for all the nuclides of importance in the thorium cycle. The 323U
nuclide is produced by the following reaction in the neutron flux
of a reactor:
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The half-life of 2¥U is (1.592 + 0.002) x 10° years for a-decay
and (1.2 + 0.3) x 10 years for spontaneous fission [3].

The table below lists the energy Q values and thresholds T
[4, 5] of various neutron reactions involving the #*°U nucleus,
which are linked by the relationship

Mn_*Ma2a3 = 1,0086652 + 233,039654 =1
T M233 . (Q) 233,039654 Q) = 1,0043283 (Q)

ENERGY Q VALUES AND THRESHOLD T VALUES FOR NEUTRON REACTIONS
INVOLVING THE 233U NUCLIDE, IN MEV

Reaction Reaction

(n,y) . (n, nd)
(n,2n) . . (n, t)
(n,3n) . . (n,nt)
(n,4n) . . (n,He)
(n,p) . . (n, nHe)
(n,np) . . (n, *He)

(n,d) . . (n, n*He)

1. EVALUATED NEUTRON DATA FOR %%y
IN THE RESOLVED RESONANCE REGION (107°-100 eV)

For the purpose of our evaluation, the resolved resonance
region was divided into two parts: the thermal range (107°-1 eV),
where the cross- sections can be considered to have practically no
dependence on the temperature of the sample and therefore can be
presented point-wise; and the parametrized resonance range (1-100
eV), in which the cross-sections can be obtained from evaluated
parameters.

1.1. The thermal energy range (10-5-1 eV)

The evaluated cross-sections in the thermal range are quoted
point- wise, as the use of resonance formulae for analysis in this
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range is cumbersome owing to the necessity of selecting positions
and values for the negative resonance parameters (there may be more
than one), and the great sensitivity of cross-sections in the
thermal range to changes in the resolved resonance parameters.
Also, a better description and harmonization of the whole set
experi data can be obtained from a point-wise presentation of
cross-sections.

Preliminary analysis of the available information led to
following sets of experimental data:

For 0. - Kolar et al. [6], Brooks et al. [7], Vertebnyj
et al. [11], Harvey et al. [12], Block et al. [13], Muether
et al. [14], Pattenden et al. [15];

For o - Cao et al. [16], Deruytter et al. [17], Sanders
et al. [18], Pshenichnyj et al. [9], Weston et al. [19, 20],
Moore et al. [11];

For o, - Weston et al. [19, 20];
For o0, - Vertebnyj et al. [8], Olekca [21]:

For f - Brooks et al. [7], Pshenichnyj et al. 49],
Weston et al. [20], Sanders et al. [22], Smith et al. [23,
24), Magleby et al. [25], Pavlesky et al. [26].

The selection was based on fairly detailed experimental
information, in particular on a knowledge of the authors’
normalization (which is essential)for g, a,and 1, and also the
absence of any inconsistencies between the different sets of data.

The normalizing values of the data at thermal are taken from
Ref. [27]):
g, 587.60 x 1072° m?, O, 12.60 x 107%%m?,
O 529.60 x 107%% m?, 1 2.2960,
a, 45.40 x 1072% m?, V. 2.4928.

The experimental data for g, g, and f were renormalized to new
data values at 0.0253 eV on the basis of information about

previous normalization given in the relevant papers, and the o,
data of those authors who indicated their normalization were
renormalized in exactly the same way. Where there was no

information about normalization procedures in total cross-section




experiments, or where it seemed unreliable, irrespective of the
type of data, the normalization was calculated by the familiar
method of Block and co-workers [13], if measurements had been
made in the thermal region and there were enough of them to make
the calculation possible. In the remaining cases normalization
was performed on the basis of integrals to already normalized
data sets which appeared to be more reliable than others.

Subsequently, statistical weights were assigned to all the
selected data sets on the basis of the available experimental
information and an intercomparison of the detailed cross-section
curves. The PREDA-M program - a modification of the PREDA
program described in Ref. [28] - was used to process the
experimental values for e, ¢ ¢, and f, and the processing
procedure was run separately for each type of data, taking their
statistical weights intc¢ consideration. Note that the values of
the scattering cross-section quoted in Refs [8, 21] are not in
agreement with the value of ¢,%*°° which was used in our present
work, besides which the measurements started only from v
at 0.1 eV. The behavior of the scattering cross-section was
derived from the resolved resonance parameters on the basis of a
value of ¢,2%%° = 12.6 x 107 m? and taking the radius of the

potential scattering to be equal to 9.5784 fm.

The evaluated cross-section values for e., 0, and o, as well
as for the quantity @ are not entirely consistent, and there are
distortions in the &(E) curve obtained from evaluations of g, and

g,. All of this suggests that the initial experimental values
must have been of poor quality. Great care is called for in
handling Weston's g, data [19, 20], which were calculated on the
basis of ¢, measurements that relied on the ¢, data from

Refs [11, 15] and on Weston's own @, values [19, 21]. From the
diagram reproduced in Ref. [19] it can be seen that in the energy
interval 0.07-0.35 eV the total cross-section obtained by the
authors on the basis of their ¢, and ¢, data and Drake's

0, values [29] is systematically higher than Moore's g

values [11] which were used to calculate the values of ay- To
all appearances, therefore, the @, cross-sections in Ref. [19]
and consequently in the independent evaluation of g, were too

high, which in turn meant introducing a discrepancy in the




quantities n and a. Given these circumstances, calculated values
of the cross-sections ¢,, g,, 0, and the generally accepted value
of v, were used as reference values in deriving the complete.set
of evaluated nuclear data. Results for n(E) obtained in an
independent operation, and also gf(E) and &(E) results calculated
from evaluated cross-section values, were used to monitor the
quality of the nuclear data evaluation. The behavior of the
cross-sections in the low-energy region (from thermal to

107% eV), where no reliable experimental information was
available, was derived from an extrapolation of evaluated data.
The g-factor values obtained were the following: g, = 0.9980,

ge = 0.9955, and g, = 1.0273.

When the calculated values for o, 0, and g, were analyzed,

it became apparent that there was a certain discrepancy in the
behavior of the curves in the energy interval 0.35-0.55 eV, the
cause of which is still unknown. It seems unlikely that this
distortion would arise in the mathematical treatment of the
experimental data or that it could be a random phenomenon. Each
set of data for ¢, and g, which overlapped the aforementioned
range was processed separately: Refs [7-12, 15] for ¢. and

[11, 16-20] for g,. The distortion in the behavior of the cross-
section proved to be present in almost all sets. Exceptions were
found in the ¢, measurements of Ref. [15] and in the o
measurements of Refs {16, 18], but the experimental fission
cross-section values in [16] show a wide. scatter in this region,
and Ref. [18] contains few data. If we assume that the
distortion is due to the presence of impurity in the samples,
then, bearing in mind that the effect appears both in the total
cross-section and in the fission cross-section, and considering
also the size of the distortion, the logical conclusion would
seem to be that there is a significant #'Np or *!Am impurity
present. However, according to the authors' data on the isotopic
composition of their samples there are no such impurities: the
samples are composed entirely of uranium mixtures, and in
Weston's experimentalments [19, 20] consist of 99.99% 2%3U. Thus,
we can only assume that there is a weak resonance of %% at an
energy around 0.49 eV. A definitive answer to the question
whether such a resonance exists may emerge from polarized neutron
measurements similar to those in Moore's experimentalment [30].




Numerical values of the evaluated cross-sections in the
energy interval 107°-1 eV are contained in the #*U file.

1.2. Parametrization of cross-sections in the resolved resonance
region (1-100 eV)

To evaluate 2*U neutron cross-sections in the resolved
resonance region and derive recommended parameter values is quite
a complicated task. The fact is that the quality of the
available experimental measurements of ¢, ¢, and g, is far from
satisfactory; the resonances are located quite close to each
other, and this fact, together with the fairly large total width
(<K D>w0.7eV, <I'>/< D>« 0.6) complicates parametrization
because of the appreciable interference between levels. The
situation in the resolved resonance region for #°U is very
similar to the one which existed up until 1978 in the same region
for ?*U. The appearance at that time of Moore's work [30],
brought about a marked improvement in the quality of the #*U
recommended resonance parameters thanks to genuinely new
information about the number of resonances and their spins. To
solve the problem of the status of "artificial™ resonances [31]
and of the levels missed in experiments, measurements should be
made analogous to those in Ref. [30].

A survey of existing cross-section measurements has shown
that the following data sets can be used for parametrization:

(1) For ¢, - Kolar et al. [6], Moore et al. [11],
Pattenden et al. [15];

(2) For a; - Moore et al. [11], Cao et al. [16],
Deruytter et al. [17], Weston et al. [20], Blons et
al. [32]:;

(3) For a4 - Weston et al. [20].

After detailed analysis of the information available on the
measurements mentioned above, the following selections were made
for further work: for e, - [6]; for e, - [17, 32]; for a, - [20].

The remaining experimental data were not used because the energy

resolution was substantially worse than in the references which
were selected.




In parametrization, especially when three types of
cross—-section are being considered simultaneously, as in the
present case, it is very important that the energy scales used in
different experiments should be the same. Any inconsistency in
the scales may lead to the appearance of abnormal or even
non-physical parameter values. In our present work the resonance
energies from Ref. [31] have been used, and appropriate energy
adjustments were made in experimental data sets which did not
coincide with this scale. Thirteen fairly pronounced and
well-resolved resonances were selected as our basic resonances in
the energy interval 2-100 eV.

Statistical weights based on available information about the
experimental conditions and the behavior of the cross-sections
were assigned to all the data sets used. Furthermore, even at
the stage of preliminary analysis there were grounds to suppose
that we would find poor agreement between the experimental data
on different types of cross-sections, and this was in fact
confirmed later on. Thus, the weight for a particular
experimentalment was a numerical expression reflecting the
quality of the cross-section involved in parametrization. As was
to be expected, the lowest weight was assigned to the radiative
capture cross-section data from Ref. [20].

Average values of the cross-sections from different authors,
cited in Ref. [17]), were used to normalize the fission and
radiative capture cross- sections. The fact that Deruytter's
fission cross-section had already been renormalized to the new
2200 127] was taken into account here. The radiative
capture cross-section from Ref. [20] was renormalized, just as it
would have been necessary to renormalize the fission

cross-section from Ref. [20] in order to preserve the value of «.

value of g,

The parameters in the energy interval 1-100 eV were
calculated by the Breit-Wigner and Adler-Adler formalism, and the
parametrization method used was that in which the parameters G
and H are matched. The quality of the parametrization for each
formalism was assessed in the same way as in Ref. [33]. 1In the
energy interval under consideration there are 149 resonances,
although the file records parameter values for 178. For two




resonances below 1 eV (E. = -3 eV and E. = 0.17 eV) the
Breit-Wigner and Adler-Adler parameters were derived separately
through an evaluation of neutron data in the thermal range. The
parameters of 27 resonances above 100 eV were taken from

Ref. [34])]. Parametrization in the 1-100 eV interval took into
account the contribution of these additional 29 resonances to the
cross-sections.

The work carried out in the manner described above yielded
two sets of parameters derived from the Breit-Wigner and
Adler-Adler formalisms, each of which provided an optimal
description of the whole body of initial experimental data within
the framework of the corresponding formalism when the weights
assigned to them were taken into account. A "flat spectrum” was
then calculated for each set of parameters with due allowance for
the conditions indicated in Ref. [35]. It became clear that this
improved the description of the experiments by 25-30%. The "flat
spectrum™ for each set of parameters contains about 300 points;
this is quite acceptable, especially if one considers that a
third of the file relates to the interval 1-15 eV, and that
40 points-fall into the range 1-5 eV. The aforementioned fact
results from the poor agreement of the experimental data, which
is very noticeable for example in the 1.78 and 2.29 eV
resonances, which have large errors in the total cross-section
peaks due to the relatively great thickness of the sample used in
Ref. [6].

" The evaluation of parametrization quality showed that the
best description of the whole body of initial experimental
cross-sections is given by self-consistent Adler parameters with
a "flat spectrum®, and for this reason they were included in the
evaluated data file. However, it should be noted that a third of
the parametrized resonances have zero interference for all three
types of cross-section, which means that they are of the Breit-
Wigner type. If we compare the accuracy of the description of
the experiments given by the two parameter systems, ignoring the
"flat spectrum", then we may conclude that, on the whole, the
Breit-Wigner parameters reproduce the initial cross-sections
somewhat better (about 4-5% better). This is because of the low
quality of the experimental data and the long-range interaction
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of the Adler interference parameters, which is very hard to
assess.

The following limitations were selected for the parameters
obtained by parametrization using the two formalisms: total
width I' < 1.6 eV, and radiation width 0.02 < T, < 0.06 ev. It
turned out that, for the Breit-Wigner parameters, 19 values of T
and 53 values of I; have the maximum permissible values; for the
Adler parameters there are 13 and 51 respectively. Average
resonance parameters obtained from the two sets of parameters -
both for all resonances up to 100 eV, and leaving out resonances
which have the maximum permissible values of I and T, - are
listed in Table 1.1.

