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EXPERIMENTAL AND EVALUATED DATA ON CROSS-SECTIONS FOR
(n,n'), (n,2n) AND (n,3n) REACTIONS ON ?3Nb

G.B. Kotel'nikov, G.N. Lovchikov, 0.A. Sal'nikov, S.P. Simakov

ABSTRACT

Compilation and analysis of the experimental data on
cross-sections for the (n,n'), (n,2n) and (n,3n) reactions on 93Nb
have been carried out. Experimental results are compared with
evaluated data from the INDL/V, ENDF/B-IV and ENDL libraries. It was
concluded that experimental results are described most accurately by
the INDL/V library data. Exceptions to this are cross-sections for the
(n,2n) reaction and the high-energy part of neutron emission spectra,
which, in the light of the most recent experiments, must be

re-evaluated.

Wide practical use is made of niobium in reactor construction, and also
in other spheres where nuclear physics is applied in technology and industry.
It forms a part of many construction alloys used in nuclear installations,
appreciably improving their mechanical and radiation properties. The
existence of long-lived nuclear levels, excited in (n,n') and (n,2n)
reactions, opens up the possibility of using niobium for dosimetric purposes.
Niobium is of even greater interest as a material for future use in the
construction of blankets for thermonuclear installations. 1Its high melting
point, mechanical strength, large cross-section for the (n,2n) reaction and
other properties are factors which make niobium a preferred material for
limiting the high-temperature thermonuclear plasma zone.

Evidently, many aspects of the practical use of niobium are determined
by the characteristics of the nuclear interaction between neutrons and this

element, among which the inelastic scattering cross-sections and the (n,2n)



reactions are of great significance. Taking into account practical needs,
requirements have been formulated as to the accuracy of these
characteristics: for the total cross-sections of (n,n') and (n,2n) reactions
the figure is 5-20%; for the angular and energy distributions of reaction
products it is 10-50% [1].

In order to satisfy these requirements experimental research is
constantly being conducted, and evaluated data libraries are periodically
revised. Neutron cross--sections for niobium are most fully represented in the
following evaluated data libraries:

- The International Nuclear Data Library, INDL/V [3], which contains

the evaluation carried out in 1977 by D. Hermsdorf and co-workers
[2);

- The American national library ENDF/B-IV, compiled in 1974 [4] (in
the fifth version of this library, which appeared in 1979, the
data on the cross-sections under consideration for interaction
between neutrons and niobium were not revised);

- The Evaluated Nuclear Data Library (ENDL) of the Lawrence
Livermore National Laboratory, which was compiled in 1978 [5].

In the 5-10 years that have elapsed since these libraries were
compiled, new experimental results have appeared. The authors of the present
paper therefore made it their task to compare the evaluated and experimental
data on the cross-sections for (n,n'), (n,2n) and (n,3n) reactions, with the
aim of determining the degree of conformity between the data contained in the

above-mentioned libraries and the new experimental data.

Neutron inelastic scattering cross-sections

Figure 1 shows experimental and evaluated data for the total neutron
inelastic scattering cross-sections on niobium in the energy region from the
reaction threshold to 20 MeV. There are three methods used for measuring the

experimental data. 1In one of them, namely the reverse spherical geometry



Fig. 1:. Total cross-section of neutron
inelastic scattering on 93pp
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method, neutrons scattered by a sample in the form of a hollow sphere are
recorded by means of a 3He jonization chamber. This integral method, which
was used in the earliest experimental work [6, 7], contains considerable
indeterminacies with regard to correct allowance for the background, multiple
scattering in thick spheres and other factors. Experimental data obtained
using this method may, therefore, contain significant systematic errors.
Another method consists in determining the neutron inelastic scattering
cross-sections by means of measurements of the gamma quanta yield from the
(n,n'Y) reaction {8-10, 18]. It is in such experiments that the best enerpy
resolution is achieved, and this makes it possible to determine the partial
neutron inelastic scattering cross-sections with the excitation of discrete
energy levels. However, the energy range in which this method can be applied
does not extend above 2-3 MeV, since with higher energies the spectrum of the
gamma quanta being recorded becomes complex, and it is difficult to assess the
population probabilities for a given nuclear level as a result of cascade
transitions from the above-lying levels. As a rule, such indeterminacy leads
to an over-evaluation of the inelastic scattering cross-sections at high
incident neutron energies. The main body of experimental data {11-17, 19-Z1],
including the results of the latest experiments [14-17], was obtained using
the method in which the scattered neutrons are recorded according to their
time-of-flight. While this method does not always ensure success in

sepsrating neutron groups which have been scattered with the excitation of



discrete energy levels of the nucleus, it is nevertheless characterized by the
high level of accuracy of the data obtained, since all methodological
corrections are adequately taken into account.

It can be seen from Fig. 1 that, as a rule, the experimental data
concur within the limits of the errors ascribed to them by the authors.
Exceptions to this are the data in Refs [6, 9] for a neutron energy of
approximately 2 MeV, and those in Ref. [11l] where the energy is 4 MeV. As
pointed out above, the peculiarities of the reverse spherical geometry method
used in Ref. [6] and the complexity involved in deconvoluting the
gamma-spectra [9) probably led to the fact that the data contained in these
references contain systematic errors. If these points are not taken into
account, then the average spread of the experimental data will be
approximately + 10%.

In the neutron energy region lying above the (n,2n) reaction threshold,
equal to 8.92 MeV, the cross-section for the (n,n') reaction begins to diminsh
sharply. The experimental data in this region are limited by an initial
energy of 14.6 MeV [16, 17). However, the cross-section evaluations obtained
in these references should be considered approximate, owing to the
indeterminacies arising from the isolation of the spectrum of the first
neutron [16) and to the complexity of direct measurements of neutrons from the
(n,n') reactionon the basis of coincidence with the accompanying gamma quanta [17].

As regards evaluated data, it can be seen from Fig. 1 that the best
description of the experimental cross-sections is provided by INDL/V. Taking
into account that the accuracy of these evaluated data is 20% [2], it may be
considered that INDL/V satisfactorily describes the entire body of known
experimental results. It would appear that the evaluated data provided by
ENDF/B-1IV and ENDL in the 1-3 MeV energy range give excessively high
cross-sections.

In relation to the partial excitation cross-sections of discrete groups

of energy levels (Fig. 2) there exists a fairly large body of experimental
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Fig. 2: Partial cross-sections of neutron
inelastic scatering on 93Nb (the
energies of excited groups of
energy levels in MeV units are
shown in Figures).

Experimental data © -
X-/m],V /-IQ] v - [.IQ]' A [.13.{

o- [20/; o0~ /21]. Evaluated data
— ENDL;j — — — — ENDP/B-IV;—+— = INDL/V

data from different authors [9, 10, 13, 18-21]. As a rule, there is
satisfactory agreement between them. The overall energy dependence of the
cross-sections, as in the case of the total cross-section for the (n,n')
reaction gives rise to the data in Ref. [9]. This points to the presence
within these data of systematic errors. 1In the case of a group of energy
levels with an average excitation energy of 1.49 MeV, an appreciable
stratification of the experimental data is observed. Smaller cross-sectional
values are obtained in experiments carried out using the gamma—quanta
recording method [10, 18], while larger values are obtained from the neutron
time-of-flight method [13, 21]. It would appear that, owing to the poorer
energy resolution, the data in Refs. [13, 21] receive a contribution from the
nearby energy levels. The comparison made between evaluated and experimental
data in Fig. 2 shows that the evaluated data from INDL/V provide a better

description of the experimental results.



Cross—-sections for (n,2n) and (n,3n) reactions

A comparison of experimental and evaluated data for the integral
cross—-sections of (n,2n) and (n,3n) reactions on 93Nb is set out in Figs. 3a
and 3b respectively. The majority of experimental data is obtained by means
of the simultaneous secondary~neutron recording method, involving use of a
large scintillation tank [22-26, 28]). Some of the data are determined by
means of isolating the spectrum of the second neutron from the experimental
spectra of the emission neutrons, measured by the time-of-flight method
[16, 27]. As can be seen from Fig. 3a, the experimental data agree with each
other within the limits of error. The evaluated cross-sectional values for
the (n,2n) reaction deviate significantly from the experimental data in the
neutron energy range above 15-17 MeV, and also lie systematically higher than
the data which appeared later [26]. For a better description of the
cross-section for the reaction 93Nb(n,2n) we can recormend the evaluated
data obtained by the authors of Refs. [29] or [30].

As regards the cross-section for the (n,3n) reaction, the data from
Ref. [25])}, in which they are measured up to an energy of 24 MeV, are now well

known. As is shown by Fig. 3b, the figures from the ENDL evaluation are a
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good deal too high, whereas the quality of the description given by the

ENDF/B-1V and INDL evaluations is almost identical.

Emission neutron spectra from (n,n'), and (n,2n) and (n,3n) reactions

In recent years the attention of a large number of experimentalists and
theoreticians has been attracted by emission neutron spectra. This is
connected with the fact that the energy and angular distributions of the
neutrons - the reaction products - provide a wealth of information about the
nuclear interaction mechanism and the structure of excited states in atomic
nuclei. In the light of recent experimtal research it has been possible to
widen considerably the energy range and to refine the accuracy of measured
cross-sections for niobium. New data has become available for the 5-8 MeV
energy range [15]; experiments conducted at an energy level of about 14 MeV
[31-35] have added greatly to the results previously obtained for this energy
level [36-38]; the first measurements at energy levels of 21 MeV [39, 40] and
26 MeV [41] have been carried out. A comparison between these experimental
data and the evaluated data is given in Figs. 4 and 5.