Table 1.1
Average resonance parameters

No.of  <I*> v 3 v T, v S,
reso-
nances eV for T eV for T, eV for T (eV)-1/2

150 1.304 1.41 0.558 2.41 . 14.21 0.973 x 1074
97 1.601 1.92 0.344 2.98 . 33.04 1.195 x 10
150 1.290 1.37 0.516 2.29 . 14.17 0.963 x 10~
95 1.664 2.07 0.364 2.48 . 34.59 1.243 x 107*

Table 1.2
Group-averaged cross-sections for ?*U, 107% n?

AE, eV Ot On of

1.0-2.15 . 10.45 359.11

2.15-4.65 . 11.87 125.53
4.65-10.0 . 10.69 101.23.
10.0-21.5 . 11.14 112.81
21.5-46.5 . 12.14 70.65
46.5-100.0 . 11.90 39.09




The first two lines of the table refer to the Breit-Wigner
parameter set, the third and fourth to the Adler set.

Group-averaged cross-section values derived from the
resonance parameters with the addition of the "flat spectrum™ are
listed in Table 1.2.

Let us note in conclusion that it will be possible to
improve the reliability of the resonance parameters and

associated quantities if new experimental measurements are made

for all types of cross-sections in the resolved resonance region.

2. NEUTRON CROSS-SECTIONS IN THE UNRESOLVED RESONANCE
ENERGY RANGE 0.1-40.35 keV

The evaluation of the U unresolved resonance range in this
evaluation is limited to the energy range of 0.1-40.35 keV. The
lower boundary is defined by the extent of the experimentally
resolved resonance range, and the upper boundary is related to
the opening of an inelastic scattering channel and the lack of
information on the strength function S,. The resonance
self-shielding factors for energies in the range defined by the
upper limit are equal to the unit to a high degree of accuracy,
which is indicative an overlapping of resonances and the correct
choice of the boundary between regions of unresolved resonances
and smooth cross-sections of the 2**U nucleus.

This evaluation takes account of the possibility of
splitting the °U compound nucleus subsequent to the preliminary
release of a y-quantum. This process significantly reduces the
radiative capture cross-section of the nucleus in question and is
treated as fission in the experiments. Study of the interaction
process of the neutron with the #*°U nucleus is limited by the
consideration of the s- and p-waves.

2.1. Experimental data used to evaluate average interval cross-
gections in the unresolved resonance range.

Cross-sections in the unresolved resonance range have a
complex structure, thus data with a good resolution should be
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used to estimate the group-averaged cross-sections.
Time-of-flight measurements meet these requirements.

Measurements at individual energy points are mainly averages over
intervals, and the averaging is carried out with an unknown
weighting function, thus the point data can be used only to
verify the consistency of the estimate.

The experimental total cross-sections in papers by Moore
[11], Fulwood [36], Kolar (6], Pattenden [15] and Poenitz [37]
were averaged over standard energy intervals. The latter data
were averaged to an energy of 100 keV, which is necessary for a
reliable determination of the strength function S,. The
averaging results are shown in Fig. 2.1.

The figure shows significant correlations in the structure
of cross-sections found by various different authors, but the
total cross-sections [11], measured within a narrow energy range,
lie much higher than the other data and these cross-sections are
hard to describe with the reasonable values of the strength
function S, and the potential scattering radius. The data in
Ref. [36] do not include information on errors, and they are

lower than all of the low-energy cross-sections. The data in
Ref. [6] are a little higher than the data in Ref. [15], but they
correlate well with each other, and at energies of over 0.4 keV
they also agree on an absolute value. Clearly, the large average
cross-sections in Kolar's paper are due to the energy resolution

being better than that in Pattenden's paper.

On-obtaining average interval cross-sections, only the data
from Kolar, Pattenden and Poenitz's papers were used (at energies
above 40 keV). The average interval total cross-sections
obtained are given in Table 2.1.

The data on the ?**U fission cross-section in the range of
unresolved resonances are not in themselves absolute and are
normalized to the thermal cross-section or resonance interval.
More accurate resonance fission integrals were measured in
Deruytter's paper [17]:

o-re/ néel

Y« forere =(uvog 159).06 eV I, = [or oE = (963.72 (0.0)-15 % wiev/

0.7Cev 3.r e/
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These integrals are related to the value of the thermal
fission cross-section @, = (529.6 + 1.35) +10*® m? used in the
measurement. As shown in Section 1, this paper takes that value
of the thermal fission cross-section. Integrals I, and I, are
therefore taken to be 1161.8 and 961.26 respectively.

The cross-sections measured in papers by Blons [38], Gwin
[39], Weston [20], Mostovaya [40] and Bergman [41] were used as
source data to evaluate the fission cross-section . 1In the
unresolved resonance range, other time-of-flight measurements
were also taken into account. These are in papers by Moore [11],
Bergen [42], Cao [16] and Albert [43]. However, careful
consideration of the integrals obtained from these papers shows
that in the different energy groups they require significantly
different renormalization to correspond with the given integrals,
which means that these data cannot be used in broad energy
intervals.

The data selected are normalized standardized in a uniform
manner to values taken at thermal and resonance integrals, and
when necessary renormalized to the new value of the standard
B (n,®) cross-section . The data obtained are shown in Fig.

2.2.

Some of the papers used, including Gwin, Bergman and
Mostovaya, present the data in broader intervals than those given
in this paper, initially the average cross-sections were obtained
for these intervals considering all available data and their
error; the data were then broken down into more detailed group
structure in accordance with the data from papers by Blons and
Weston. This explains the fact that in some energy intervals the
average fission cross-section lies beyond the boundaries of all
of the values considered by these authors. The group-averaged
fission cross-sections thus obtained are given in Table 2.2.

The value of & foi ?®®U in the unresolved resonance range is
presented in the only paper which reports on simultaneous
measurement of the cross-sections ¢, and ¢, in the range up to 2
keV [20]. The mean cross-section ratios <o1>/<og> obtained from
this paper in the given energy intervals are shown in Table 2.3.




2.2. Energy dependence of average resonance parameters

The average cross-sections in the unresolved resonance range
were calculated from the average resonance parameters using the
conventional method.

The average distances between levels <D;> with spin J were
determined from values of <D,> in the resolved resonance energy
range using the level density from the superfluid nucleus model
with allowance for collective modes [44, 45]. The average
neutron widths were calculated from the strength functions §;:

<[ >'; = S,<D>,E¥?p,

where P, are the transmission coefficients of the partial wave ¢,
calculated using the black nucleus model.

The fission widths were presented in the single-hump barrier
approximation using the Hill-Wheeler model:

(T $D77 4 . .,
w2 -ZFHexpl“ﬂ&:Q&

where E.’% are the fission barrier thresholds for specified J*®
whose relative position was selected mainly according to the
scheme presented by Lynn [46].

The energy dependence of radiation widths was determined
from the y-quantum cascade emission model with allowance for the
possibility of fission occurring subsequent to the gamma ray
emission (reaction (n,yf)). Thus, in addition to the <Pfﬂ, and
the <I,>’ widths, which according to the assumptions has the same
distribution as the radiation width, was also calculated. The
dipole resonance parameters required to determine the energy
dependence of the probability of f-quantum emission, were taken
from Ref. [46].

2.3. Evaluation of neutron cross-sections and average resonance
parameters in the unresolved resonance range.
The first step in evaluating the average resonance
parameters was the evaluation of the average optical parameters:
the potential scattering radius R, and the power functions 5, and




S, which were found by fitting the smooth theoretical curve to
the set of group-averaged total cross-sections (Table 2.1).
These parameters, which give a general description of the average
total cross-sections are: R, = 9.6 x 103 cm;

S, = 0.99 x 107 (eV)VZ%;

S, = 1.54 x 107* (eV)V2.

The corresponding theoretical curve is shown in Fig. 2.1. The
values of the potential scattering radius and the strength
function S,, which have the values 9.6 x 107** cm and 0.97° x 107
(eV) V2 respectively, correspond well with the values obtained in
the unresolved resonance range.

The main level density parameter for determining the energy
dependence of the average distance between levels was derived
from the values in the resolved resonance range <D,> taking into
account the possible missing levels due to their grouping and the
insufficiently sensitive equipment [39].

As mentioned earlier, the set of transitional states, is

based primarily on the assumptions of Lynn [46]; however, these
have been adjusted slightly so that on the average, the group-
averaged theoretical cross-sections (i.e. (n,f) + (n,yf)) give a

good description of the average interval fission cross-sections
obtained in the first stage (Table 2.2). The set of transitional
states used in this evaluation is given in Table 2.4.

The set of transitional states is more extensive than
necessary for fission widths, as a knowledge of the values of
fission thresholds of the compound nuclei, subsequent to the
emission of the dipolar y-quanta, (J = J, + 1.0) is needed for
calculation of [Iy> and <T\>.

A comparison of the experimental data with the smooth
fission curve is shown in Fig. 2.2.

It should be noted that the systematics of the radiation
width dependence, without considering the (n,yf)-process, gives a
value of 39 meV for the radiation width of 2?*¥U. Using a value of
32 meV for the radiation width to describe & data, and taking the

16




(n,yf)-process into consideration, gives results which are in
good agreement with systematics.

The next stage in the evaluation consisted of a detailed
description of the group-averaged cross-sections. Starting from
the fact that the average fission widths are significantly
greater than the radiation widths, it was assumed that the
fluctuations in the average fission cross-sections in the given
intervals correspond almost entirely to the power function
fluctuations, and should correspond entirely in the broad
intervals where there is little variation in the average fission
widths. Fitting the group-averaged total cross-sections by
varying the strength function S, has shown that this leads to an
almost total agreement in respect of the fission cross-section.
In this connection, in the range up to 2 keV, where the intervals
are not wide enough, which causes the average fission width to
fluctuate significantly. The average fission widths were also
fitted to agree with the experimental values <07>/<og> (Table
2.3). It was then assumed that the remaining discrepancy between
the group-averaged cross-sections and those calculated by fitting
of <g,> was the result of errors in the average interval cross-
sections <g,> and <g.> obtained from analysis of the experimental
data. Therefore, the quantities <g,> and <¢.> were shifted to
the same part of the dispersion region before the correspondence
of the <g,> values with the calculated fission cross-section
which were fitted to <g.>.,. The values for <g;,>,, and <g.>, thus
obtained were considered to be evaluated.

We note that the two final data points in the Pattenden
measurement (Ref. [15]) were not explainable from a physics point

of view and were included in the present calculations. Thus, in
the 6-40 keV energy range the data for ¢, were missing.

Evaluated group-averaged values of the fission cross-sections
were thus obtained, and the values of <g.>,, were chosen in such a
way that the fitted fission cross-section corresponded with <g.>.

The evaluated cross-sections are given in Table 2.5, the
average resonance parameters describing these cross-sections are
given in Tables 2.6-2.10.
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Let us note the following concerning calculation of the
(n,yf)-process cross-section. We assume that the width of the
(n,yf)-process, as that for the (n,y), has an infinite number of
degrees of freedom which requires that the total gamma ray
emission cross-section be calculated and then broken down in
proportion to the width of the radiation capture and that of the
(n,yf)~-process.

The ENDF/B format does not allow calculations to be made in
this way; consequently, the cross-sections in the ENDF/B format N
requires that the (n,yf) width be added to the (n,f) width, and
that a determination of the total fission cross-section be made
subsequently. Cross-sections obtained in this way differ by
less than 0.1% from those that are calculated. The number of
degrees of freedom of v in a yx?-distributions, to which also
include the (n,y) and (n,yf) widths is infinite. The values of v

for the elastic scattering and fission processes are given in
Table 2.11.

2.4. Comparison with other evaluations

Comparison of the average ?*3U resonance parameters in the
present paper with the JENDL-2 evaluation (Ref. [48]) show that
the given average distance between levels <D>,, = 0.42 eV is
significantly less than the value 0.68 eV used 1n JENDL-2. We
consider this value of <D> to be more reliable as it is obtained
from analysis of experimentally observed distributions of

distances between levels of neutron widths using the hypothesis
of missing levels due to their low numbers and grouping [47].

The strength functions 5, = 0.99 x 10 eV¥? and

S, = 1.54 x 10™* eV¥2 given in this paper are ~20% higher than
those used in the JENDL-2 evaluation [48].

The average radiation capture width, which is assumed to be
equal to 32 meV corresponds to a value of <I'y> = 39 meV derived
from systematics in the evaluation reported in Ref. [50] if one
considers that the average width of the(n,yf) process is equal in
these calculations to ~7 meV, and that systematics do not take
the reduction in the value of the radiative capture width into
consideration at the expense of competing processes.