It should be noted that the angular secondary neutron distributions
contained in all evaluated data libraries are isotopic in character. However,
experimental data reveal an angular anisotropy: a symmetrical (relative to a
90o angle) distribution in the low-energy part of the secondary neutron

spectra and a strong forward directionality in the high-energy part. As can

fig. 4: [Integral spectrus of neutron inelastic
scattering with an initial energy of
6.2 NeV:

O - Experimental data [If)] tvaluated data -
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be seen from Figs. 4 and 5, the evaluated data provide a satisfactory
description of the experimental data in the region of scattered neutron
energies below 2-3 MeV (it should be pointed out that the best description of
the low-energy part of the neutron spectra is achieved by the INDL/V). 1In the
high-energy part of the spectrum, appreciable inconformities are observed. As
is shown by the theoretical analysis contained in Refs. {15, 42], this part of
the spectrum is formed as a result of neutrons which have undergone direct
inelastic scattering. Corresponding calculations, carried out according to
the strong channel coupling model and in the distorted wave Born
approximation, provide a satisfactory description both of the energetic and
angular distributions of scattered neutrons. As is clear from Figs. 4 and 5,
the pre-equilibrium decay model relationships contained in evaluated data file
calculations provide a highly approximate description. 1In this respect a
situation is typical when the incident neutron energy is 14 MeV. A result of
the improved energy resolution achieved in recent work [33-35] has been that
at this energy level too there has begun to appear, in the high energy part of
the spectra, a structure which is highly uncharacteristic for a
pre-equilibrium decay model. All this indicates that in the course of

compiling evaluated data files it is necessary to use physically
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better-founded concepts of the interaction mechanism between neutrons and
nuclei.

Analysis of the experimental data on the cross-sections for (n,n'),
(n,2n) and (n,3n) reactions on 93Nb, including research done in recent
years, show that as a rule these data are in mutual agreement within the
limits of experimental error. 1In cases where there are considerable
divergences between the data of different authors, it is possible to point to
uncertainties in the experimental method which produce systematic errors, and

thus to discard these data.

Taking evaluated data on niobium from INDL/V, ENDF/B-1V, (ENDF/B-V) and
ENDL and comparing it with experimental results leads to the following
conclusions:

- Total and partial (with excitation of discrete groups of energy
levels) neutron inelastic scattering cross-sections are
represented with satisfactory accuracy in the INDL/V files;

- The cross-section for the (n,2n) reaction needs to be
re-evaluated, taking account of the latest experimental data; the
data in Ref. [29] can be recommended as a new evaluation. The
evaluated emission neutron spectra unsatisfactorily reproduce the
experimental data in the high-energy part of the spectra, in
regard both to absolute size and to form (in the low-energy part

the INDL/V evaluation can be recommended).
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TRANSMISSION FUNCTION MEASUREMENTS, EVALUATION OF MEAN RESONANCE PARAMETERS
AND GROUP CONSTANTS FOR 23°U IN THE UNRESOLVED RESONANCE REGION

A.A. Van'kov, L.s. Gosteva, V.f. Ukraintsev, S. Toshkov, N. Yaneva
ABSTRACT

An analysis of experimental average transmission and cross-sections
235 . . .
data for U was carried out using the multilevel theory. A new
235

evaluation for mean resonance parameters and group constants of U

was made in the energy region 0.1-21.5 keV.

Research is currently being done on analysing neutron cross-sections in
the resonance energy region [1). For fissile nuclides, the problem of the
resonance region is complicated by the need to take account of the strong
effects of inter-level interference. Uranium-235 is an example of one of
these "diféicult" nuclides. At the same time, the evaluation of its fission
cross-section is taken as standard. The latest evaluation of the
cross-sections for 235U in the ENDF/B-V library [2] is connected with
work [3) on the analysis of 235U cross-sections for polarized neutrons.

These results significantly affect the recommended values for mean resonance
parameters: the mean distance between the levels D and the fission widths in
the statesg ﬂ, equal to 3—, 4

The aim of the present work is to make a combined analysis of the data
for 235U using the mean cross-sections from Ref. [2] and of the results
obtained by the authors of the present work for transmission function
measurements of the type:

T(n) e 1/au S exp [- G't(u)n]du : T'f(n) - 1/<6f > S@}(u)exp [6t(u)n]du ,
and also to obtain an improved evaluation of the mean resonance parameters for
235U. This will be used as the basis for calculating group constants (mean

cross-sections and resonance self-shielding factors) for a system such as the

BNAB-78 library [4].
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Description of experimental data on transmission functions

The transmission T(n) and the self-indication functions of the fission
reaction Tf(n) were measured using the IBR-30 reactor neutron time-of-flight
spectrometer. The neutron spectrum was close to the Fermi slowing-down
spectrum. A”"description of the experimental conditions is given in
Refs [5 and 6]. It should be noted that the sample filters, of metallic
uranium, were 90% enriched and had high chemical purity.

We intend to analyse Garber's results [2] and fhe experimental data on
the functions T(n) and Tf(n) shown in Fig. 1, which also shows the data from
Ref. [7]. Apart from ours, the latter is the only work in which the function
Tf(n) is measured for 235U but it is measured only at neutron energies
below 1 keV. There is good agreement between the results of Czirr's work [71
and our present data.

An evaluation of the errors in our results is given in Refs [5 and 6].
The main component of these errors is related to the background measurement.

In analysing the experiment and in evaluating the mean resonance parameters,

the errors for the experimental values T(n) and Tf(n) emerged somewhat

e T(ny
4

71 15 1 13 12 1 Energy group mmber

6 . 160 + p— 5;30 + 4‘60 Sample thickness, nucleus/Kb

Fig. 1. Transmission functions (experimental points and ﬁptﬁnized calculation)
Data of the present work: § -y - Tf(n). Data of Ref: /1) A - Tf(n)

18



higher than those stated in Ref. [5]. These errors correspond to a confidence

level of 95%.

Calculation-theoretical method. Calculation of the mean cross-sections

based on the evaluated mean resonance parameters is usually performed using
the Hauser-Feshbach formalism [8]. Bhat et al [9] obtain the mean resonance
parameters for 235U used in the files of the ENDF/B-V library and
representating the initial data for calculating the recommended mean
cross-sections. The present authors aimed to refine these parameters on the
basis of additional experimental data on transmission functions. These values
are sensitive to the effects of inter-resonance interference, and therefore
the calculational model must take fairly strict account of them. Obviously
the transmission functions cannot theoretically be calculated using the
Hauser-Feshbach formalism. Moreover, only a multilevel formalism is suitable
for this purpose. It was decided that the Reich-Moore formalism was here
appropriate. 1t expresses the link between the neutron cross-sections and the

S-matrix in the well-known way:

-

6,(E) = 29X 29(3)2(4 ReSn() nty)
4

6 (E)= SI.X

~e

'1 f’;l
2

& ,(E)m AXED (D) > [1-87
el ) 59 ZZI n( nfj

There is a unique relationship between the collision matrix S and the

R-matrix which in the Reich-Moore approximation and has the form.

$ac Vae’ .

i, -E- 17,

Rccl (E)=

where v is the amplitude of the reduced widths in the channel with the

Ac

set of quantum numbers c¢; E. is the resonance energy; rY is the mean

A
resonance width. The radiative capture cross-section was defined as the

difference between the total cross-section and the fission and scattering

cross-sections. This may account for the insignificance of interference



effects in the radiative capture. 1In order to calculate the mean
cross-sections and transmission functions using the Reich-Moore formalism, a
method of statistical generation (Monte-Carlo method) of neutron
cross-sections was developed. The authors describe the method in detail in
Ref. [10].

Optimization method. The evaluation of the mean resonance parameters

236
for U was based on a combined analysis of the cross-sections in Ref. [2]

and the transmission functions averaged in energy groups using the format of
the BNAB-78 system of constants [4]. It is used in draft reactor
calculations, and therefore the results obtained by the authors of the present
work have practical significance. Moreover, the energy intervals (group
widths) in this system are fairly large, which results in an averaging of the
neutron cross-section fluctuations due to the resonance statistiecs and thereby
ensures the correctness of the theoretical description in terms of the mean
resonance parameters. The mean group cross-sections for 235U from ENDF/B-V
library file were obtained using the RECENT program. Optimization was
performed using Bayes' method [11] which requires the following initial values:

- The initial a priori evaluation of the mean resonance parameters
and their a priori error. The ENDF/B-V library evaluation [2] was
taken for the values D, So and FY, and the results in
Ref. [12]) for the other parameters. The errors were assumed to be
25% (for the parameter R' the error was assumed to be 5%);

- The deviation of the evaluated experimental data for the mean
cross—-sections and transmission functions from the calculated
values;

- The errors in the evaluated experimental values for the mean

cross-sections (5% for o_ and 7% for UY) and the

f
transmission functions (2-3% for thin samples, increasing with the
“thickness of the sample to 20-30%). All the errors were reduced

to the 95% confidence interval;

20



cls s - . F
- sensitivity coefficients, i.e. the values _E_L Ji.
- 0Py P
where F
i
is the mean cross-section of transmission and P, is the variable

k

parameter of the model.
The following values varied: the mean distance [for various states the
law of proportionality was assumed f;g'--:(l/.?ﬂd):'I J, the mean radiation
width FY (common to all states), the neutron strength functions So

(varied in each group) and S, (independent of energy), and the fissile width

1

Ff and L = 0 (varied in each group). The ratio of fission channel

contributions also varied for the states with ¥ = 0. The values Ff for

2 = 1 were fixed.

Description of the results The optimization results are given in

Tables 1 and 2, and the fitting is shown in Table 3 and Fig. 1. Measurement
of transmission functions ftor large thicknesses provides information about the
scattering radius R', which in our model is assumed to be the same in all
states. The optimization result showed the monotonic dependence of R' on
neutron energies (see Table 2).

As is shown in Fig. 1 and Table 3, the parameters obtained provide a
good description of the experimental material on mean cross-sections and
transmission functions for 235U. Figure 2 (continuous histogram) shows the
calculation results for resonance self-shielding factors at room temperature
based on optimized mean resonance parameters. The tabular data from the
BNAB-78 libfary [7] are also shown there for comparison (broken line). It can
be seen that the results of the authors' evaluation show a more pronounced

resonance self-shielding effect for all 235U reaction cross-sections.

Reliability of the evaluations. As a result of optimization, a

covariation matrix of the D(p) parameters was obtained, which is not given
here. 1Its diagonal elements characterize the a posteriori evaluation error.
For the basic parameters such as So, FY and F} (2 = 0), the a posteriori

errors never exceed 10% and the error of R' is less than 1.5%. The
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Table I

Evaluation of non-energy dependent mean resonance parameters for

235U {optimization result)
. T
IR | Dyev | lp,Mev | Sy 10 /}, eV £y 2
3” 0,967 30 Var. Var. 0,5 0,5
4~ | 0,01 30 Var. Var. 0,5 | 0,5
ot 1,256 0 1,068 0,468 0,5 | 0,6
3t | 0,97 30 1,68 0,165 1,0 0,0
4t | 0,001 0 1,68 0,322 J,5 | 0,5
5t {0,770 0 1,68 0,130 1,0 | 0.0
Note: f_, f_ - the ratio of fission channel contributions in the given

1

2

state; Var. means that the parameter is variable in each energy group.

Table 2

Evaluation of the mean resonance parameters which are dependent
on the number of the energy group (optilization result).

Number off Energy interval ' 4] =53
arous EZV R). ta'| 5,107 ey
11 10,0-21,5 9,1 1,05 153
12 4,65-10,0 9,2 0,964 | I70
13 2,15-4,65 9,2 0,901 243
14 1,00-2,15 9,2 0,910 170
15 0,465-1,00 9,2 1,05 176
16 0,215-0,465 9,2 0,940 144
17 0,100-0,215 9,5 0,950 120
Note: 1t is assumed that rjb -rf4 ‘

Table 3

. 235 .
Mean cross-sections for U in energy groups, b

Cross— Number of group
section 11 12 13 14 15 16 17
6 15,0 | 16,6 | 18,5 | 22,3 | 28,3 | 35,9 | 44,5
t 147 | 16,4 | 18,9 | 22,5 | =8,7.| 36,0 | 46,5
G 1,00 | 1,42 | 1,69 | 3,00 | 4,69 | 7,19 | II,5
L) 1,08 38 | 1,69 | 2,94 | 4,61 | 7,33 | 11,5
8 2,48 | 3,49 | 4,93 | 7,15 | 11,3 | 16,3 [ 20,5
f 2,56 | 3,456 | 5,18 | 7,I5 | II,5 | 16,0 | 2I,5

Note: The numerator indicates the calculation from data in the

ENDF |B-V

library, the denominator indicates the optimized calculation.
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Table & "Table §

Comparison of the discrepancies between the Comparison of the discrepancies between the

experimental (e) and optimized calculated (c) experimental (e) and optimized calculated (c)

values of mean cross-sections with their transmission functions with their a posteriori

a posteriori errors. errors.

Energy Intervall & 6 1 Energy interval]0,021456 | 0,0868 |0,1716
keV t ! ¥ kel . ' . '
10216 |23 | 31 | -z4 To-21,6 0.8 | A4 |2l
' 1.9 5,7 5,7 0,6 2,2 4,0

4,66—10 _LA L& 2.!.2 4,65-10,0 Q.I.a :g.l.g :L.Q
1,9 5.6 6,0 0,6 2,3 4,1

2,16-4,66  |2,3 -4,8 0.9 2,16-4,65 16 | 4dg | -18
1,9 6,2 5,8 , 0,7 2,6 4,6

1,00-2,16  }0,9 0,0 2.0 1,00-2,16 ob | 6.2 | -2,6

: 12,0 5,1 6,7 . : 0,8 2,6 4,4

0,466-1,00 LI,b -2,2 L7 0,466-1,00 0,0 | =66 | 3.4
2,0 4,7 6,6 1,0 2,8 4,b

0,216-0,466 10,3 2,3 -1.9 0,216-0,46b 1o | 96 | =40
2,0 4,1 5,6 1,2 2,9 4,b

0,100-0,215 [-4,% -4,9 0.4 0, 100-0, 215 1.7 5,2 | 12,7
2,1 4,6 6,1 I,1 2,9 48

Note: The numerator indicates the discrepancy Note: The nuserator indicates the discrepancy

{(e-<)], %; the denominator indicates the [(e-c)/c], %; the denominator indicates the

a posteriori error, %. a posteriori error, X.



reliability of the evaluation can be judged by comparing the a posteriori
errors with the discrepancy between the results of the optimized calculation
and the experimental evaluations (Tables 4 and 5). The a posteriori errors of

F are obtained from the diagonal elements of the covariation matrix

D(p) : D(F)=KTD(P)K,

: BFl Fl
K"j-’—aFj— 'Pj—-

The sensitivity coefficients were calculated using the perturbation

where

method (in Monte Carlo calculations). Tables 4 and 5 show that the
a posteriori errors obtained are comparable with the discrepancies in the
experimental and optimized cross-sections and transmission functions. As the
thickness of the sample increases, the tranmission measurement error
significantly increases, and hence at specific points the discrepancy
(e - ¢)/p may be 2-3 times greater than the a posteriori error. This is in
agreement with the evaluations of the measurement errors, which exceed 10% for
large thicknesses. On the whole, the data in Tables 4 and 5 demonstrate the
self-consistency of the statistical errors and the reliability of the
established tonfidence limits for the final results.

A high degree of accuracy was obtained a posteriori for the evaluation
of resonance self-shielding factors: when o, = 10 b, the relative error
ff and fY in the 17th group is 1.2%, further, the monotonic error falls
as the energy increases, reaching 0.2% in the 1lth group. When s,
= 100 b, the corresponding errors are 2-3 times less and have a similar
dependence on energy.

When judging the evaluation errors, one has to take into account the
fluctuation error in the mean functionals, caused by the natural statistics
and the final number of resonances in the group. This error was evaluated in

calculations using the Monte-Carlo method. At low energies (groups 16-17), it

exceeds 10% for mean cross-sections, and for resonance self-shielding factors
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(where 9%, is 10 and 100 b) it is 4-8%. At higher energies, the

fluctuation error becomes comparable to or less than the a posteriori error.
The fluctuation error obviously does not play a role in the averaging of
functionals over a wide spectrum. However, in the individual groups, it
should be remembered that this error exists, and if it is to be removed,
individual fitting must be made in each group permitting local (not physical)
fluctuations of the mean resonance parameters.

On the basis of this analysis, the following conclusions can be drawn:

1. In comparison with the evaluations of the ENDF/B-V library, we

obtained lower values for the radiation width F; (30 Mev

instead of 35 MeV). For the p strength function, a single

evaluation was obtained S, = 1.667 x 10_4. In the ENDF/B-V

1
: -4 8. + _+
library the values quoted are S1 = 1.45 x 10 (g =2,5)

and S, = 1.25 x 107% @™ = 3%, 4%). For a

satisfactory description of the experimental material, the values

S0 and Ff have to be varied separately in each group;

2. The best description is obtained by selecting the following
fission channel contributions to the total fission width in the
states 3—, 4" f2 = 0.5; f2 = 0.5. We do not have any
information on fission cross-sections in states with total

momentum 3_, 4~ and so the condition -l-‘g_ = ?2—

was adopted. Since there is only a slight difference in the
momenta, this assumption seems reasonable. The selection of
fission channel contributions and of the values of Ff for

£ =1 has little effect on the optimization results;

3. From the experimental data on transmission functions, it follows
that the scattering radius R' is monotonically dependent on
neutron energy. If this effect is extracted from data only using

< °t>’ it is quite small;
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The new evaluation obtained for mean resonance parameters for
235U offers a good description of all the experimental data on
mean cross-sections and transmission functions. Its reliability
is characterized by the a posteriori covariation matrix from which
the errors in the célculated group constants are obtained. It is

recommended that practical use be made of the results when

compiling more precise group constants.
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AN EVALUATION OF THE SPONTANEOUS FISSION PROMPT
NEUTRON SPECTRUM OF 252¢f

G.S. Bojkov, V.I. Yurevich
ABSTRACT

An evaluation of the spontaneous fission prompt neutron spectrum
of 252Cf from 1 keV to 20 MeV is described. Variance-covariance
matrices for a number of recent experimental data sets were constructed
and used to evaluate the neutron spectrum following a Bayesian

procedure. The evaluated spectrum is compared with various

experimental and theoretical representations.

The spontaneous fission prompt neutron spectrum of zsch is
recommended as an international standard [1] and at present is widely used for
solving practical and scientific problems. Periodically, it becomes necessary
to conduct new evaluations of the shape of the spectrum. Among the
recommendations regarding the prompt neutron spectrum of 2520f fission, the
most widespread evaluation is that in Ref. [2], carried out in 1975 and
inzluded in the IRDF-82 international file of recommended nuclear data [3].
However, this evaluation no longer satisfies the demands made on nuclear
physical standards, since the data on which it was based are considerably out
of date; it lacks a covariance matrix of the evaluated spectrum, and no
account is taken of the results of integral measurements. These same faults
are also inherent in the more recent Soviet evaluation [4]. At the
international meeting held in 1983 [5], the need was identified for carrying

25

out: a new evaluation of the 2Cf neutron spectrum.

The purpose of the present work is to evaluate the shape of the zsch

spontaneous fission prompt neutron spectrum, using the most recent

experimental information on the basis of a detailed analysis of partial
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errors. The evaluation method applied is founded on a Bayesian approach {6],
which makes it possible to calculate the covariance matrix of the evaluated

spectrum from information on the correlations of experimental errors.