18
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and 0, cross-sections (continuous line) with the
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Table 2.3
Ratio of the interval averaged
cross-sections <gp>/<g¢>

Emin-Emax + KB 3«51)/(6{) gE:r.'m.‘ Emax , XAB :<GPY/KE

0,I0-0,12 0,144 0,45-0,50 0,116
0,12-0,14 . 0,123 0,50-0,60 0,162
6,14-0,16 0,187 . C,80-0,70 0,115
0,15-0,18 0,131 0,70-0,80 G,I25
0,18-0,20 0,082 0,60-0,90 0,114

0,20-9,225 0,166 0,90-I,0 0,126
0,225-0,25 0,11 I,e-1,2 0,077
,25-3,30 0,126 1,2-1,4 0,092
0,30-0,35 0,092 1,4-1,6 0,u87
0,35-G,40 0,069 1,6-1,6 0,128
0,40-0,45 0,053 1,6-2,1 0,122

Table 2.4
Scheme of transitional fission states

E¢*, MeV Spin and parity oof transitional states

-1.50 0+ 2+ 4+
-1.00 1- 3~
-0.80 2+ 3+

-0.60 1- 2-

-0.30 2+ 3+
-0.05 1+
0.0 1- 2- 4-

The values were derived from neutron binding energies




Table 2.5
Evaluated 2*°U neutron cross-sections in the
unresolved resonance region, 107%% m?

®
.

s <6y <G

Emin=Emox _X3B; <GE) | <Gy : <6
I P2 3 14 i 5 1 6 ‘
0.10-0,12 57,080 11,887 38,817 I,I07 5,669
G,12-0.14 3,790  II,7i8  23;509 0,593 2,970
0,I4-0,I6 = 37,020 II;736 - 20,402 0,770 4,062 .
0,16-0,18 38;390  II,762 22,943 0,610 3,075 3
0,18-0,20 57,330 11,697  23;247 0,428 - 1,965

0,20-0,225 44,760 12,036 27,096 0,907 4,21 °
0,225-0,25 33,430 I1,7°5 19,095 0,443 2,177

¢ 25-0,30 37,240 11,837 2I,983 0,569 2,851 a
0,30-0,35 42,430 1I,710 18,623 0,366 1,731 5
0,35-0,40 32,950 11,696 19,558 0,310 1,386 -
0,40-0,45 23,80 II,585  II,459 0,150 0,616

,45-0,50 27,280 II,700 I3,840 0,329 1,611

0,50-0,60 27,850  II,807 I3,34I 0,440 2,262

0,r0-0,70 29,960 II,A25 15,894 0,385 1,886

0,70-0,80 26,300  II,757 12,671 0,330 1,632 A
0,80-0,90 26,950 1I,778 13,287 0,321  I,564 -
0,90-1,00 24,900 1I,748 I1,370 0,301  I,48I "
1,0-1,2 23,360 . 1I,629 10,700 0,I89 0,842

1,2-1,4 23,40 II,657 10,221 0,208 0,954

1,4-1,6 21,790 11,623 9,168 ' O,I8I  0,8I8

1,6-1,8 21,460 II,693 8,420 0,231 I,II6

1,8-2,0 21,400 1I,688 8,440 0,220 I,052

2,0-2,25 20,270 I1I,639 7,536 0,192 0,903

2,25.2,5 20,490 ° II,6%4 7,716 0,197 0,923

2,5-3,0 I9,570 11,619 6,940 0,I79 0,832

3,0-3,5 18,620 II,578 6,142 0,162 0,738

3,54,0 18,300 II,562 5,876  0,I56  N,706

4,0-4,5 17,710 1I,530 5,385 0,146 0,649

4,5-5,0 17,540 11,515 5,249 0,143 0,633

.5,0-6,0 17,140 11,483 4,925 0,137 0,595

6,0-7,0 16,510  II;436 4,412 0,127 0,535,

7,0-8,0 Is,I70 11,398 4,145 ..0,I22 0,505

8,0-9,0 Is,980 II,3¢5 4,006 0,120 0,489

Q,0-I0 15,780 . 11,332 3,858 0,II8 0,472

I0-12 , 15,300 II,279  3;481  O,III 0,429

I2-14 Is,070  II,220 3,328 0,II0 0,412

Ia-16 14,750 II,162 3,095 .0,I0? 0,386

16-18 14,810 11,108 3,194  O,III 0,397 )

. 18-20 14,330 II,060 2,811 0,104 0,355

20-22,5 14,370 10,997 2,9 0,102 0,350

22,5-25 14,240 10,935 2,860 0,102 0,343 .
25-30 13,940 10,843 2,698 0,095 0,304

30-40 13,570 10,698 2,493 0,095 0,284

40-50 13,280 10,524 2,385 0,097 0,2n
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Table 2.6
Evaluated average distances between levels
the compound ?**U nucleus, eV

Emin-Emax , “9B;_<D1) T(Dg) 1; <D3>
I : 2 : 3

*
1.

0,10-0,I2 1,592 0,983 0,733
0,12-0,14 I,592 0,983 0,733
0,14-0,1I6 1,592 0,983 0,733
0,16-0,18 1,592 0,283 0,733
0,18-0,20 1,592 0,983 0,733
0,20-0,225 I,592 0,983 0,733

0,225-0,25 . 1,592 0,983 0,733
0,25-0,30 I,592 0,983 0,733
0,30-0,35 1,592 0,983 - 0,733
0,35-0,40 1,591 0,983 0,733
0,40-0,45 1,591 0,982 0,733
0,45-0,50 1,591 0,982 0,732

0,50-0,60 0,982 0,732
0,60-0,70 © 0,982 0,732
0,70-0,80 0,982 0,732
0,982 . 0,732
0,981 - 0,732
0,981 0,732

0,91 - 0,71
0,980  0,73I
0,980 0,731

. 0,980 0,730
0,979 - 0,730
0,979 0,730

0,978 0,729
0,977 0,729
0,976 0,728
0,975 0,727
0,974 0,726
0,273 0,725
0,971 0,724
0,969 0,723
0,967 0,721
9,0-10 0,965 0,720
I0-I2 0,963 0,718
I2-14 0,959 0,715

14-16 0,955 0,712
16-18 0,952 0,709
18-20 0,948 0,707
20-22,5 .0,944 0,704
22,5-25 0,939 0,700
25-30 0,932 0,695

30-10 0,919 0,685
4050 0,902 0,672
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Table 2.7

Evaluated average %*°U neutron widths, meV -
o B 1 : 14 : . : H H 1
Ermin :a%ﬂ'E(r“") T Y 14T E<r“‘;,> 5(\-“‘5) R
I : 2 ¢ 3 .4 : 5 i 6 i 7

0,10-0,I2 0,001 O0,00I 1,192 0,889 0,00I 0,000

0,I2-0,14 0,00 0,002 0,842 0,627 0,00 0,000 .
0,14-0,I6 0,002 0,002 ' 0,908 0,677 0,00 0,001
0,I6-0,I8 0,002 0,002 I,084 0,88 0,002 0,001
0,I18-0,20 0,002 0,003 I,I64 - 0,868 0,002 0,00I
0,20-0,225 0,003 0,008 I,e”8 I,25I 0,002 0,001

0,225-0,25 0,003 0,004 1,233 0,920 0,003 0,001
0,256-0,30 0,004 0,005 I,678 1,251 0,003 0,001
0,30-0,35 0,005 . 0,006 I,6I0 1I,200 0,004 0,002
0,35-0,40 0,006 0,007 I,904 1,420 0,005 0,002
0,40-0,45 0,007 0,009 I,230 0,917 . 0,007 0,003
0,45-0,50 0,008 0,010 I,768 r,3is 0,008 0,003

0,50-0,60 0,0II 0,0I3 2,122 1,582 0,010 0,004
0,60-0,70 0,014 0,017 2,841 2,118 0,012 0,005
0,70-0,80 0,017 0,021 2,632 .I,92 0,015 0,005
0,80-0,90 0,020 0,025 3,097 2,309 0,0I9 0,008
0,90-1,00 0,024 0,030 2,994 2,233 0,022 0,009
1,0-1,2 .0'030 0,037 . 3,061 2,282 0,027 0,0II

1,2-1,4 0,038 0,047 3,517 2,623 0,035 0,015
I.4-1,6 0,047 0,058 ~ 3,608 2,690 0,044 0,0I8
1.6-1,8 0,057 0,00 3,94 2,948 0,053 0,022
1.8-2,0 0,067 0,083 4,38 3,275 0,06z 0,026
2,0-2,25 0,080 0,098 4,334 3,231 0,073 0,030
2,25-2,5 0,094 0,16 4,972 3,707 0,085 0,036

2,5-3,0 O0,II7 0,144 - 5,146 3,837 0,I08 0,014
3.0.3,5 0,50 0,185 5,335 3,977 0,138 0,057 h
3540 0,085 0,228 5,867 4,375 " 0,I70 0,07
4,0-4,5 0,223 0,275 6,04 4,504 0,205 0,084
4,5-5,0 0,262 0,324 6,50 4,891 0,242 0,09
5.0-6,0. 0,326 0,402 . 7,064 5,267 0,300 0,I”3

6,07,0 0,416 0,514 7,350 5,480 0,383 0,I58

7,0-8,0 0,513 0,634 7,865 5864 0,472 0,195

8,0-9,0 0,616 ‘0,761 8,533 6,362 0,567 0,234

9,010 0,724 0,894 9,086 ' 6,774 0,667 0,274

10-I2 0,895 I,105 9,222 6,875 0,824 . 0,339 _
 2-14 1,138 1,406 10,200 .7,6I1 - 1,048 0,431 '

14-16 1,397 1,724 10,617 .7,9I15 1,286 0,570
16-18 I,668 2,059 12,434 9,270 1,535 0,A2 -
1A-20 I,951 2,409 1II,558 8,617 I,7°6 0,70
22,5 2,281 2,816 13,344 9,948 2,100 0,608
6225 2,661 3,286 14,282 10,53 2.4AR0 1 -
L) 3,254 4,018 14,587 10,875 2,006 .00

30-40 4,502 5,559 1I5,733 II,729 4,144 T,7CE

40-50 6,251 ‘7,718 17,942 13,375 5,753 2,36
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Table 2.8
Evaluated average #°U fission widths, meV

Emin - Emax, 1<Tg 3 1CTE, ) <MD 1 CTgl) £ KTy T,
f2 : 3 .f 4 G 5 f 8 i 7

632,423 380,576 554,859 283,481 400,397 233,687
632,410 380,570 551,885 365,218 400,388 233,683
632,406 380,569 554,880 177,683 400,385 233,603
) 632,382 380,551 554,849 332,445 400,369 233,675
0,18-0,20 £32,369 380,545 554,836 728,462 400,360 233,671
0,20-0,225 632,357 380,540 554,823 217,780 400,352 233,668

0,775-0,25 632,348 380,537 554,8I3 432,834 400,345 233,666
0,25-0,30 632,329 380,529 554,793 349,224 400,325 233,661
0,30-0,35 632,280 380,504 554,746 613,414 400,292 233,643
0,35-0,40 632,252 380,492 554,717 1027,573 400,273 233,635
0,40-0,45 632,223 380,479 554,687 2055,I79 400,252 233,627
0,45-0,50 632,195 380,466 554,657 407,764 400,233 233,620

0,50-0,60 632,147 380,444 554,608 226,412 400,199 233,606
0,60-C,70 632,080 380,413 554,540 40I,970 400,153 233,587
0,70-n,6u 632,012 380,382 554,472 351,974 400,107 233,568
0,80-0,90 631,955 380,356, 554,413 407,354 400,067 233,552
0,90-1,00 631,888 380,325 554,345 344,982 400,020 233,533
I,0-1,2 631,792 380,281 554,247 846,342 399,953 233,505

I1,2-1,4 631,657 380,219 554,III 613,022 399,861 233,467
I1,4-1,86 631,533 380,161 553,983 668,872 399,774 233,429
I,6-T,8 f31,407 3B0,I04 553,856 334,296 399,687 233,3M
I,-2,0 631,274 380,042 553,720 370,281 399,595, 233,355
2,0-2,25 63I,I30 379,976 553,573 396,450 399,489 233,3I5
2,25-2,5 630,977 379,906 553,416 396,37 399,383 233,272

2,5-3,0 630,737 379,795 553,170 396,247 399,216 233,200
3,0-3,5 . 630,410 379,643 552,837 396,077 398,990 233,107
3,5-4,0- 630,004 379,492 552,505 395,9I3 398,770 233,014
4,0-4,5 629,777 379,345 552,181 495,742 398,544 232,924
4,5-5,0 629,460 379,198 551,856 .395,577 398,324 232,830

628,971 378,970 551,356 395,320 397,984 232,630

.628,328° 378,669 650,697 394,974 397,531 232,502°
627,695 378,368 550,037 394,632 397,084 232,317
627,061 378,065 549,376 394,289 396,637 232,127
626,407 - 377,761 548,714 393,938 396,183 231,937
625,447 377,307 547,725 393,419 395,514 231,665
624,158 376,693 546,395 392,710 394,610 23I,271

622,878 376,075 545,062 . 392,000 -393,7I0 230,891
621,598 375,459 543,735 39I,283 - 392,809 230,506
620,305 374,827 542,388 390,552 391,901 230,II4
618,858 374,121 540,883 389,732 390,888 : 229,678
617,253..373,335 539,211 388,802 382,753 229,185
. 614,831 372,132 636,678 387,385 388,046 - 228,439