Evaluation method

The energy spectrum of the fission neutrons ¢(E) is presented in a

form convenient for conducting the evaluation

P(E)= u(E) ¢, (E), 1)

where ¢H(E) = 0.667 El/z

252

exp (-E/T), with T = 1.42 MeV for the
Cf fission neutron spectrum, and E is the neutron energy in MeV. The
function ¢H(E), called a scale function, satisfactorily describes the
shape of the neutron spectrum in the region of the basic spectral integral
0.5-6 MeV [2]. Thus, the spectral form structure function u(E) is the one
which has to be evaluated.

When carrying out an evaluation of continuous functions, for example
the energy dependence of any reaction cross-section, it is customary to seek a
particular set of discrete values of the function, assigned to the
corresponding energy network of small dimensions, which considerably
facilitates the evaluation procedure by avoiding work with large matrices.
The values of the function at intermediate energies can be found by the
prescribed interpolation rules. A similar procedure can conveniently be used

when evaluating the form of the fission neutron spectrum, the function u(E).

In the present work we have used a method of evaluation based on a
general procedure for refining nuclear data [6-8]. For each independent
vector of input experimental data B, the correspondening covariance matrix V
is formed on the basis of their partial errors. 1In the case of a non-linear

<+ & -+
function D(X), where X is the set of experimental parameters,

V= {D)ED) > =5 (X))t ST, (2)

where 8 is a sensitivity matrix with elements sij = (X./Di) (aDi/de).

.
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Finding the "best" evaluation of the parameter vector P' and its covariance
matrix M' is based on Bayes' theorem. The problem amounts to deriving a

vector B' such as to minimize the expression
92=(P-P)' M '(P-P) +(D-D")* vI(B-D", (3)

where 5' = S + G(ﬁ' - E). The vector g can be found by the parameter vector
E, using the functional link B = 5(5), and the elements of the sensitivity
matrix G have the form Gij = aDi/an. The method of deriving a

refined parameter vector ;' and the corresponding covariance matrix M on the

basis of expression (3) is called the generalized least-squares method and

amcunts to solving the following equations

=met [N+ v]"(ﬁ—_ﬁ) ;

Pt
T
I
T
!

(4)

x
I
X
it

Mt [N+v] oM,

where N = GHG+. When evaluating the shape of the fission neutron spectrum,
the evaluated parameter vector P will be represented by the vector ;, the
elements of which are the values of the shape function u(E) on the energy

network selected. When refining the spectrum by adding the results of

3

differential spectrometry, the vector ;e will be the data vector D.

Normalization of the relative energy distribution of neutrons per unit area

can be carried out by the equations

ﬁnor‘m:vﬂ*MG‘FNd("J);

-1 (5)
Myorn = M-MG*NT'OM,

where J = 20 ?ev ¢(E)dE = ZJi, and the elements of the sensitivity
1

o
matrix G have the form G.1

3J/3u; = J;/u;. When adding the
integral data, the vector B will be represented by the set of experimental

average cross-sections for n reactions:

Ge = : (6)
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The values &, o(E) and ¢(E) are connected by the relationship

20MeV 20MeV
7= 6(E)pE)dE = 5 GE)U(E) P, (E)DE
0 0

(7)

where the normalization condition 20 gev u(E)wu(E)dE = 1 is fulfilled,

)
and therefore when adding new data on ge not only the spectrum will be

refined but also the reaction microscopic cross-sections. 1In this case the

> . . > >
evaluated parameter vector P will consists of two sub-vectors o and yu:

(@
P=ﬁr (8)

where the vector o itself consists of n sub-vectors (n reactions). 1If
initially vectors & and } are independent, then the covariance matrix M

can be represented in block form as

M8 0
Al EPRT B (9)

and the sensitivity matrix G as

6 =(c°c*) , (10)
the elements of which are G:j = aGi/aoj; G:j = aEi/auj. 1f one is
interested only in refining the shape of the spectrum, it can be shown that
the new values y' and Hu' are found by solving equations similar to
equations (4):

(- =mte nev) 6, -
mPomH Mo INev] e M

where N = GOHOGd+ + GuHuGu+, and 8& is the vector of the calculated

(11)

mean reaction cross-sections. If vectors & and L are initially dependent,
the covariance matrix has the form
6+
y Mé Mt ]
= 6‘ .
M}J. M'}L (12)

*

The refined vector p' and the corresponding covariance matrix u

are found from equations (11), only matrix N will have the form

6 6 .
N =6"M%6* +6H M 6% (6 M 60 6 MM e M (13)
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Analysis of experimental work

A detailed analysis of all experimental uncertainties is the essential
basis for carrying out an updated evaluation of the 2520f neutron standard
spectrum, calling for the construction of a reliable covariance matrix of
errors [5]. The ever more strict requirement for an accurate knowledge of the
shape of the spectrum has led experimenters to direct their main efforts to
the careful conduct of measurements and to the minimization of and correct
allowance for various types of uncertainty [9-14]. A critical examination of
the experimental material has shown that in the majority of publications
devoted to research on this spectrum comparatively little attention is paid to
an analysis of errors in measurement results. This applies both to work
carried out by the time-of-flight method (e.g. [15, 16]) and to studies
performed by the amplitude method, and likewise to integral measurements [17].
For example, in the case of Ref. [18], the results of which were taken as
basic for evaluation [2], we were unable to evaluate the magnitude of the
basic errors.

The studies selected [9-14] are characterized by the following
features, which conveniently distinguish them from other work:

- The high experimental level of the precision measurements, which

are supported by the best and most recent methodological treatment

and the latest nuclear-physical data;

- The availability of preliminary research and the wealth of
information contained in the material published by the authors;

- Considerable efforts to solve problems of optimizing the set-up of
measurements, and minimization of and correct allowance for
various types of uncertainty;

- A lengthy critical analysis of the results obtained;

- Good agreement of the results;

- A set of measurements covering the energy range from 1 keV to

20 MeV.
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In spite of the above-listed merits of these studies it has
nevertheless been necessary to expend a considerable effort on collecting from
various sources the information required for conducting the evaluation, and
also on a re-analysis of the experimental errors, with a view to identifying

the correlations present.

Time-of-flight measurement method. A short description of Refs [9-13]

is given in Table 1. 1In these studies measurements were carried out under
substantially different experimental conditions, each with its own particular
type of neutron detector. Hence, these results can be regarded as mutually
independent. A list of the uncertainties considered for each study is given
in Table 2. Some of the uncertainties listed were broken down into more
elementary items when the file of errors was constituted. Errors in the
efficiency of the neutron detector for all the studies is one of the basic
errors, an analysis of which in respect of studies [11-13] constituted a
highly complex task. 1In evaluating the correlation coefficients for the
efficiency values at various neutron energies three levels were

used: O0O; 0.5; 1.

In Refs [9, 10], the shapes of the neutron spectra were determined
relative to the standard cross-sections for the 6Li(n,a) and 235U(n,f)
reactions; for this purpose use was made of data from the ENDF/B-V
file [19]. The results of these measurements were considered in those regions
for which cross-sections are recommended for the reactions in question. 1In
performing the analysis of errors use was also made of the results of
studies [20-22].

In Ref. [11] the spectrum in the energy region above 4 MeV was measured
only in one series using a large black neutron detector, and below 4 MeV three
series of measurements were carried out, two of them using a small black
neutron detector. The authors of the present study assumed that the

efficiencies in these energy regions are poorly intercorrelated. To analyse
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€€

short description of studlies used for evaiuation

Time Energy
resolu- Source Energy range used
tion Flight strength, range, in evalua-
Study ns/m length, m fiss./s Detector system MeV tion, MeV Observations
[9] 3 0.5 ~1x10° Fragment detector: a low-mass gas 0.001-2 0.001-0.2 Relative measurements. Use
6 0.25 ~2x104 scintillation counter with good 0.3-0.4 made of energy region where
12 0.125 separation of alpha particles from the 6Li (n,a) reaction
24 0.0625 fragments. Neutron detector: cross-section is standard.
composed of 6Li I(Eu) crystals, In the 0.2-0.3 MeV reso-
17.5 mm diameter and 2 and 4 mm nance peak region and above
thick. Efficiency: 6Li(na) 0.5 MeV the cross-section
reaction cross-section. ENDF/B-V has considerable
file used. uncertainty.
[10] 1.7 1 2.0x10° Fragment detector: ionization 0.01-14 0.1-10 Relative measurements. Use
3.4 0.5 5.1x10° chamber of mass less than 1 g. made of energy region where
Neutron detector: low-mass the 235U(n,f) reaction
(~ 65 g) ionization chamber with cross-section is standard.
235y layers. Efficiency: 235y Above 10 MeV the data show
(n,f) reaction cross-section. considerable uncertainty in
ENDF/B-V file used. comparison with the results
of Refs [12, 13].
[11])* ~1.3 2.6 1.4%103 Fragment detector: large scin- 0.2-10 0.5-6 Relative measurements. Use
3.5 tillation camera. Neutron made of energy region where
detector: small and large black the corrections are small
detectors. Efficiency: calculated. in comparison with the
spectral intensity.
[12])* 0.125 12 ~1x10° Fragment detector: ionization 3-13 4-13 Absolute measurements.

chamber, mass ~1 g. Neutron
detector: four detectors based on
an NE-213 liquid organic scin-
tillator, dimensions @ 25.4 x
5.08 cm with light guide.
Experimental efficiency used
(threshold ~ 1.6 MeV).

Data in the 3 MeV region
not used in evaluation
owing to their considerable
divergence beyond the
limits of error) from the
results given in the Tables
to Refs [10,11,15,18].

* Numerical data taken by the authors from the figures, which in these papers are of high quality.