609,985 369,696 531,601 - 384,498 384,631 ' 226,926 -
603,479 366,353 624,763 380,503 380,042 224,850




Table 2.9
Evaluated average **U (n,yf) widths meV

B et T2 1<) FUTIR T TROR L TR IR T o
I H 2 - . 3 < 1 . 5 - g - 5

0,10-0,I2 15,134 10,359 8,442 5,521 16,112 10,827
0.12-0,14 15,135 10,359 8,443 5,521 16,113 10,827
(. 14-0.16 15,I35- 10,360 6,443 5,522 16,113 10,428
0,16-0,18 15,135 10,30 8,443 5,522. 16,113 10,028
0,18-0,20 15,136 10,360 8,443 5,622 16,114 10,829
0,20-0,225 15,136 10,360 8,444 5,522 16,114 10,829

0,225.0,25 15,136 ‘10,361 8,444 5,523 16,115 10,830
0,25-0,30 15,137 10,32 8,445 5,523 -16,II6 10,830 -
0,30-0,35 15,138 10,362 8,445 5,524 16,117 10,831
0,35-0,40 15,139 10,363 8,446- 5,524 16,118 10,832
0,40-0,45 15,130 710,364 8,447 16,119 10,633
0,45-G,50 15,140 - 10,365 - 8,448 16,120 . 10,831

0,50-0,60 15,IaI 10,366 8,449 : 16,I21 10,835
G,60-n,70 * 16,143. 1C,367 8,450 16,1 10,837
0.70-0,00 15,144 -10,309 8,452 5,520 16,126 10,839
0.00-0,00 18,146 10,970 8,403 5 16,128 10,810
0,00-1,00 15,112 10,372 8,165 ; ‘16,130 10,842
1,0-1,0 15,150 10,374 - 8,457 33 16,133 10,845

{,2-1,4 14,153 10,377 8,460 3% 16,137 10,849
1,4-1,6 _ 15,156 10,331 8,463 X 16,141 107852
1,6-T,6 .15,160 10,334 8,466 - 16,116 10,856 -
I,8-2,0 . 15,163 10,387 8,463 . -16,150° 10,859
"2,0-2,25 15,166 10,390 . 8,472 ; 16,154 10,863 .
2.26-2,5 15,170 10,394 8,476 5,548 - 16,159 10,868

15,176 10,400 8,482 16,167 10,875
15,184 10,408 8,489 16,I78° 10,884
15,192 10,416 8,497 16,188 10,893
15,200 10,424- 8,504 - 16,199 10,902
15,208 10,431 8,512 . 16,200 10,911
15,220 10,443, 8,523 16,226 10,924

15,235 10,459 8,538 16,245 10,942
15,261 10,474 8,553 -16,266 10,960
15,267 10,490 ° 8,568 16,287 . 10,979
16,263 10,506 8,583 - 16,308 10,997 -
15,306 10,529 8,606 16,339 . 11,074
15,338  I0,651 8,636 16,381 11,060

15,370 10,601 8,719 . 16,430°  II,IO02
15,402 10,632 8,750 ~Ied72° 11,139

15,433 10,664 8,781 16,514  II,I35

15,469 10,700 8,816 16,561 11,217

22,5-25 15,508 10,739 8,855 ° 16,614 1I,262
25-30 15,568 10,799 8,914 16,693 - II,332

30-10 ' 15,687 10,919 9,031 - 16,851 . II.47I-
40-50 15,846 11,079 9,166 . 17,083 II,657




Table 2.10 :
Evaluated average 2*°U radiation capture widths meV. -

Emin Emax,: <Fgd T 3 <Py
I ;2 § 3 ;4

5 <rr30) E .< rTS') E > -
P85 1 6 ;7

0,10-0,I2 24,452 28,796 30,712 ~ 33,006 22,415 26,896
0,I2-0,14 24,452 28,796 30,712 33,006. 22,415 26,89
0,14-0,16 24,452 28,796 30,713 -.33,007. 22,415 26,897
0,16-0,I8 24,452 28,795 30,712 33,006 22,415 26,89%
0,18-0,20 24,452 .28,735 30,7I2° 33,006 22,414 :26,896
0,20-0,225 24,452 28,795 30,712 33,006 - 22,414 26,896

0,225-0,25 24,452 28,795 30,712 - 33,007 22,414 26,896
0,25-0,30 24,452 28,795 -~30,7I2. 33,007 22,414 26,896
0,30-0,35 . 24,451 28,795 30,712 33,006 22,413 26,895
0,35-0,40 24,452 28,795 . 30,712 33,007 22,413 26,895
0,40-0,45 24,451 28,795 30,712 33,007 22,4I3 26,895
0,45-0,50 24,452 28,795 . 30,712 . 33,007 22,413 26,895 .

0,50-0,60 24,452 28,795 30,712 33,007 22,4I2 26,895

' 0,60-0,70 24,451 28,795 30,712 33,008 22,411 26,894
,70-0,80 24,451 28,794 30,712 33,008 22,4I1 26,094
1,80.0,90 24,451 28,795 30,712 33,008 22,410 26,8
0,90-1,00 24,451 28,794 30,712 33,008 22,410 26,893
24,451 28,794 30,712 33,009 22,409 26,893

24,450 28,794 30,7II. 33,009 22,407 26,892
24,450 28,794 30,7I1 33,010 . 22,406 26,891
24,450 28,794 30,712 33,011 22,405 26,891
24,450 28,793 . 30,711 33,0IL 22,403 26,890
24,449 23,793 30,711 33,011 22,402 26,889
. 24,449 28,793 30,711 . 33,012 22,400 26,868

. 24,449 . 28,793 ' 30,711 33,0I3 22,398 26,887
24,448 . -28;792 30,710 33,014 22,395 26,885
24,447 28,791 30,710 33,016 22,392 26,883
24,447 - 28,791 30,710 33;0I7 - 22,308 26,882
24,446 28,790 - 30,710 33,0I9 22,385 26,880
24,445 28,789 30,709 33,020 22,38 26,877

24,443 © 28,788 30,708 33,022 22,374 26,873
24,442 - 28,787 . 30,708 33,025 22,367 26,870
24,441 28,786 30,707 - 33,028 . 22,361 26,866
9,0-10 = 24,432 : 28,784 30,707 .33,030 22,354 26,862
I0-I12 24,438 28,783 ° 30,706 ,33,034 22,345 26,856
I2-14 24,435 28,780 30,704 33,039 22,332 26,849

I4-16 24,432 " 28,769 - 30,650 33,005 22,313 26,836
16-18 24,430 "28;767 30,649 33,009 © 22,300 26,829
1820 24,427 - 28,764 30,646 33,0I3 22,287 26,821
20-22,5 24,424 28,761 30,644 33,0I9 22,272 26,812
22,5-25 24,421 28,758 30,642 33,024 22,256 26,803
25-30 24,416 28,753 30,638 . 33,032 22,231 26,788

3040 24,408 28,744 30,631 33,048 .22,I83 26,759
40-50 - 24,39 -28,731 30,644 33,069  22,II8 26,719
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Table 2.11
Number of degrees of freedom for y¥* distribution
of average partial widths

Ve

Energy ranges, keV
0.1-2 2-20 20-25
3
2

4
3
3
2

3. THE 2°°U NEUTRON FISSION CROSS-SECTION

The 2¥U neutron fission cross-section has been studied in
some detail in the 0.04-20 MeV neutron energy region (Fig. 3.1).
The studies have consisted mainly of measurements relating to the
235) fission cross-section, with only one series of data [49]
covering the whole neutron energy range of interest to us. 1In
addition, we do have a little data from absolute measurements at
points E, = 14-15 MeV '[50, 51] and E, = 1.9 MeV [52] and in the
0.13-8 MeV region [53], obtained using various techniques for
recording the fission fragments, measuring the neutron flux and
converting the fission cross-section ratios into absolute values.
The discrepancies between the experimental values would seem to
have been due to the fact ‘that systematic errors associated with
the various techniques were not taken into account. Even from
the data we have, however, it is possiblevto select a
representative set of experiments which agree among themselves
within the error limits and can provide a database for
evaluation.

3.1. Brief description of the experiments

Using the time—of-flight method, Carlson et al. [4%9] have
measured the ratio of the U and 2*°U fission cross-sections over

the widest range of neutron energies - 1 keV-30 MeV. Instead of
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an electrostatic accelerator, a linear electron accelerator was
used for producing the neutrons. An ionization chamber was used
for recording the fission fragments. Two methods were used for
normalizing the data: the thermal calibration method and the
isotopic impurity method. With the latter method, the ratio of
the cross-sections for U and #*°U was obtained from the ratios
of the cross—sections for #**U and #*°U and for #*°*U and 2*U. 1In
the 1.75-4 MeV normalization range, with these two methods the
normalization coefficients for the energy dependence of the #*°U
and #**U fission cross—-section ratio are different: thermal
calibration gives ratios =3.6% higher than those given by the
isotopic impurity method. The final normalization coefficient
was determined by averaging. The authors' total error level for
the ratio varied from ~ 2% at 1 keV to ~ 1.2% in the ~ 1 MeV
region, rising to ~ 2.6% at ~ 20 MeV.

Dushin et al. [50] have measured the cross-section for 23U
fission by 14.5 MeV neutrons using the time-correlated associated
particle method. The reaction 3H(d,n)®He was used to produce the
neutrons, and a plastic scintillator was used to record the
helions associated with the neutrons. An ionization chamber was
used to detect the fission fragments. Layer calibration was done
by measuring the alpha activity. The error level for the cross-
section was 1.7%.

Zasadny et al. [51] have measured the absolute value of the
cross-section for ¥y fission by 14.62 MeV neutrons. A track
detector was used to record the fission fragments. The neutron
flux was determined relative to the 3¢Fe(n,p)®Mn activation
cross-section. A 4% proportional counter was used to measure the
activity. Time-related variations in the neutron flux were taken
into account through the use of a boron counter. Microbalances

were used to determine the number of nuclei in the layer. The

error level for the cross-section was 3.3%.

Kalinin et al. [52] have measured the cross-section for 233U
fisgion by 1.9 MeV neutrons using the time-correlated associated
particle method. The reaction D(&,n)?He was used to produce the
neutrons. A silicon surface-barrier detector was used to record
the helions. The uniformity of the layer was determined from the
alpha activity. The error level for the cross-section was 3.8%.




Poenitz [53] has measured the fission cross-section in the
0.13-8.0 MeV energy range. This is the only work in which the
absolute fission cross-section values have been measured over
such a wide energy range. An ionization chamber was used to
record the fission fragments. A total absorption detector was
. used to measure the neutron flux. The number of nuclei in the
layer was determined by measuring the alpha activity. The error
level for the cross-section did not exceed 1.8%.

Iyer et al. [54] have measured the ratio of the 233y and 3%y
fission cross-sections at E, = 14.1 MeV. Plastic track detectors
were used to record the fission fragments. No information is
given about the calibration of the fissile layers. The error
level for the ratio was 18%.

Meadows has measured the fission cross-section ratio in the
0.1~7.5 MeV neutron energy range [55]. The ionization technique
was used to study the energy depcendence of the ratio. Absolute
ratio values were obtained at four energy points: 1.5, 2.0, 2.5
and 3.0 MeV. The thermal calibration method was used for
conversion to absolute values. Calibration by comparing the
alpha activity levels of the #*°U and #°U layers yields results
which agree within the limits of statistical error. The error
level for the ratio did not exceed 1%.

Meadows has also measured the fission cross-section ratio at
E, = 14.74 MeV [56] using the method described in Ref. [55]; the

reaction T(D,n)’He was used to produced the neuﬁrons. The error
level for the ratio was 0.7%.

Fursov et al. [57] have measured the #°U and #°U fission
cross-section ratio in the 0.024-7.4 MeV neutron energy range.
The ionization technique was used to study the energy dependence
of the ratio. The values thus obtained were normalized to the
data produced by measuring the ratio using the glass detector
technique in the 0.127-7 MeV energy region. The thermal
calibration method was used to convert the data to absolute
values. The error level for the cross-section ratio values did
not exceed 2.2%.




Kanda et al. [58] have measured the 2*%U and ?*°U fission
cross—section ratio in the 0.5-7 MeV neutron energy range. The
number of nuclei in the 23U layer was determined from the alpha

activity level; the number of nuclei in the %*°U layer was
determined using the thermal calibration method. The error level
for the cross-section ratio was 0.7-1.9%.

Shpak et al. [59] have measured the #*®U and ?*°U fission
cross—-section ratio in the 0.06-3.28 MeV energy region. The
fission fragments were recorded using glass detectors in 4=
geometry. The thermal calibration method was used to convert the
data to absolute values. As the neutron energy rose, the error
levels for the ratios decreased from ~1.8% to 1.2% (at E, = 3.28
MeV) .