Table 1 (continued)

Time

Energy
resolu- Source Energy range used
tion Flight strength, range, in evalua-
Study ns/m length, m fiss./s Detector system MeV tion, Mev Observations
[13] ~0.44 4.5 3.3x104 Fragment detector: small-mass 11-30 11-20 Relative measurements. 1In

ionization chamber. Neutron
detector: ©NE-213 liquid organic
scintillator, diameter 12 x

12 cm. Efficiency: calculated.
Measurements conducted in five
series with various sets of lower
(~7-10 MeV) and upper

(~17-22 MeV) thresholds.

the energy region above

20 MeV the results are not
very convincing (30 events
to 15 background events)
and contain considerable
errors.




Table 2

Uncertainties in studies [9-13)

Type of uncertainty {9) ({10) [11) ([12) ([13]
Statistical error X X X X X
Differential non-linearity + + + + +
Uncertainty of time channel value + + + + +
Uncertainty of "time zero" + X X X X
Uncertainty of flight length + + + + +
Uncertainty of neutron detector efficiency X X X X X
Uncertainty of correction for genuinely random

coincidences + + X + +
Uncertainty of correction for neutron scattering

in the air medium X + + + +
Uncertainty of correction for neutron scattering

by the detectors X + + + +
Uncertainty of correction for neutron scattering

by removed masses + + X + +
Uncertainty of correction for final time resolution + X X + +
Uncertainty of normalization of different series

of measurements X - - - -
Uncertainty introduced by the (n/y) separation

channel - - X + +
Uncertainty associated with incomplete recording

of fission events + + X + +
Uncertainty of correction for background reactions

and delayed gamma quanta X - - - -
Uncertainty of correction for anisotropy of

emergence of 235y fission fragments and

kinematic effect - + - - -

Note: The sign "X" means that the uncertainty makes a substantial
contribution to the total error; the signs "+" and "-" represent
respectively the presence or absence of the uncertainty in question.

the errors in the calculated detector efficiencies, recourse was had to the
results of the experimental testing of the calculated efficiency of a small
black detector [23], and also to the results of a comparison, conducted by the
present authors, of the experimental data in Refs [24, 25) on the 235U(n,f)
reaction cross-section with the evaluated values for this cross-section
contained in Refs [8, 19, 26, 27). In the energy region around 3-4 MeV, an
additional efficiency error (of about 3%) was introduced, equal in size to the

discrepancy between the experimental and the evaluated figures for the
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235U(n,f) reaction cross-section. For analysis of the errors use was

further made of the results of studies [28-30].

The absolute measurements in Ref. [12] were carried out with four
identical neutron detectors. The experimental absolute efficiency of the
detectors was used, the value of which somewhat exceeds that of the calculated
efficiency [31]. The present authors evaluated the following partial errors:
statistical systematic error of the absolute efficiency, and also the
uncertainty in the shape of the efficiency curve. At the same time some
information was derived from comparing the experimental and calculated neutron
detector efficiencies (with reference to the NE-213 scintillator and with a
neutron detection threshold around 1.5 MeV) [12, 32-34]. 1In analysing the
experimental uncertainties recourse was also had to the results of
studies [35-40].

In relative measurements [13] the neutron detector efficiency was
calculated by a code described in Ref. [14], which is analogous to the widely
used code figuring in Ref. [42]. The counter efficiency uncertainty was
evaluated on the basis of studies [43-47]; for establishment of correlations,
it was assumed that the basic contribution to this uncertainty is made by two
types of partial error, associated with uncertainty regarding the detection
threshold and the uncertainty of the data on the breakdown of carbon nuclei
entering into the composition of the detector organic scintillator. For
analysis of the experimental uncertainties recourse was had to the results of
Refs [43-48). The results of the works considered above were not corrected.
We only eliminated what were from our point of view unlikely results located
at the boundaries of the measurement energy range (see Table 1).

Integral measurements. For an extensive set of dosimetric reactions

having a threshold energy lower than 10 MeV, Ref. [l4] provides a joint
evaluation of the mean cross-sections measured in the 252Cf neutron field.

For the evaluated figures a covariance matrix of errors was constructed, and

the results are presented in a form convenient for inclusion in the
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evaluation. Study {14] also includes highly accurate measurements of the mean
cross-sections for (n,2n) reactions with a threshold energy above 10 MeV. The
missing components of the correlation matrix for a set of mean reaction
crcss-sections, including the results of measurements in Ref. [14] for (n,2n)
reactions, were determined by us using the data from Refs [7, 49, 50]. For
assigning the values of the reaction microscopic cross-sections and the
covariance error matrices corresponding to them, use was made of data from the
ENDF/B-V and IRDF-82 files. The microscopic cross-sections for the various
reactions were considered to be independent, in view of the fact that there

was no information on correlations between them (except the 197Au(n,2n) and

59C'o(n,2n) reactions, for which the cross-sections were formed essentially
frcem the results of Ref. [51], and the correlation coefficient was assumed to
be 0.5). It should be noted that for many reactions the evaluated
cress-section files do not contain covariance error matrices, or else the
values for the errors substantially exceed the uncertainty of measurement by
time-of-flight [9-13] or the cross-sections for other reactions sensitive to
the same energy range. Hence, for inclusion in the evaluation a limited set
of reactions was chosen (Table 3). As may be imagined, the values for the
mean cross-sections 8; and microscopic cross-sections o(E) for the

selected reactions are much more reliable and consistent with respect to the
results of Refs [9-13], carried out by the time-of-flight method. 1In the
energy range corresponding to the greatest uncertainty of the differential
spectrometry data, the results of the integral measurements given in Table 3

make it possible to refine the neutron spectral shape under evaluation.

Analysis of evaluation

As starting information in the present evaluation, use was made of the

relative data from four studies [9-11, 13] and the absolute data in

study [12], obtained by the time-of-flight method, and also the set [14] of

mean cross-sections for nine reactions (see Table 3). The results of the
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Table 3

Short description of reactions usedin the evaluation

Energy region _ _
Reaction corresponding to] &, |06 , | 6, |6(E)-

the 90% integral ; % e 5 ¢ lsource

of the reaction "

response _functiof

in the §5£CF

spectrum, MeV
1974u(n, §)| 0-066-3.0 6,17 | 2.0 8.7 ENDP/B-V
27)1(a,p) 3.5-9.8 4.825 | 3.2 5.6 ENDF/B~V
56re(n,p) 5.5-12 1.496 | 2.1 4.5 ENDF/B-V
2701(n, ) 6.5-12 1.004 | 1.9 2.9 VitV
197pu(n,2n)|  8.9-14.8 5.461 | 2.2 | ~5 Vv
590 (n,2n) ~11-16 0.406 | 2.5 | ~5 /B1-65
63cu(n, 2n) ~12-17 0,183 | 3.8 1.7 IRDF-82
197(a, 2n) ~12-17 1.63x | 3.1 | 26 IRDF-82

g ' x1072 :

%2r(n,2n) ~13-18 0-221 | 2.7 2,0 IRDF-82

studies carried out by the time-of-flight method were entered onto Fig. 1 in
the form of the relationship w(E) = ¢(E)/¢H(E), where ¢M(E) is the

scale function (1). The agreement of results was checked visually. The
studies considered, and also earlier investigations carried out with high time
resolution [15, 18, 52, 53) show an absence of fine structure, going beyond
the limits of experimental error, in the case of the prompt neutron spectrum
for 252Cf spontaneous fission. On these grounds we assume that the function
of the spectral shape for evaluation represents a fairly smooth energy
function. The experimental data in Fig. 1 show that all the features of the
spectral shape can be well described by assigning the values of the function
u(E) at the nodes of a small energy network, taking account of the linear
interpolation rule for obtaining values at the intermediate energies. The
authors chose an energy network consisting of 20 nodes, covering the energy
range 0-20 MeV (Table 4). The results of Refs [9-13) were applied to this
energy network by transferring them parallel to the smooth curve drawn through
the set of experimental points.

In the first stage of the evaluation, a covariance matrix of total

errors taking account of expression (2) was formed for each study. 1In the
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Fig. 1. Comparison of the evaluated curve for the shape function u(E)"
(continuous curve) with the input data from time-of-flight
spectrometry: A - [9] [measured relative to the bLitn,a)
reaction cross-section]; © - [10] [measured relative to the
235y(n,f) reaction cross-section; T - [11}; 1 - [12);

v - [13]. The upper part of the figure represents schematically
the energy intervals corresponding to these data, and also

shows the energy regions corresponding to the 60% integral of
the response function for the nine dosimetric reactions used

in the evaluation.

next stage we derived the values M, = u(Ei). i=1,2, ..., 20 from

the results of relative measurements [9-11, 13]. The integral of the neutron
energy distribution derived ¢(E) was normalized to unity. Then, to the
normalized data were added the results of the absolute measurements [12]. All
the procedures for addition and normalization of data were effected under the
conditions of the generalized least squares methods on the basis of

expressions (4), (5).

Further refinement of the spectral shape function u(E) was carried

outz by adding the results of the integral measurements quoted in Table 3.
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Evaluated figures and correlation matrix for the 22

Table &

Cf spectral shape function

t Ei' MeV]| M3 Fau; Correlation matrix

I| 0.004 | 0.962810.0550 | 100

21 0.2 |0,9952+0,0480§ 75 I00

31 0-06 |0.9771¢0.0418} 60 70 100

4] 0.I5 [0.9682020.0353| 35 40 50 100

51 0.30 |0.987220.027%6 | 45 45 55 45 I00

6] 0.70 | 0,9712+0.0I83} -5 -5 -I0 -5 5100

71 1.20 |0.994430.0054 | =30 -30 =35 -30 =35 -5 I100

8| I-80 | 1.0177+0.0I0R | =25 -2§ -30 -30 40 -I0 70 10O

91 2.50 | [.0305%0.0I37 [ =20 -20 25 -5 -30 40 -I5 =20 I0O

10| 3.00 | 1.Q234*0.0I55 | =20 =20 25 -30 -35 -35 =0 -I5 70 100

II | 4.00 | I,0270%20.0I78 | -I0 -I0 -I5 20 =30 =20 25 =20 5 1I0 100

12 { 5.00 |I,0039%0.0183| -5 ~I0 =10 -10 20 20 20 -I5 O O 35 100

13 ] 6.00 |0.9553+0.0196| 5 -5 -5 -I10-I5-1525-I5-10 O 30 S50 IOO

14 ) 7.00 |0,8937£0.0186 ) -5 -5 -5 -10 -I5 -I0 -I5 -5 0 -I0 20 40 45 I0O

15| 9.00 [0.8477*0.200| 5 -5 -5-10-I5 0-20-10 -5 -5 25 35 45 50 I0O

16 {11.00 |0.BI98*0.@60| -5 -5 -5-10-15-10-10 O O O 15 20 35 45 55 I00

17 |13.00 {0:77%9%0.0308 0 0 -5 5-10 -5 0 -5 -5 5 5 I5 20 25 30 35100

18 {15.00 | 0.7800%0.0562 o 0 0 0 0 0 0 0 0 0 O O 0O 5 5 0-I5100

19 117.00 | 0,.81900,1060 o 0o 0 0 0 0 0 0 0 O 5 0 5 0 5 5-I0-201I00

20 | 19.00 | 0.7650%0.3570 o 0 0o 0 0 0 0 0O 0 0 O O 0 0 -5 -5-I5-45=0I

Table 5 Table 6

Representation of shape function p(f) Relative error in the values for the function p(F)

AE) Mev MUE) aE, Mev du, 2| aE, Kev du,t
0-0.3 0.97610.04 E 0-0.0t 5.7 3.5-4.5 1.7

0.3-0.7 0.997:0.04 (0.3-E) 0.01-0.04 4.8 4.6-5.6 1.8

0.7-1.0 0.97110.043 (E-0,7) 0.04-0.10 4.3 5.5-6.8 2:1

1.0-2.6 1.01010.017 (E-1.D) 0.10-0.225 | 3.6 | 6.5-8 2.1

2:5-4 1.03010.003 (2.5-F) 10,225-0.50 | 2.8 B8-10 2,4
4-5 1.025.0.021 (4-E) 0.50-1.0 1.6 -] 10-12 1.2
5-7 1.00410.005 (6-E) 1.0-1.6 0.95 12-14 4.0
7-13 0.094:0.019 (7-E) t.6-2.1 1.0 14-16 7.2
13-20 0.700 2-1-2,7 1.3 16-18 13

2.7-3.% 1.5 18-20 47

Addition of the integral data was effected on the basis of expression (11).

The 197

Au(n,y) reaction was utilized for refining the spectrum in the low

energy range, taking account of the delayed neutron contribution (Appendix 1).
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Discussion of results

The numerical values for the evaluated quantities p(E) on the
selected energy network and the corresponding correlation matrix for the
252Cf spontaneous fission prompt neutron spectrum are given in Table 4. The
integral of the evaluated spectrum is normalized to unity. For practical
applications it is more convenient to use a simpler representation of the
results obtained, ignoring the small and statistically insignificant
fluctuations in the spectral shape (Table 5). The errors in the values u(E)
for various energy ranges are given in Table 6, and the corresponding
correlation matrix can be taken from Table 4.

One of the most important parameters characterizing the energy

distribution of neutrons is the mean energy. The mean energy E and the square

of its error var(E) can be derived using the expression:
_ 20MaV 20MeV 20
E=§ EpErde= § E_/u.(E)(pﬂ(E)dE=ZIi_}Li;
0 0 i=1
= 2
uuz(E):%(Ii) uaz(_}ii)-*rzZL:%Iincov(ﬂiﬂj).
(i<j)
Using the data in Table 4, a mean energy and error value E

= 2,1214 * 0.0122 MeV was derived for the evaluated spectrum of 252Cf

spontaneous fission prompt neutrons. The degree of agreement of the evaluated

shape of the spectrum with the results of time of flight spectrometry can be

visually estimated from Fig. 1. Figure 2 shows the results of testing the
evaluated spectrum for its agreement with the data for a comprehensive set of

dosimetric reactions. The experimental values of the mean cross-sections

(Sé + Aéé), measured in the 252Cf spectrum, were taken from Ref. [14],

and the data for the microscopic cross-sections were taken from the ENDF/B-V

file. The quantity D/U was determined by the expression:

. 6,-6, _
D= = °_ Z vz (15)
[(A6e 24 (887)% + (a8 ‘c")’]

where aé and Bc are the experimental and calculated values for the
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Fig. 2. Comparison of the calculated values for the mean
cross-sections G with the experimental values Gy
using expression (15) for a large set of
dosimetric reactions: 1 - 197Au(n,Y);

2 - 2354(n,f); 3 - 23By(n,F); 4 - 46Ti(n,p);

5 - 27A1(n,p); 6 - SBre(n,p); 7 - “BTi(n,p);

8 - 83cu(n,a); 9 - 3%o(n,a); 10 - Z*Hg(n,p);

11 - 27Al(n,o.) (the dotted line denotes the value

of D/U, for deriving which use was made of the
cross-section ofE) from Ref. [54]; 12 - 197Au(n,2n);
13 - 55¥n(n,2n);: 14 - 5%o(n,2n); 15 - 63Cu(n,2n);
16 - 19 (n,2n); 17 - ¥02r(n,2n); 18 - 8Ni(n,2n).
The energy intervals represented correspond to the
60% integral of the reaction response function in
the 252Cf neutron spectrunm.

mean cross-section; ABZ and A&Z are the uncertainties in the calculated
mean cross-section associated with the uncertainty in the spectral shape ¢
and the microscopic cross-section o respectively; and Aae is the
error in the experimental value of the mean cross-section. As can be seen
from the figure, for most reactions this value lies within the range [-1,+1],
which indicates the good agreement of the evaluated shape of the spectrum with
the values used for the mean and microscopic reaction cross-sections. It
should be noted that for the 197Au(n,Y) and 235U(n,f) reactions the contribution
of delayed neutrons was taken into account when calculating the mean
cross—section.

Figure 3 compares the results of the present work with the evaluations
in Ref. [2] and the latest recommendation [5], in which, below 6 MeV, it is

proposed to use a function of form u = 1, and above 6 MeV a function of the

form taken from evaluation [2] (the dashed lines delimit the area of possible

42



1.2

<b

.................

unit

M(Ep),rel.

[~

06 PR 1 Y WY S GNS W SO SUNIY G WU SHE U S S N 1
2

A
0 1 2 6 L] 10 7 14 6 18 E, MeV

-~
>

Fig. 3. Comparison of the evaluated function of the
252CF prompt neutron spectral shape (o) with
the results of the evaluation in Ref. [2]
(thin curve) and the recommended values [5]
(bold curve, coinciding above 6 MeV with the
results of study [2]).

Table 7

Relative contribution of delayed neutrons to intensity of spectrum

Ak, kev <4 | 4-105 | 105-220 | 22L-£00 | 500-9%0 | 9950-1500 > 1800

A(’iel/Npr Jl<0.1]0.1601 | 0.646 0.955 0.716 0.166 «<0.1

Table 8

Initial error matrix for the 197AU(n,y) reaction
cross-section

. AE, Mev dé, % lcorrelation matrix
.0.05-0,6 6.1 I
0,5-0,0 4.1 a-01 1
0.6-1.0 A1 0.04 0.06 1
1.0-2.5 2.0 0 0 0.19 1
2.6-3.6 2.0 0 0 0 0.96 I
Table 9

Error matrix obtained after refining the 197Au(n,Y)
reaction cross-section

* aE, Mev ¢3,% |Correlation matrix

0.05-0.225] 6.03 I
0.225-0.5 6,03 | 0.0] !

0.5-1.0 4.0 |-0.05 0.0l |

1.0-2.15 | 7.3 |-0.66 -0.40 -0.10 1
2.15-2.96 | 6.0 |-0.%0 -0,36 -0.06 0.73 1
2.76-3.6 8.7 |-0,4 -0.32 -0.52 0.77 11
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Fig. 4. Comparison of the evaluated function of 252¢f
prompt neutron spectral shape (®) with the
results of model calculations - [58]
(version 3); _ _ _ _ [57]; and
meem - [59].

variations in the spectral shape). 1In the energy range below 6 MeV, the shape

of the evaluated spectrum agrees, within the limits of the uncertainties

indicated, with the recommendations contained in Ref. [5] and largely derived
on the basis of those same experimental data. The functions pw(E) evaluated

in the present work and in Ref. [2]}, and describing the low-energy part of the
spectrum, have different aspects; the divergence in their values reaches 8%
for an energy of 0.250 MeV and 20% for an energy below 100 keV. 1In the energy
range 1.5-5 MeV, the values obtained by us for the spectral shape function
systematically exceed the evaluation values [2], to an extent of about 4%, and
in the energy range 6-12 MeV our evaluated values for the u(E) function lie
systematically lower (the divergence amounts to about 7%) than the
representation in Ref. [2]. For neutron energies above 12 MeV, Ref. [2]
postulates a hypothetical shape for the spectrum derived from extrapolation
into the higher energy region of the analytical representation of the function
u(E), determined from experimental data in the 6-12 MeV range. 1In this

energy range the spectral intensity evaluated in the present study agrees
within the limits of error with the values derived from the relation u(E)

postulated in Ref. [2].
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252Cf spontaneous

Thus, our evaluated function for the shape of the
fission prompt neutron spectrum, while agreeing with the experimental data and
the results of the recommendation contained in Ref. [5], has a somewhat
different aspect in comparison with the representation contained in Ref. [2],
and a substantially reduced uncertainty in the energy regions below 0.250 MeV
and above 8 MeV. The covariance matrix derived for the evaluated values (see
Table 4) shows that the uncertainty in the form of the energy distribution of
252Cf prompt neutrons in the energy range 0.225-11 MeV does not exceed 3%,
and in the 0.01-14 MeV range it is less than 5%. The accuracy achieved meets
the demands made on neutron standards, and makes it possible to use the
spectrum for calibration purposes in various items of nuclear physics
research. Appendix 1 deals with the matter of deriving the absolute intensity
of the spectrum and allowance for the contribution of delayed neutrons.