White et al. have measured the #*°U and ?*U fission cross-
section ratio at the following energy points: 0.04, 0.067,
0.127, 0.312, 0.415 and 0.505 Mev [60]; 1.0, 2.25, 5.4 and 14.1
MeV [61]. An ionization chamber was used to record the fission
fragments. The ratio of the numbers of nuclei was determined by
comparing the alpha activity levels in the layers. 1In the
renormalization of the data, account must be taken of the new
half-life value T%,,. This increases the ratio by 3.6%. The
error level for the ratios was ~2%.

Nesterov and Smirenkin [62) have measured the 23U and 2*U
fission cross-section ratio in the 0.3-2.5 MeV energy range. The
measurement technique was similar to the one used later for a
wider neutron energy range [57)]. The accuracy of the cross
section ratio measurements was at the worst 3%.

Pfletchinger and Kappeler [63] have measured the ?**U and ?**U
fission cross-section ratio with an accuracy of 1.6-2.7% in the
0.005-1 MeV neutron energy range. The fission fragments were
recorded using a gas scintillation detector in 4% geometry. The
energy of neutrons from the reaction "Li(p,n) was calculated
using the time-of-flight method. The masses of the ?*U and *°U
layers were determined by comparing their alpha activity levels
with the alpha activity levels of calibrated layers. The 23U
layer contained 11.25% 2°°U.




Gwin et al. [39] have measured the cross-section for 233y
fission by 5-200 keV neutrons. The neutrons were produced by a

linear electron accelerator. A boron counter was used to
determine the energy dependence of the neutron flux. An
jonization chamber was used to record the fission fragments. The
data were normalized to the resonance integral in the 22.6-101.3
eV region [20]. The uncertainty of such normalization was 5%.

zhuravlev et al. [66] have measured the ratio of the cross-
sections for 23% and 2*°U fission by filtered beams of reactor
neutrons at 2.24, 55 and 144 keV. An ionization chamber was used
to record the fission fragments. The 2*U fission cross-section
was measured using this technique [67], with normalization to the

235J fission cross-section value at thermal ¢°¢ [34]. The #°U

fission cross-section values can therefore be regarded as
normalized to ¢° 2**U. The ¢° 2*°U value, which was obtained
relative to ¢°, 2°°U, is in good agreement with the recommendation
given in Ref. [27].

Zhagrov et al. [68] have measured the ?*°U fission cross-
soction for incident neutron energies of (44 + 7) keV and
(120 + 9) keV. The neutron flux was determined relative to the
reaction Mn(n,y) from P and y coincidences. Mica detectors were
used to record the fission fragments. No information is given
about the calibration of the layer. The error level for the
cross-section was 4%.

Mostovaya et al. [40] have measured the 233y figsion cross-
section in the 0.1-100 keV neutron energy region. A linear
electron accelerator was used as neutron source. The reaction
g (n,x) was used in determining the energy dependence of the
neutron flux. An ionization chamber with a high time resolution
was used to record the fission fragments. The measurement
results were normalized in the 166.9-1223.3 eV region to a

resonance integral taken from Ref. [39].

Using a neutron spectrometer based on neutron moderation in
lead, Bergman et al. [41] have measured the ?*U fission cross-
section and its relation to the 2*U fission cross-section in the

0.2-50 keV range. The neutron flux was determined relative to
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the reaction B(n,&). An ionization chamber was used to record
the fission fragments. The thermal calibration method was used
to convert the data to absolute values. The error level for the
cross—-section was 0.7-2.1%, while that for the ratio was
0.8-2.3%.

3.2. Analysis of the experimental data and evaluation of the g

of (233U) energy dependence

From even a cursory analysis of the experimental data it is -
possible to conclude that the levels of accuracy claimed in the
references cited above do not correspond to the systematic
differences between the data produced by the various authors.
Performing measurements for 23U is a complex task owing to the
way its high alpha activity level affects fission fragment
recording efficiency and to the sometimes low isotopic purity of
the layers (the correction for the presence of other isotopes can
be as high as ~3%). However, no clear correlation can be
identified between, on the one hand, the differences in the ratio
measurements in terms of shape or absolute value and, on the
other hand, the method used to determine the recording efficiency
ratios and the numbers of nuclei in the 2°°U and 2°°U layers. The
results of absolute fission cross-section measurements are an
important addition to the experimental data. Therefore, using
the %%y fission cross-section from ENDF/B-VI [69], we move from
the 2**U and #°U fission cross-section ratios to g, *°U. The
o °U evaluation given in ENDF/B-VI takes into account all
the main characteristics of the energy dependence of the fission
cross-section found in the latest experimental work [70].

From the totality of the data for neutrons with energies
greater than 0.1 MeV, it is possible to single out some groups of
data which correspond to the different tendencies in the behavior ,
of the fission cross-section. Carlson's data [49] form the core -
of the first of these data groups. The results obtained by
Fursov et al. [57], Shpak et al. [59], White et al. [61],
Pfletchinger et al. [63] and Iyer [54], the results of the
absolute measurements performed by Kalinin et al. [52] and the
data obtained at the Radium Institute and the Technical
University in Dresden [50] agree by and large with Carlson's
data. The data obtained by Meadows [55, 56] and Kanda et al. [58]
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and the results of the absolute measurements at 14.62 MeV
performed by Zasdany et al. [51] belong to the second group. It
is reasonable to say that the data in Refs [51, 55, 56] are
systematically higher than the data in the first group, while the
results in Ref. [58] for measurements in the region of the

fission neutron spectrum maximum (~2 MeV) are higher than the

data in both groups and have a significantly different shape.

Poenitz's absolute measurement results [53] are somewhat
dispersed, but on the whole they agree better with the data in
the first group.

Let us now look at the data in detail. The largest
discrepancies(~10%) are observed near 300 keV. Ref. [57] gives
the lowest level and Ref. [53] the highest. The situation is
complicated by the fact that, according to all sources except
Ref. [59], the cross-section here has a non-monotonic
resonance-like character; in Ref. [59], owing to the poor
resolution, there is only a "step™ in the cross-section in the
200-400 keV energy region. The evaluated curve in the 0.1-0.4
MeV range is based on the data in Ref. [49]. 1In the 0.4-2.0 MeV
region, the results of Refs [57] and [49] are in good agreement.
In the 0.55-0.85 MeV range there is another "step" in all the
data series. The third such irregularity occurs in the 1.2-1.5
MeV region. The results in Ref. [55] for the 0.4-2.0 MeV region
are systematically higher than the data in the first group, but
they reproduce both the "steps" noted in Refs [49] and [57]. The
results in Ref. [58] have a comparatively large spread in this
region and are systematically higher than the data in Ref. [55].
The evaluated curve in the 0.4-2 MeV region is based on the data
in Refs [49] and [57] (Fig. 3.2).

In the neutron energy region between 2 MeV and the (n,n'f)
reaction threshold (Fig. 3.3), Ref. [58] gives the highest
figsion cross—-section level. The results in Ref. [55] for the
1.5-3 MeV range have an energy dependence different from that of
the data in Ref. [58]; they are 2-3% lower than them and
systematically higher than the data in the first group.

Ref. [57] contains the most detailed study of this neutron energy
range. The data of Nesterov et al. [62] have a comparatively
large dispersion and are not shown in Fig. 3.3, but on the whole
they agree more with the results in Ref. [57]. The data in
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Ref. [4°%] are in good agreement with the data in Ref. [57] as
regards both the shape of the energy dependence and absolute
value. The other data series [53, 55, 58] have differing energy
dependencies in this region, while the absolute differences are
as high as ~7%.

Thus, in the 2.0-3.5 MeV energy range the evaluated curve is
based on the data in Refs [49] and [57] and agrees with Refs [52]
-and [61]. In the 3.5-5.5 MeV region, the evaluated cross-section
is determined by averaging the data in Refs [49] and [57], owing
to the minor (< 1%) difference between them (Fig 3.3).

Near the (n,n'f) reaction threshold and the second "plateau"”
between 5.5 MeV and 7.4 MeV, the evaluation was based on the data
in Refs [49] and [57], the "break™ in the energy dependence of
the values in Ref. [49] near 7 MeV being ignored. It should be
noted that from the (n,n'f}) reaction threshold to where the
cross-section reaches the second "plateau™ data in the first and
second groups are in fairly good agreement, but that over a wider
range the fission cross-section energy dependencies derived from
the data in the two groups and in Ref. [53] differ. This shows
up clearly at energies above 8.0 MeV, where the data in Refs [55,
56] give a g, level which is approximately 5% higher than the
values in the first group. In the 7.4-20 MeV region, the
evaluated curve is based on the data in Ref. [49] and agrees with
the data in Refs [50, 54, 61] (Fig. 3.4). At neutron energies
below 100 keV, the 2°°U fission cross-section is not a smooth
function of the incident neutron energy and is not regarded as a
standard cross-section. We therefore looked at two types of work
in the case of this region: (1) work where the ratio of the 233U
and #°U fission cross-sections is measured; 2) work where the 233U
fission cross-section is normalized to the thermal cross-section

or the resonance integral of the 2?*U fission cross-section.

In the 10-100 keV neutron energy iegion, the results of

direct measurements of the #*°U fission cross-sections were
renormalized to Deruytter's fission integral [17] (data from

Refs [39] and [40]); the results given in Refs [41] and [66] were
renormalized to the 2*U and ?*°U thermal fission

ross-section [27]. The data for the neutron energy region below

40 keV were analyzed in the preceding chapter, and we therefore




consider only the 40-100 keV range here. The data in Refs [39]
and [41] are in good agreement, but within the error limits they
also agree with the results given in Refs [66] and [68], which
are systematically about 5% lower than the data in Ref. [39]
(this is a mistake in normalizing to Weston's resonance
integral [20] in the 22.6-101.3 eV range). The energy
dependencies of the data in Refs [39] and [40] are in agreement.
However, in view of the fact that the results of the relative
measurements of the ?*U and ?*°U fission cross-sections in

Refs [49] and [57] agree more closely with the ratio of the
average 233U and #*°U cross-sections given in Ref. [39] than with

the data in Ref. [40], we give preference to the data in
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Fig. 3.1: 2¥U/?3%Y fission cross-section ratios:

- evaluated fission cross—-section ratio
- exporimental data:s Rof .38 ~ ;) Rof.d40 - = = ,

Ref.41 ; Ref.49 @ ; Ref.50 « ; Ref. 53 Q ;
Ref.55 + ; Ref.57 A ; Ref.58 V; Ref.62 A ;
Ref.63 x ; Ref.64 B ; Ref.65 0 .




Ref. [39] (Fig. 3.5). The ratio of the average #°U and **U
cross-sections given in Ref. [40] is on the whole lower than the
totality of the experimental values. Figure 3.1 compares the
experimental U and #*°U fission cross-section ratios and the
evaluated curve which was obtained using the evaluated **%y
fission cross-section and the ?**U fission cross-section given in
ENDF/B-VI. The evaluated curve reflects the main characteristics
of the energy dependence of the #*°U and #°U fission cross-section
ratio. The most pronounced peak at v:-6 MeV is caused by the
difference in the (n,n'f) reaction thresholds for the neutron
fission of ?**U and #*°U.
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Fig. 3.2: 233y fission cross-section for 1-2 MeV neutrons:
- evaluated fission cross-section
- experimental data, Ref.52 @ ; Refs.60,61 ¢ ;
(see Fig. 1 for other reference symbols)
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Fig. 3.3: 23y fission cross-section for 0.1-7 MeV neutrons
(see Figs. 3.1 and 3.2 for reference symbols)
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Fig. 3.4: 233U fission cross-section for 1-20 MeV neutrons: B
Ref.51 B ; Ref.54 & ; Ref.56 @ ; (see Figs 2.1 )
and 3.2 for reference symbols)
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23y fission cross-section for 1-100 keV:
evaluated data

experimental data: Ref.38—-—-; - Ref.40
Ref .41 —--—-— ; Refs 66,67 @ ; Ref.68 @

CROSS-SECTIONS FOR THE INTERACTICN OF NEUTRONS WITH THE “*U
NUCLEUS IN THE FAST NEUTRON ENERGY RANGE 0.04-20 MEV

Experimental cross-section data for the interaction of fast
neutrons with the #*°U nucleus, excluding fission cross-section
measurements described in the previous chapter, make it possible
determine fairly reliably the total interaction cross-section.
Furthermore, data on measurements of & in the energy range up to
1 MeV and elastic and inelastic scattering cross-sections at the
first levels at several energy points below 3.5 MeV can be used
in the evaluation.

4.1. Evaluation of total cross-section

There are six sets of experimental data on @.(**°U), each of
which partially covers the 0.04-20 MeV energy range:




Stupegia [71] for incident neutron energies of 3.4-1611
keV with an error of v 2.5%;

Foster et al. [72] in the energy range 2.5-15 MeV with
an error of v 1-2%;

Green et al. [72] in the neutron energy range 0.5-10
MeV with considerable error;

Poenitz et al. [37] for 0.04 < E, < 4.43 MeV with an
error of 1.5 to 4%

Ponitz et al. [74] in the energy range 0.03-4.8 MeV
with an error of 2-2.5%;

Poenitz et al. [75] for neutron energies of 1.8-20 MeV

with an error of 1.5-2%.