Recently, together with experimental investigation of fission neutron
spectra, great effort has been applied to deriving theoretical representations
of spectra with the help of various model calculations [56-59]. It will be
seen from Fig. 4 that the neutron energy distributions obtained are in good
agreement over a wide energy range with our evaluations in the present paper.
However, it should be pointed out that all the above-mentioned theoretical
calculations were carried out on the basis of the evaporational model and
contain model parameters, a reasonable variation of which leads to a
sutstantial change in the calculated neutron energy distribution (the
discrepancy amounts to tens of per cent in the energy region above
5 MeV) [57, 58]. Hence the theoretical calculations to some extent require
fitting. For example, in study [58] fitting was carried out to the
exrerimental data of study [15]} by selection of an energy level density
parameter a and subsequent correction of the calculated spectrum was effected
using the results of the integral measurements in Ref. [60]. 1In addition, the

theoretical spectral separation representations in question were derived

without taking account of the contribution of the so-called separation
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Fig. 5. Low-energy region of the Cf spontaneous fission prompt
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63Cu(n,a) (b) reactions: 1 - reaction response
functions ofE)§(E); 2 - reaction microscopic cross-
sections ofE); — — - — data for o(E) from ENDF/B-IV
file; — data from ENDF/B-V file.




neutrons, the available information about which is scanty and frequently
contradictory [57].

252Cf neutron spectrum is examined in

The low energy region of the
Fig. 5. Within the limits of error, the experimental data agree with the

evaluated shape of the spectrum. However, as can be seen from the figure, the

results obtained in the present work regularly lie higher than those of

Ref. [2] and the theoretical calculations, particularly in the energy range

below 100 keV.

X

The present work has been devoted to deriving an evaluated shape of the
252Cf spontaneous fission prompt neutron energy distribution in the energy
range 1 keV-20 MeV, on the basis of a detailed analysis of experimental
errors. The evaluated data, on the one hand, are in good agreement with the
exrerimental results, and on the other hand do not contradict theoretical
representations, agreeing over a wide range of energies with the calculated
values. On the whole, the spectral shape function derived does not contradict
the recommendation recently drafted at an international meeting [5] and, so it
aprears, can be regarded as the next stage in refining the standard neutron
spectrum in comparison with the evaluation contained in Ref.[2]. The
numerical data, including the correlation matrix, quoted in the tables for the
252Cf prompt neutron spectrum may be widely used in assignments associated
with refinement of various nuclear physical constants. An example of such an

assignment on refining dosimetric reaction cross-sections is given in

Aprendix 2.
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Appendix 1

Derivation of absolute spectral intensity and allowance
for the delayed neutron contribution

In order to determine the absolute intensity, pertaining to each

fission event, of the 252Cf neutron spectrum, it is necessary to use the

expression Qpr(E) = v (E). Here apr = 3.757 + 0.006 neutr./fiss. and

PP¢PF

. 252 ..

is the average number of prompt neutrons per Cf fission event (value

taken from ENDF/B-V file); ¢ (E) = u (E)e (E) = u (E) 0.667 VE exp (-E/1.42),
pr pr M pr

where u r(E) is the evaluated function of the spectral shape, and E is the

neutron energy in MeV.

The intensity of the total Zsch neutron spectrum can be established
by adding the delayed neutron spectrum to the evaluated prompt neutron
spectrum. In the present work, for determining the shape of the delayed
neutron spectrum wdel(E), use was made of the data quoted in Ref. [61].

The intensity of the delayed neutron spectrum is found as Qdel(E) = vdelwdel(E)’
- -2
where Vel = 0.89 x 10 neutr./fiss. is the mean number of delayed
52 .
neutrons per 2 Cf fission event (value taken from ENDF/B-V file). Then we
h = + @ E).
ave Qtot(E) Qpr(E) del( )

Table 7 shows the ratio of the number of delayed neutrons to the number
of 2520f fission prompt neutrons for several energy intervals. It will be
seen that the intensity of the total neutron spectrum is only slightly
different from that of the prompt neutron spectrum. This makes it possible to

use the covariance matrix of the prompt neutron evaluated spectrum likewise

for the total spectrum in various applications.
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Appendix 2

Application of the evaluated spectrum for refinement
of dosimetric reaction cross-—-sections

Over a wide energy range, the errors derived by us in this paper for
the evaluated values of the standard 2520f neutron spectrum are considerably
smaller than the uncertainties in the cross-sections of the majority of
dosimetric reactions. For many of these reactions the values for the mean
cross--sections measured in the 252Cf neutron spectrum are known with a high
degree of accuracy (the error represents only a few per cent) [14], which
makes it possible to refine their microscopic cross-sections o(E). 1In case

of joint refinement of the cross-sections for n reactions, the vectors of the

new data and evaluated parameters will be respectively

-

=* ,661 - 61
6.= | & and 6=1]35 |,
6en ®n

where E;i is the experimental mean cross-section of the i-th reaction, and
Ji is the vector of the microscopic cross-section of the i-th reaction.
The new parameter vector and covariance matrix corresponding to it are found

using the expressions

- . - =
6 =6+ M%:%" [N+V] (B - 6 ) ;
] -1
MO = MT o MBGCt [N+ v]  G6TMO,
As an example of the above procedure in action, let us consider

refinement of the 197Au(n.Y) reaction cross-section. To the initial

cross-section o(E) we add new information obtained in the integral

252

measurements in the Cf neutron spectrum: Eé = 76.17 + 1.52 mb [14].

The energy range where the reaction is most sensitive to the neutron spectrum
i¢ normally characterized by an energy interval corresponding to the 90%

integral of the response function, which in the case of the 197Au(n,y)

5

reaction is equal to 0.066-3.0 MeV for the 2 2Cf neutron spectrum. It is

clear that in this energy region refinement of the microscopic cross-section

for the reaction in question will basically occur. The numerical data
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describing the form of the neutron spectrum are taken from Table 4, allowing
for the delayed neutron contribution, and for determining the microscopic
cross-section values and corresponding error matrix (Table 8) use was made of
the ENDF/B-V file.

Since the calculated and experimental average cross-sections were close
to one another in magnitude, the new values for the microscopic cross-section
derived in the refinement process scarcely differ from the initial values
(maximum divergence about 1%). However, the uncertainty of the cross-section
after addition of the integral data is substantially reduced for neutron
energies above 1 MeV. Table 9 shows the errors for the refined cross-section
values and the new correlation matrix.

The majority of (n,p), (n,a) and (n,2n) dosimetric reactions have a
threshold above a few MeV, where the intensity of the neutron fission spectrum
rapidly falls with increasing energy. The product of the neutron spectrum
¢(E) and the cross-section for such a reaction o(E) and the function,
increasing with energy, near the threshold leads to a relatively narrow
response function o(E)®(E), the maximum of which is assignable to the
energy region near the threshold. Therefore the most effective refinement of
the cross-section upon addition of the data from integral measurements will
take place in the range a few MeV above the reaction threshold. As an example
of the great sensitivity of the reaction response function to the values of
its cross-section near the threshold, we give in Fig. 6 data corresponding to
various representations of the microscopic cross-sections for the 48Ti(n,p)

and 63Cu(n,a) reactions.
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ANGULAR AND ENERGY DISTRIBUTIONS OF 252Cf SPONTANEOUS
FISSION NEUTRONS

E.A. Seregina, P.P. D'yachenko
ABSTRACT

Methods are described for measuring the energy distributions of
2520f spontaneous fission neutrons using a single--crystal recoil
proton spectrometer, and for reconstructing neutron spectra from the
instrumentally-derived distributions with the inclusion of a realistic
spectrometer response function. The energy spectra obtained are shown
for ten angles between the direction of motion of the neutrons and the
axis of emergence of the fragments (30, 100, 200, ey 900)
within the energy range 0.7-8.1 MeV. Comparison of the results
obtained with data from other authors showed that the picture of

angular and energy distributions of 252

Cf spontaneous fission
neutrons is somewhat different from that previously established. This

applies particularly to angles between the fragment emergence axis and

the direction of the neutrons which are close to 0o and 909

. . . 252
Experimental data on the angular and energy distributions of cf

spontaneous fission neutrons are of great value in testing and developing
existing models of the mechanisms for prompt fission neutron emission.
However, these distributions are studied in sufficient detail in only one work
{1] (carried out in 1962), in which neutron spectra are measured for 16 angles
between the directions of emergence of the neutrons and the light fragment in
the range 0° < 6 < 180° in steps of 11.25°. WMo experiments have been carried
out in such detail since then, and evidence has been accumulating that the
actual angular and energy distributions are somewhat different from those
established in Ref. [1]. For example, according to the data in Ref. [2], in

which the angular yield correlations and differential energy distributions of
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spontaneous 2520f fission neutrons were measured, the neutron spectra for
angles of 6 > 30° have a mean energy significantly lower than that
obtained in Ref. [1].

We therefore considered it worth while repeating the detailed study of
the angular and energy distributions of prompt 2520f spontaneous fission
neutrons using a method for measuring the spectrum different from those
employed in Refs [1] and [2]; the method chosen involved the use of a single-
crystal recoil proton spectrometer with a stilbene crystal, It should be
noted that it is of major importance to use several methods in a study of such
complexity, as this is, of course, the only way to detect whether any of the
systematic errors which must necessarily occur in any method have not been

taken into consideration.