The data in Ref. [71] are systematically lower than all the
others and the results in Ref. [73] have a significant spread.
The evaluated curve for o¢.(E) in the region up to 12 MeV was
constructed using the least squares method without taking into
account the data in Ref. [71)]. Weights of all the remaining
experimental data were assigned which were inversely proportional
to the square of their errors.

The dependence 0.(E) thus obtained is described in the
framework of the coupled channel method with the potential
parameters calculated earlier for actinides [76] by varying only
the deformation parameters B, and P,. The difference between the
evaluated and calculated curve does not exceed 2% over the whole
energy range, and therefore in evaluating e, at E, > 12 MeV, for
which we have experimental data only from one work,we took into.

account the energy dependence predicted by the calculation.

4.2. Optical cross-sections

The optical cross-sections and the neutron transparencies
necessary for the statistical calculations were obtained by the
least squares method using the potential parameters [76]:

Vg = (46,14-0,3 E) Mab, 1g=1,256 Du, (13-0,626Pw,

312 +0,4 EYMab (E<10Mab), *2:1,26 P, .
b= .*’ 12 Mab ( E 710M3B); QD {0,55540,00[\5 E) q)H'

Bo= 0186, Py = 0,090,

The deformation parameters @, and fi; were refined by fitting
to the evaluated curve of ¢.(E), as noted above, and to the
values of the strength function S, and the potential scattering
radius R' evaluated in the resonance region. The values for 5,
and R' obtained by calculations with the given potential
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parameters were 0.995 x 107*(eV)? and 9.51 fm respectively. The
calculations were performed taking into account the link between
the first five levels of the main rotational band of the 23U
nucleus (Table 4.1). The quality of the description of the total
cross-section ¢, is shown in Fig 4.1.

4.3. Calculations using the statistical model

For neutrons with energies below the threshold of the
(n,n'f) reaction, the cross-sections of the ¢, reactions -
fission (n,f), radiative capture (n,y) and the (n,n') reaction -
were calculated using the statistical theory of nuclear

reactions:
9 xR
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where U = B, + E is the excitation energy of the compound 234U
nucleus ; B, is the separation energy of the neutron from 2*U;
T,;°* are the neutron attachment factors calculated using the
coupled channel method with the deformation potential given
above; P/J* is the probability of the (n,x) reaction in the [J%;)
channel determined by the transparency ratio of elastic T, and
inelastic T,, scattering and also of the radiation T, and fission
T, channels; §S,3*3 is the factor taking into account partial
width fluctuations.

The transparency of the inelastic scattering channel T, is
determined by the ratio

T (W)= Ez'j'%: rTglsr(E’)'?n.(l.{'Bn‘E',I',SI')Q'.E',
whereby the emitted neutron transparencies fpjﬂ'(E') were
calculated using the spherical optical potential, which
reproduces well the cross-section for the formation of the
compound #**U nucleus calculated by the coupled channel method
[78]; pn(U-B,~E',I',&x') is the ?*°U compound nucleus level
density.




The level density p(U,J,x) was calculated using the
phenomenological model taking into account shell, superfluid and
collective effects [45]:

p(UIJI t) = Kpot:(Ul J) ‘ de(U) .pnqp(UIJI t) 14

where p,,(U,J,%) is the level density with spin J and parity % in
the non-interacting quasi-particle model.

Factorization of the contribution of the collective
rotational excltation K, (U,J) and vibrational excitation K (U)

to the total level density corresponds to their adiabatic
separation. Shell effects on level density were modelled by
introducing the energy dependence of the main level density

parameter:

~ i U~ Exon
Qs {1 + 8WM{) \(‘_ E“:; }, W>0A41 an)'Azn(;)-

a ‘ -ém-An(i) .i
ey (W= Qygy (Uep) =Qyp, U£04Fxp Bingpy - mBn gy,

where m = 0, 1, 2 - for even-even, odd-even(even-odd) and odd-odd
nuclei respectively; £(x) = 1l-exp(-yx) is the dimensionless
function defining the energy changes caused by the shell effects.

In order to calculate the corrections for the shell effects
3Y, for the purpose of calculating the level density of the
residual nucleus, we used experimental values for the nuclear
masses [6] and the parameters of the Myers-Swiatecki liquid drop
model [79]. The correlation functions A, were determined from

the even-odd differences in the nuclear binding energy.

At low excitation energies U < U, = 10.7 - 0.028 A - mh;,
where A is the mass number, the total level density p(U) was
modelled by the simple temperature dependence in the well-known
Gilbert-Cameron approach. This procedure can be regarded as a
renormalization of the results of the superfluid model at low
excitation energies, making it possible to reproduce the
increasing contributions of low-lying levels:

pa) - exp LU +maY/T);
A _1 .
T - ln POl s

Kpom - Kkon
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where g; is the parallel moment of spin dependence p(U,J,®); Wy

is the density of internal quasi-particle excitations [45].

The value of U, is the point at which the superfluid model
and the constant temperature model join. By systematizing the
parameters U, and T we obtained D, = 0.34 eV for the compound
233y nucleus which agrees well with the value of 0.42 eV adopted
in this work . For #*%U the present value for D,, is 3.81 eV,
which agrees well with D,, = 4.1 eV [80]. In order to calculate
the level densities of the #?U and ?*'W nuclei formed in the
(n,xn) reactions, we used the systematized results of Ref. [81].
For the 2**U and 2*®U nuclei the value of & was determined by
normalizing p(U,J,®) to the observed neutron resonance density
evaluated in this work and in Ref. [80] respectively.

The radiation transparencies T,Jl were calculated using the
Axel-Brink approximation [82] assuming that the main contribution
to y emission is made by the electric dipole gamma transitions:

¢ 14 .

I
3 wwoe JGOF P2 PUEpT)dEy .

Fi| -
In order to calculate the photoabsorption cross-section o,(e,),
€, < U the parametrization in Ref. [83] was used, taking into
account splitting of giant dipole resonance for actinides and
making a good approximation of o,(€,) for low energy Yy quanta:

| 2 & 16, .

g, = 250 mb, E, = 10.5 MeV, I'y; = 2.5 MeV,
g, - 300 mb, E,; = 14 Mev, T,, = 4.5 MeV.

The constant ¢, was determined by the normalization of the
radiative capture widths

Tﬁ(%n)
26P(Br,Ia)

< r,i’( Ba)) = —

to the observed value of the total radiation width <I',> = 39 MeV
and was found to be 1.21. The neutron radiative capture
transparency T""'(B,,) was calculated by taking into account the
competing (n,yy), (n,yn') and (n,yf) reactions [84].




In the double-humped barrier model [85], the neutron fission
N of odd actinides can be considered a two-stage process
consisting of consecutive transmission through the internal A and
‘external B thresholds. 1In this case, the transparency of the
fission channel T/*(U) can be represented as

15 W 3w = x
T{(u)= T;A : Tis /(T;A + T;b )

The fission transparency of each of the humps is determined
by the level density in the transitional state p.(€,J,I) at the

corresponding deformation:
Y -4
L I 290 X e oMo
Ty = ; Toxg * 5\““9[ fwxttp € ml} Pr(€,3DAE,

where E* and hW, is the height and curvature of the barrier
x = A(B). ’

For the even-even fissile nucleus (?*'U) at neutron energies
of E< U, + EA® - B, i.e. below the two-quasi particle state
excitation threshold, TK,, was determined by the collective
levels in the energy gap. The collective level spectra for the
internal and external saddle configurations of light uranium
isotopes are different. They are associated with the asymmetry
of the saddle configurations. The internal saddle of the uranium
nucleus with A < 234 is stable with respect to y deformations,
but the external saddle configuration has mass asymmetry, whereby
E*, < E5 [86]. As a result, K, ~ ¢2 and K*,, ~ 2'¢°,. Moreover,
in view of the mass asymmetry of the external saddle
configuration, the collective states of bands with negative
parity K& = 0°, 17, 27, 3~ are significantly lower than the
corresponding states in the nucleus with small quadrupole
deformation. For the internal saddle, the values of E, for the
23y nucleus [77] were taken as the band foundation positions and
for the outer saddle, the values in Ref. [87]) were taken as an
initial approximation. After that they varied slightly. In
order to construct the complete scheme of transitional states,
the band foundations were supplemented by rotation bands with the
following energies :

2
Eyqx = Egs * —2-%{@; [3(3+1) -x (o))
Tl2/2F1A = 6,5 xaf Tla/ZFlb‘-: 2,5 nal,




In addition to the EX® fission barriers, the other
parameters of the model were the shell corrections dW,™ and the
correlation function of the nucleus in the transitional state As.

The shell corrections, taken from Ref. [81], generally
corresponded to the form

SWF”aE?”-E“”

NXK o

where E*® jis the liquid drop forming fission barrier at the
corresponding deformations.

The correlation function A; was determined by the energy
dependence of @, in the 2-5.5 MeV region. The theoretical
barriers given in Ref. [86] were taken as the initial values of
EXR®. The values of EX and E.®, which enable us to describe the
experimental cross-section data for the 2*U(n,f) reaction, agree
well with the results of the theoretical calculations of the
fission barriers [86] (see Ref. [88]). Similar agreement is
observed in the case of the compound #*3U and #%2U nuclei
fissioning in the (n,n'f) and (n,2nf) reactions. The fission
barrier parameters are given in Table 4.2.

Having established the parameters for the optical potential,
level density, fission barriers and radiation strength function,
we can proceed to calculate the neutron cross-sections.

Figure 4.2 shows the experimental data from Ref. [89] on
angular distributions of elastically and inelastically scattered
neutrons. By means of incoherent summation of the cross-sections
of direct and compound level excitation, we can obtain a good
description of the angular distributions at 1.5 MeV. At 0.7 MeV
it is not possible to obtain a satisfactory description of the
angular scattering of neutrons which excite level 7/2*. Evidently
the experimental excitation cross-section for the first level
7/2* is too high by a factor of approximately two. Figure 4.3
shows a compariéon of the 7/2*(a) and 9/2*(b) level excitation
cross-sections with data from the JENDL-3 evaluation [90].

Figure 4.4 compares the experimental results from Refs [89
and 91] and the evaluated elastic scattering cross-sections given
in JENDL-3, the present work and ENDL-78 {92]. It should be




borne in mind that owing to inadequate resolution, the data in
Ref. [91] contain the contribution of inelastically scattered
neutrons. The calculated cross-sections for excitation of the
first levels for 23U have therefore been subtracted from the
values from Ref. [91]) given in Fig. 4.4. Despite this, they do
not agree satisfactorily with the calculated curve for ¢,(E).

The data in Ref. [91] represent the sum of elastic
scattering cross-sections and level excitation cross-sections in
the range AE, close to the ground state. Table 4.3 compares the
data from Ref. [91] with those calculated in the present work.
As will be seen, there is very good agreement with the exception
of the 1.49 MeV energy point.

There are no results of direct measurements of the (n,y)
reaction cross-sections for 2?**U in the neutron energy range above
45 keV. Using data for & = o,/of [93 and 94], we can easily
obtain g, for 23y , However, the results of Refs [93 and 94]
agree in the 0.030-0.0250 MeV neutron energy range, can be used
to predict different energy dependences of ¢,(E) in the
0.25-1.0 MeV energy range. At the same time, the data in
Ref. [94])] at v 0.9 MeV contradict the systematic pattern of the
measurements of @ [95] for 2*°Pu and & for U, 2*°U and ®®Pu [93].
The systematically higher values of & for #°U over the values of
a for 233U will be maintained in the capture cross-sections.

For the above value of the radiation strength function

Sy = 0.928, we can reproduce fairly well the energy dependence
°i(E) from the data in Ref. [93] (Fig. 4.5). For E, 2 1 MeV the
sharp drop in ¢, is determined by the intensified competition of
the (n,yn') reaction together with the increase in excitation
energy. For E, 2 6 MeV, the main contribution to the capture
cross-section is made by the direct neutron capture mechanism.
For E, > 10 MeV, the value of oy is taken to be 1 x 107 m? [96].

The statistical approach used enables us to describe the
observed fission cross-section below the (n,n'f) reaction
threshold with an error of not more than 0.05 x 107%® m?. The

fission cross-section is calculated by taking into account the

{n,yf) process. Its contribution g = Oﬁ/O: to the fission
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cross-section is small. It increases slightly from v 3%

at E, = 0.1 keV to ~7% at E, ~1.5 MeV and then decreases to ~1%
at E, ~5 MeV. The reason for the increase in the contribution of
B as the excitation energy increases at E, £ 1.5 MeV is obvious.
Its reduction at E, > 1.5 MeV is caused by competition of the
(n,yn') process. It is impossible to reproduce the stepped
characteristics in the observed fission cross-section for neutron
energies of E, ~0.2; 0.55; 1.3 MeV. We can relate this structure
partially to the stepped structure in the density of the internal
states of the even-even fissile nucleus. The excitation
threshold of the two quasi-particle state at the external fission
barrier is E, = 0.5 MeV, and therefore the stepped irreqularity
at E, = 0.55 MeV can be interpreted as a manifestation of the
discrete nature of quasi-particle excitation in the fissile 2*U

nucleus. The nature of the other irregularities is not clear.

Above the threshold of the (n,n'f) reaction, the behavior of
the primary fission cross-section @', should provide a
description of the observed fission cross-section for ?*U (n,f).
The fission characteristics of the residual 2*U nucleus which
undergoes fission in the (n,n'f) reaction can be established
using data for the ?%%U (n,f) cross-section [97] and the fission
characteristics of the residual #*2U nucleus which undergoes
fission in the (n,2nf) reaction from data for the (°He,df)
reaction cross-section of the [98]. In order to evaluate the
behavior of the primary fission cross-section we use the results
of the analysis of the cross-sections for (n,f) and (n,xn)
reactions and the spectra of the secondary neutrons for the %
and #%U nuclei [99]. The behavior of the primary fission
cross-section @', is determined by the hard component of the
secondary neutron spectrum and the fissionability of the compound
23U nucleus. In the region of high excitations the
fissionability is determined by the shell corrections 3W®, and

8W,. The hard component of the secondary neutron spectrum is
established by the description of the (n,xn) reaction for ?**U and
238y, For the above determination of the parameters and for that
contained in Refs [73, 88, 89], we fission cross-section for #°U
(n,f) can be described with an accuracy not worse than ~ 5% in
the neutron energy region up to 20 MeV without additional
variation of the parameters (Fig. 4.6).




Figure 4.6 also shows the contributions of emission and
non-emission fissions to the observed fission cross-section. It
should be noted that the most noticeable discrepancy between the
theoretical curve and the evaluated dependence g.(E) occurs above
the threshold of the {n,2nf) reaction. However, in this energy
region, there is considerable error associated with the fission
cross—-sections. This error increases owing to the poor

reliability of the U (n,f) fission cross-section.

Figure 4.7 compares the cross-sections for the ({(n,2n) and
(n,3n) reactions from the JENDL-2 [100] JENDL-3 [90] and ENDL-78
[92] libraries with the present evaluation. The greatest
discrepancy with the JENDL evaluations is observed in the case of
the 23U (n, 2n) 22U reactions. In the JENDL-2 file, the.
cross-section g@,,, is obtained by normalization of the energy
dependence 0,,2,(E) to the <@y ri,s Measurements in the fission
spectrum [101]: <Opndeiss = 4 ® 1073 m?., Averaging ©,,,, over the
fission spectrum [102] we obtain 2.9 x 10 m® for the present
evaluation, 3.8 x 103 m? for JENDL-2 and 1.6 x 10" m® for
JENDL-3. Moreover, the discrepancies may be associated with the

errors in describing the observed fission cross-section for

23y(n,f) and differences in evaluating the contribution of

emission fission.

The validity of the present evaluation of @,, is confirmed
by the description within the framework of this approach of the
cross-sections of the 2%®U{(n,2n) 2*5U(n,2n) 2?*Pu{n,2n) **Np(n,2n)
2327h (n,2n) %*U(n,3n) and #**U(n,3n) reactions. The evaluated
total cross-section for inelastic scattering differs
significantly from the JENDL-3 and ENDL-78 evaluations. The
discrepancy in the energy region 0.1-3 MeV with the ENDL-78
evaluation is chiefly associated with the taking into account of
the direct level excitation of the ground state rotation band
and in the region E, > 7 MeV also with the taking into account of
pre-equilibrium neutron emission. The discrepancy with the
JENDL-3 evaluation at E, > 7 MeV and the growth of the g,
cross-section at E, > 15 MeV in JENDL-3 are very difficult to
explain.

Figure 4.8 shows the experimental values obtained from the
data in Refs [37 and 91] for the total cross-section and the
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total scattering cross-section, and also the cross-section for
fission, capture and first-level excitation evaluated in the
present work. Unfortunately, these data do not enable us to give
preference to any of the evaluations of o0,.. The evaluated
cross-sections for interaction of fast neutrons with the %33y
nucleus are shown in Tables 4.4 and 4.5.

’ ) K
o1 ' ' : - . 10 £pMe8

Total interaction cross-section of 0.04~-20 MeV
neutrons with the 23U nucleus.

The present evaluation .
Experimental data: Ref.37 O ; Ref.72 A ;
Ref.74 @ ; Ref.75 x .




@© ©3ep 68°3F°y fuOTIEINOTED
AN 6T = “F (d) ABH L°0 = "3 (e)
‘suoIjnau fi,, Jo buryajzjzess
OT3SET2UT pue DT}FR[D IOJ SUOTIOIE-E50ID TeTjueIa3yytd Z'v -Pbra .

s - »
who o o 3 4 o 09 0

52




/)

109u*%

Q15

14

"Gyt
10%

oy } %

o2}

e1r

ar 10 ' 70 £y Maf

Fig. 4.3 Excitation cross-sections for levels 7/2%(a) and

9/2*(b); present work; Ref.90.- - - JENDL-3
evaluation ; Ref.89 data @

53




54

o1

. ﬁ £,,Mb
Fig. 4.4 #°U neutron inelastic scattering cross-section.
Present evaluation ; JENDL-3 evaluation - - - =
Ref.90; -.-.-. ENDL evaluation Ref.92 ;
Ref.89 experimental data @ ; Ref.91 data A .

Gy
nﬂ;’

a1

o071

1
i
\
\
1
]
. \
- )
\
\
: . ' ~
0001 - A H
" g1 ay 10 £p 198
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233y fission cross-section for 1-20 MeV neutrons.
Present evaluation ; _ _ contri-
butions to the total fissilon cross—-section of
non-emission and emission fissions; - - - - JENDL-3
evaluations [90]; _ x __ x __ this calculation.

Fig. 4.7 Comparison of evaluated (n,2n) and (n,3n) reactions
cross-sections : present evaluation
Ref.100 JENDL-2 evaluation -
Ref. 90 JENDL-3 evaluation
Ref.92 ENDL-78 evaluation
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Fig. 4.8 Comparison of evaluated U
inelastic scattering ross-sections:
present evaluation ;
Ref.9%0 JENDL-3 evaluation - - -
Ref.92 ENDL-78 evaluation
Ref.91 experimental data




Table 4.1
233y levels scheme (Ref.77)

2

3

3

0.0

9/2-

(7/2+)

40.35

(11/2-)

92.0

1/2+

(5/2-)

155.

3/2+

197

(17/2+)

(7/2-)

228

13/2+

1/2-

7/2-

298.

(5/2-)

(9/2-)

311.

3/2+

(5/2+)

318

(15/2+)

(9/2-)

10 | 320.

(15/2+)

(11/27)

11 | 340.

5/2+

1. Level number
2. Level energy, keV

3. Level spin and parity




Table 4.2
Fission barrier parameters for U isotopes

Isotope 1 2 3 4

234

233

Table 4.3

Comparison of calculated scattering cross-sections
and experimental data [91]

2 3

0. L] . i

0.0-0.

0.0-0.

2.55 0.0-0.

3.55 0.0-0.

E, (MeV)

AE, (MeV)

(Gexpt AGeyp) 1072° m®
ocal 10-28 m2
JENDL-3




Table 4.4

Evaluated data from neutron cross-sections for 233y
in the fast neutron energy region, 1072° m?

Gn ;G Gan

‘Direct Total ° L
.2 33 c 6 7 ‘8.1 9

KR

-
-

g

.

{ i $

13,400 10,593
13,150 = 10,409 0,00I 0,029
12,87 10,198 ‘0,003 0,047
12,449 9,825 0,005 0,071
12,086 9,506 0,009 b,105
11,756 9,197 . 0,140
11,460 8,917 .. 0,177
11,210 8,670 - 0,205
-10,950 8,391 0g - - 0,225
10,716 8,I36 . 0,243
" 10,500 7,891 0,255°
10,285 7,652 ‘ 0,264 -
10,078 7,436 ' . 0,273
9,882 7,243 0,287
9,605 7,072 : 0,308
9,616 6,890 0,329
9,345 6,707 0,354
9,182 6,535 0,380
9,024 6,374 ' ‘0,408
8.876 6,222 0,432
8,732 6,079 0,461
8,506 5,944 ’ 0,490
8,468 5,85 . 0,519
8,342 5,691 ° C,552
8,223 5,571 . 0,579
7,951 5,2886 ‘ " 0,639
7,717 5,0224 0,6666
7,529 4,7946 : 0,7344
7,365 . 4,5980 0,7840
7,221 4,4306 ' 0,8354
7,102 4,2877 . 0,363
7,000 4,1555 . 0,9336
6,421 4,0382 ' 0,9818
6,857 3,9359 1,0241
6,800 3,8439 1,064
6,718 3,6908 1,1372
6,689 3,5857 1,2123
8,689 3,5II6 I,2744
6,720 3,4754 1,3426
6,775 3,4665 1,4085




Table 4.4 (con-tinued)

I7 2 V3 T 4 ¥ 5V 6 7 ¢+ 8 9
11 H H H 14 3 : :
1,6 6,85 3,4626 I,874 0,037 0,307 I,4574
1,8 7,022 3,566I 1I,%00 0,032 0,327 I,5239
2,0 7,195 3,6914 I,926 0,027 0,339 I,5506
2,2 7,368 3,843 1,910 0,024 0,346 I,59I
,4 17,559 4,031 I,8%0 0,022 0,350 I,6I6

7,660 4,161 1,868 0,019 0,348 I,6I2
7,781 4,311. 1,840 0,0I7 0,345 I,6:3
7,876 4,433 11,804 0,015 0,342 I,524
7,938 4,524 1,768 0,014 0,337 I,632
7,983 4,593 ' 1,73 0,0I2 0,333 I 641
8,006 4,638 1I,712 0,0I2 0,328 1,644 .

" 8,014 4,663 1,662 0,0IT 0;323 I,653 =

7,996 4,662 1,656 0,010 0,317 1,668 ‘

¢ 7,957 4,641 1,632 0,0095 0,312 I,6745

7,006 4,605 1,607 0,0088 0,306 I,685%

7,841 4,555 1,584 0,0082 0,300 I,6938

7,764 4,491 1,560 0,0076 -0,294 I,7054

7,671 4,412 I,538 0,0C72 0,288 11,7138

7,412 4,I84 1,491 0,0080 0,274 I,731I0

7,125 3,926 I,850 0,0052 0,262 1,5378 0,007

6,856 3,677 1,924 0,0046 0,249 I,2246 0,026

6,692 3,464 2,07 0,0040 0,237 I,0220 0,067

6,441 3,27T 2,176 0,0035 0,226 0,8635 D0,I28

6,256 3,103 R,210 0,003I 0,212 0,7479 O,I91

6,I03 2,96I 2,205 .0,0027 - 0,202 0,6833 0,251

5,976 2,846 2,186 0,004 0,I91 "0,6206 0,314

5,878 4,786 2,196 0,0022 0,182 0,5778 0,367

5,802 2,601 2,I70 0,0020 0,I76  0,5270 0,412

5,760 2,652 2,160 0,00I8 0,I7I 0,49I2 0,445

5,740 2,634 2,150 0,008 0,169 0,4544 0,480

5,709 2,636 2,140 0,0014 0,166 0,4266 0,505

5,717 2,668 2,160 0,00I12 0,184 0,3958 . 0,514

6,739 2,690 2,Is0 0,00l 0,I62 0,369 0,499

5,772 2,738 2,220 0,00 0,158 0,344 0,469

5,8IT 2,790 2,250 0,00 ©0,IS6 0,332 0,437 0,00
5,865 2,853, 2,265 0,001 ©O,I52 0,320. 0,4II 0,005
5,899 2,918 2,276 0,00 0,148 0,3II 0,383 0,011
5,943 2,986 2,280 0,00f 0,145 0,30I 0,366 0,020
6,033 3,117 2,2"6 0,00t 0,140 0,282 0,302 0,066

17,0 6,II1 3,240 2,240 0,001 0,133 0,267 0,257 0,106

18,0 6,I75 3,346 2,1%0 0,001 0,I28 0,257 0,223 0,I58

19,0 6,223 3,433 2,135 0,00f 0,I21 0,243 0,203 0,208

20,0 6,252 3,495 2,060 0,00 0,118 0,240 -0,I9% 0,260
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Table 4.5

Evaluated level excitation cross-sections for 233U, 10728 p?

Level excitation energy, Eq, keV

es 85 00 oo}

E, 40,35 192,01 15,1 4C,35] 92,07 I55,I; 226,0 ;296,0
M.‘?Y; Direct excitation: Compounds nucleus mechanlsm
r: 2 {38 { 4 { -~ 16 ;7 1 8 9

R 0,05 0,c0I0 0,023

0,06 0,0030 0,944

0,68 0,C050 0,07
) 0,I0 0,0090 0,093 0,003

0,12 0,0140 0,COIO 0,1II 0,CI4

0,14 0,0200 0,0020 0,i29 0,026

0,I6 0,0255 0,7035 . 0,139 0,037

0,18 0,0304 0,0056 0,142 0,044 ,0,003

0,20 0,0355 0.0085 0,I43 0,050 0,006

0,22 0,0405 0,0I23 0,0602 0,I4T 0,053 0,008
0,24 0,045I 0,0I56 0,00C3 0,I38 0,085 0,0I5
0,26 0,0488 0,0I78 10,0004 C,I35 0C,058 0,012
0,28 0,0525 0,0200 ©,0005 ©0,I36 0,062 0,014
0,30 C,562 0,0221 0,0007 9,I46 0,067 0,016
0,32 0,0530 0,0241 0,0009 0,124 0,068 §,0I7° C,G0I C,013
9,34 0,06I8 0,026 ©,001I. 0,[4I 0,068 0,018 0,001 0,019
.0,36 0,0645 0,0231 40,0012 0,I37 0,068 0,01 0,001 0,023
0,38 ©,0875 0,0300 G,0015 0,134 9,068 0,020 0,001 0,027
. 0,4C 0,0693 0,0319 '0,00I6  0,i*2 9,068 0,021 0,002 0,020
“ ‘0,42 0,0772 0,0337 0,0021 0,132 0,069 ©,022 '0,002 0,033
0,44 0,073I 0,0355- 0,0024 - 0,I3I '0,070 0,023 C,002 0©,035
0,46 0,0749 0,0374 0,0027 G,I31 0,071 0,024 0,003 0,038
0,48 0,0766 0,633 0,031 0,I9T C,073 0,025 G,003 0,04T
0,50 0,0792 0,04I3 G,0035 0,I30 0,074 0,025 0,003 0,043
0,55 10,0837 0,0457 0,0046 0,i279 0,074 ©,0275 G,005 ©,048
0,6G 0,089I 0,6500.  0,0059 C,I244 0,672 0,0292 0,006 0,047
0,65 '0,0934 0,0534 -0,0072 0,T2I5 0,07i4 0,C304 0,008 C,01R
0,70 10,0975 0,0569 C,0086 0,II7% 0,0702 0,03I9 0,009 C,048
0,75 0,1020 6,0600 0,0I00 Q,II38 .0,0647:0,0329 0,010 G,017
n,80 0,I057 0,0639 0,0iT4 0,II03 0,0680 0,034C 0,0I2 0,046 B
0,85 0,I092 0,0669 0,0I2 0,7065 0,0670 0,0350 0,014 - 0,045
0,90 0,1I25 0,07CI - 0,0{44 0,102 0,0560 0,030 0,0I5 0,043
0,95 0,165 0,0736 0.0I52 0,0985 0,0640 0,0366 C,016 0,041

5%

1,0 0©,TICe 0,0768 90,0174 0,0941 0,020 0,0370 0,0I7 0,039
I, 0,I278 0,083C 0,0204 0,0852 ©,C5¢0 0,0370 0,018 0,035
1,2 omwcowzopwsom“ 0,0540 0,0350 0,018 0,031
1,3 0,426 0,0647 (,0267 0,0674 0,042C 0,0330 0,018 . 0,027
1,4 0,150 0,0998 0,029 ;0584 0,0444 0,0308 0,0I7. 0,023
- 1,5 0,1577 0,I063 0,03I0 G,04%5 0,039G 0,0280 : 0,016 0,020
1,6 0,I646 0,7095 0,0329 0,04I4 0,0330 0,0240 . 0,0I5 0,017
1.8 ©.I755 0,I157 0,0367 0,0279 0,0240 0,010 .0,0I C,013
2,0- 0,1826 0,119 0,0368 0,0185 C,0160 0,0I20 - 0,007 0,008 /
2.2 0,I873 0,I2I6 0,037 0,0120 .U,0I00 C,00RO -.0,005. 0,006
2,4 ms%oi&so&%&mmm 0,0070 €,0050 0,003 0,004
2,6 0,I°02 0,I220 0,0358 0,005 0,0040 0,0030 0,002, 0,002
2,8 0,1895 0,I207 0,0348 0,003 0,702 0,002 0,001 0,002
3,0 0,1886 0,II9. 0,0338 0,002 0,002 0,00T. 0,001 0,001
3,2 0,1866 0,I1I78 0,0326 0,00I 0,00i -0,00I 0,00I 0,001
3,4 0,785I 0,II63 0,0516 0,00I 0,00 ~ = = -
3,6 0,I827 0,II46 0,0307 0,00I- 0,00 --
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Table 4.5 (continued)

EFVE ) Level energy E;, keV
© :311,03318,0 :320,7 .340,5:353,7:397,43415,78}425,0 1503,5
-4 -8 16 ;7 28 9 10

OB WNHO

I
I
I
I
I

. ®w @ w e
w

runhomRrvMC®

W WWMND NN HHH

0,010 :

0,0I5 0,007 6,002
0,0I8 0,0I5 0,005
0,02I 0,022 0,007

0,025 0,030 0,008

. 0,036

0,010

0,046 0,001
0,049 0,00I
0,055 0,001
' 0,057 0,002
0,058 G,002
0,058 0,002
- 0,058 ©,003
0,057 0,004
' 0,055 0,004
.0,053 0,005
0,051 0,005
- 0,049 0,006
. 0,044 0,007
- 0,040 0,007
‘0,036 0,007

0,032 0,007 -

' 0,028 0,007

- 0,024 0,007

0,0I8 0,005
- 0,0I2 0,004

- 0,001
. 0,001

'0,028 0,037 0,010
'0,030 0,043 0,012

0,033 0,050 0,014
0,035 0,058 0,016
0,039 0,06% C,019
G,040 0,070 0,021
0,04I 0,07I 0,022
0,04I 0,072 0,023
0,04I 0,072 0,024

.0,04T 0,072 0,025

0,040 0,07C 0,025
0,039 0,068 0,025

10,037 0,065 0,025
'0,036 0,052 0,025

0,033 0,056 0,023
0,030 0,050 G,022
0,026 0,044 0,020
0,023 0,039 0,0I8
0,020 0,035 0,016
¢,0I” 0,03I 0,014
0,013 0,023 0,0I0

- 0,008 0,015 0,007

0,008 0,003 "
0,006 0,002
..0,003 0,001,
0,002 6,001

0,006 0,CI0 0,005
0,004 0,007 0,008
0,002 0.004 0,002
0,002 0,003 0,001

- 0,00I 0,002 0,001

0,00I 0,00I.0,001
) 0,001

0,001

0,00I 0,005
0,002 0,0I0
0,002 0,014
0,003 0,0I9
0,005 0,030
0,006 0,036
0,007 0,C40 -
0,009 0,043
0,0I0 0,045
0,0II 0,046
0,CII 0,046
0,012 0,045
0,0I2 0,044
0,0I3 0,042
0,0I3 0,039
0,013 0,035.
0,0I2 0,032
0,0II 0,029
(,N19 0,026
0,009.0,023"
0,007 0,017
0,005 0,012
0,003 0,008
0,002 0,005
0,092 0,003
0,00I 0,002

0,001 0,801 -

© . 0,001
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S. EVALUATION OF SECONDARY NEUTRON CHARACTERISTICS
AND OF » FOR 32U

The experimental information on secondary neutron energy and
angular distributions for ?°®U is insufficient for evaluations to
be based on it alone. We therefore used theoretical calculations
and systematics with parameters tested against available
experimental data. -

5.1. Evaluation of secondary neutron energy spectra -

There have been no measurements of secondary neutron energy
spectra for any reaction except fission. Thus, the evaluated
spectra of neutrons emitted in the reaction (n,n') and of
neutrons successively emitted in the reactions (n,2n) and (n, 3n)
have been calculated using a statistical model with allowance for
possible pre-equilibrium emission of the first neutron, for
fission competition and for other processes occurring in the
successive stages of decay [103].

The spectra or the average energies of prompt fission
neutrons have been measured in a number of studies [104, 105],
but only at low incident neutron energies, which means that the
energy dependence of the temperature or average spectrum energy
cannot be determined. In most works experimental data have been
represented by Maxwellian-type distributions:

NM(E) = ﬁ&rﬁ‘mi@ exp(- E{’f’n)

where Ty, = 1.32-1.34.

There are experimental indications of and theoretical
arguments for [106] a deviation of the form of prompt fission
neutron spectra from a Maxwellian distribution. However, such -
deviations are substantial only at secondary neutron energies
> 8-10 MeV, which never account for more than ~ 1% of the 5
spectrum. In view of this and given the accuracy which has been
achieved in measuring prompt fission neutron spectra for “*U, in
the work described here we used the Maxwellian form of the
dependence to describe the evaluated prompt fission neutron

spectra. The spectrum temperature was evaluated on the basis of
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available experimental data for an incident thermal neutron

energy Ty, = 1.325 MeV. The energy dependence Ty(E,) is given in
the form predicted by systematics [107]:

.. . ) . ;—.4 z
TM(E).Q.H“?(E)]V
where
»' V(E) = . GweHE)  _ . Suini(e)
) VEE) Vi) - SuF(E) 1 ‘Gur(E) -

The chosen coefficients a = 0.611 and b = 0.382 were such
that they matched the value of T, at thermal and ensured an
increase of approximately 1% in that value as the incident
neutron energy increased to 1 MeV. The evaluated fission

spectrum temperature values are given in Table 5.1.

Table 5.1  §

Temperature of Fission Neutron Spectra, Mev
E,, MeV Tn E,, MeV Tn E,, MeV Ty
10-5 1.325 4.5 1.380 13 1.428
1.0 1.333 6.5 1.384 15 1.431
2.2 1.347 9.5 1.407 20 1.461

5.2, v, for U

Detailed analyses of the experimental data obtained in
measurements of the average number of prompt fission neutrons v,
for 2*3U have been conducted [108, 109]. After the publication of
a review by V.V. Malinovskij et al. [109], R. Gwin et al.
published a paper [110] in which ©,(**°U) /v*",(**Cf) was measured
for energies up to 10 MeV.

In evaluating v,(E) we used only experimental data obtained
by measuring v,(?***U) relative to the average number of prompt
neutrons from the spontaneous fission of 2*2Cf and all available
information for the 14-15 MeV energy region. All the data were
renormalized to ©°°,(**Cf) = 3.757 and v*™,(**U) = 2.485 and fitted
using the least squares method.
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The evaluated dependence ©,(E) is presented in the form

2,485 r0,0614En+0,244-Eﬁ-o,1 £ . w8s En$ 1 MaB;

_ 2,452 +8M16En, © 1 SEn$22Ms8;
\)P(En)_' 2,386 ’D,"IG‘En, . ! - L2 € En$9,6?5M35;
2,848 +0,098°n, - 9625 € En S 20 Mab.

A review of experimental data and an evaluation of the energy
dependence of the average number of secdndary neutrons for U
have also been carried out [108]. In the light of subsequently
published experimental data [111], it became necessary to
slightly increase the evaluated ©4(**U) in the energy region up
to 4.5 MeV. '

The evaluated dependence vy (E,) may be presented in the following
form:

[y

0,008 , -  10° s, £4,5M38
0,0138-0,0044-E, 4,5 ¢ En € 6,5 MaB
0,0047 , 65 ¢ En € 13 Mab
0,00735-000025En, 13 & En § 16M2B
00042, 5% En ¥ 20M3b

[}

'Vdﬁén);W

INOIN

T

5.3. Angular distributions of scattered neutrons

The angular distributions of scattered neutrons have been
measured only at two energy points 0.7 MeV and 1.5 MeV [89] for
elastic and inelastic scattering at the first two levels. As the
coupled-channels method gives a good description of the angular
distributions of scattered neutrons, it was used for obtaining
evaluated distributions for scattering that is elastic and
inelastic at the first three levels. The evaluated distributions
include the isotropic part of these processes, which flow through
the compound nucleus. The angular distributions of the neutrons
scattered at the remaining levels and emitted in other reactions
were assumed to be isotropic.

CONCLUSION

On the basis of an analysis of experiments and the results
of theoretical calculations, 2?**U neutron data were evaluated for
incident neutron energies of 10° eV-20 MeV. The file of

evaluated neutron constants for #°U was transmitted to the
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Nuclear Data Centre for inclusion in the BROND national library.
The file contains data on neutron cross-sections, v and angular
distributions and energy spectra of secondary neutrons. Cross-
sections in the thermal (107°-1 eV) and resonance energy regions
were evaluated on the basis of experimental data. The file
includes resolved resonance parameters in the 1-100 eV energy
region and unresolved parameters in the 0.1-40 keV region. In
the fast neutron energy range, only the total cross-section and
fission cross-section were evaluated on the basis of experimental
data. In order to evaluate all other cross-sections we used
theoretical calculations based on generalized optical and
statistical models. Comparison showed that there is good
agreement between the evaluated and the experimental data.
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