Measurement method

The experiment consisted of two stages. 1In the first stage the spectra

of the zsch fission neutrons were measured simultaneously for six angles,

3%, 10°, 20°, 30°, 80° and 90°, between the direction of neutron emission

and the axis of emergence of the fission fragments, and in the second stage
for angles of 400, 500, 600, 700, 80o and 900. To determine the directions
of motion of the fragments, silicon surface barrier counters were used which
were 0.2 mm thick and had working surface diameters of 14 mm and external
diameters of 18 mm. The semiconductor counters were manufactured from n-type
silicon of 300 Ohm-cm resistivity using the technology described in Ref. [3].
The surface barrier detectors were positioned within a thin- walled vacuum
chamber made of Duralumin in a circle at a distance of 107 mm from a layer of
fissile material. A layer of 2520f 4 mm in diameter with an emission rate

of 3 x 104 fissions/s was deposited on a platinum support 0.05 mm thick.

For the neutron detector, a crystal of stilbene measuring 22 x 31 mm was used,

together with a photomultiplier. For y-quanta discrimination, (n-vy)

separating circuit [4] was used, which suppressed the y-quanta close to the
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threshold level by a factor of 50 and by more at higher energies. The
threshold of the detector was 0.7 MeV.

It was known that the (n-y) separation circuit was sensitive to
changes in ambient temperature. This effect was excluded by placing the
detector in a thermostat kept at a temperature of 26° + O.SOC, which
significantly increased the stability of the neutron channel. The neutron
detector was placed at a distance of 25 cm from the fissile material target.
The geometry of the experiment enabled an angular resolution of i(4-5°) to
be achieved. The solid angle of neutron detection was then 0.0144 sr.

The measurements were carried out with the help of the Physics
Measurement Centre (PMC) of the Physics and Energy Institute. Six independent
spectrometer channels were linked to six fragment detectors with an additional
channel to the neutron detector (Fig. 1). The amplitude signal from the
neutron detector was fed to the analog-to-digital converter which was
controlled by the signal from the detector number encoder. 1In this way, the
six neutron spectra from the apparatus, corresponding to the six angles being

measured, were fed into the PMS magnetic operating store.

Measurement procedure

The experiment was carried out in cycles. Each cycle consisted of
two types of measurement: measurement of the background effect and
measurement of the scattered neutron background using a copper shadow cone
placed between the 252Cf target and the neutron detector. The duration of
each type of measurement was 23 hours. At the beginning and end of each
23-hour series, the following control measurements were made:

1. The amplitude distribution of the Compton recoil electrons formed

as a result of the interactions of y-quanta from 137Cs

(E = 480 eV) and 60Co (E = 1.33 MeV) with the stilbene crystal

was measured in order to calibrate the neutron spectrometer and to

monitor the stability of the electronic apparatus. The stability
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9¢

Neutron energy distributions n(E.,,6;) as a function of emission angle
in the laboratory system, neutr./fiss-sr-MeV.

Eq 3° 10° 20° 30° 40° 60° 60° 70° 80° 90°
MV )

0,7 |25,00t1,6 | 22,561,67 | 26,00%1,68 | 22,53%1,41 25,00%1,89 | 23,00%1,69 | 16,77%0,97 | 16,74%0,97 | 16,18%1,29 17,2881,
0,9 | 21,4120,06 | 25,00%0,69 28,39%0,62 | 25,10%0,56 24,30%0,58 | 22,02%0,51 | 16,68%0,60 | 15,96%0,47 13,940, % 14,800,37
1,1{26,67%0,58 | 27,7220,26 30,46%0,28 | 27,10%0,25 23,44%0,3% | 18,90%0,27 | 16,06%0,40 | 14,61%0,% 12,320,268 12,65%0,29
1,3|31,08%,70 { 31,31%0,71 31,90%0,73 | 28,12%0,64 22,6020,59 | 16,76%0,44 | 14,94%0,44 | 12,90%0,38 10,96%0,28 10,74%0,28
1,51{33,61%0,06 | 33,30:0,85 32,06%0,82 | 27,8%0,72 21,%%0,59 | 15,40%0,43 | 13,59%0,38 | 11,28%,32 9,63%0,27 9,10%0,26
1,7| 3,06%1,08 | 33,00t1,04 31,6420,97 | 26,%0,& 20,10%0,64 | 14,08%0,45 | 12,29%0,38 | 9,83 *0,30 8,44%0,27 7.72%0,2%
1,9 3®,441,16 | 33,7411,11 30,70%1,00 | 25,650,684 18,78%0,62 | 12,84%0,43 | 11,02%0,37 8,5410,29 7,3%0,26 6,55%0,24
"2,1134,9%t,08 | 33,07%1,02 29,41%0,91 | 24,08%,% 17,40%0,64 | 11,65%0,3% 9,80%0,34 7,38%0,26 6,%%0,23 5,58%0,20
2,3|33,94%0,98 | 32,06%0,92 27,97%0,81 | 22,44%0,65 16,0720,49 | 10,47%0,31 8,68%0,31 6,39%0,23 5,50%0,19 4,7%5%0,17
2,5 | a2,46%0,081 | 30,71%0,77 26,37%0,67 | 20,7%5%0,52 14,5620,37 | 6,44 20,24 7,65%0,28 5,52%0,22 4,74%0,15 4,06%0,13
2,71 30,91%0,06 | 29,39%0,m2 24,90%0,70 | 19,22%0,54 13,33%0,38 | 7,98%0,23 6,77%0,27 4,80%0,19 4,12%0,14 3,46%0,12
2,9 | 28,71%0,45 | 27,48%0,43 22,69%0,37 | 17,44%0,28 12,17%0,20 | 7,71%0,13 5,87%0,19 4,10%0,13 | 3,50%0,08 2,97%0,07
3,126,600, | 25,680,265 21,10%0,21 | 15,06%0,15 11,08%0,13 | 6,92%0,08 5,12%0,14 3,54%0,10 2,99%0,6 2,53%0,04
3,3 | 24,53%0,16 | 23,88%0,16 19,530, 15 14,%%0,11 10,06%0,09 | 6,23%0,06 4,46%0,11 3,03%0,08 2,5610,04 2,16%0,03
3,5 | 22,42%0,16 | 22,02%0,16 17,9820,13 | 13,06%0,09 9,06 0,09 | 5,60%0,0 3,88%0,08 | 2,63%0,06 2,19%0,03 1,86%0,02
3,7 | 20,46%0,18 | 20,30%0,19 16,38%0,15 11,81%0,11 8,19 0,10 | 5,02%0,06 3,37%0,07 2,26%0,05 1,87%0,03 1,58%0,02
3,9 18,62%0,19 | 18,70%0,19 14,92%0,14 | 10,65%0,10 7,380,090 | 4,49%0,06 2,94%0,00 1,9%%0,04 1,60%0,03 1,34%0,02
4,1116,81%0,23 | 17,10%0,24 13,560,19 | 9,57 20,13 6,61%0,19 | 4,01%0,07 2,55%0,06 1,68%0,04 1,3%%0,03 1,15%0,02
4,3115,17%0,24 | 15,50%0,24 12,26%0,19 | 8,58 *0,13 5,93%0,13 | 3,568%0,07 2,21%0,06 1,45%0,03 1,17%0,03 0,98%0,02
4,5 (13,0020, | 14,00%0,2 11,06%0,20 7,68%0,14 5,32%0,11 | 3,18%,07 1,9210,06 1,26%0,03 1,00%0,03 0,8420,02
4,71 12,48%0,24 | 12,70%0,24 9,93 0,19 6,86%0,13 4,7%%0,11 | 2,84%0,06 1,67%0,06 1,09%0,03 0,%0,03 0,72%0,02
4,9|11,18%0,23 | 11,44%0,24 8,91%0,19 6,10%0,13 4,24%0,10 | 2,51%0,06 1,45%0,06 0,%%0,03 0,73%0,03 0,61%0,02
5,11 9,98%0,20 | 10,24%0,21 7,99%0,16 5,410,171 3,81%0,09 | 2,23%0,06 1,26%0,06 0,82%0,03 0,62%0,03 0,53%0,02
6.3] 8,900,16 9,20%0,17 7,1620,14 4,6220,09 3,40%0,08 | 1,98%0,06 1,10%0,06 0,71%0,03 0,54*0,03 0,38%0,02
55| 7,94%0,16 8,24%0,17 6,41%0,13 4,24%0,09 3,02%0,07 | 1,7%,04 0,%%0,06 0,62%0,03 0,45%0,02 0,32%0,02
5,71 7,06%0,17 7,34%0,17 5,36%0, 14 3,7%%0,00 2,69%0,08 | 1,54%0,04 0,82%0,06 0,53%0,03 0,39%0,02 0,268%0,02
5,9| 6,28%0,10 | 6,50%0,10 5,09°0,08 | 3,%%,0 2,42%0,06 | 1,40%0,03 | 0,73*0,06 | 0,47¢0,03 0,35%0,02 0,24%0,02
6,1 5,56720,10 | 5,80°0,1I 4,4520,09 | 2,9%0,06 2,14%0,06 | 1,20%,03 | 0,62%0,04 | 0,41%0,02 0,26%0,02 0,21%0,02
6,3| 4,90%,10 | 5,110,10 3,94%0,08 | 2,60%0,6 1,910, | 1,08%0,03 | 0,55%0,04 | 0,35%0,02 0,25%0,02 0,17%0,01
6,5 | 4,380,008 4,5570,08 | 3,46%0,07 2,30%0,04 1,70%0,06 | 0,96%0,03 0,47%0,04 0,30%0,02 0,21%0,02 0,15%0,01
6,7 3,060,09 4,06%0,10 3,08%0,09 2,04%0, (% 1,52%0,06 | 0,60%0,03 0,40%0,03 0,260,02 0,18%0,01 0,13%0,01
6,91 3,42%0,00 3,50%0,06 2,7%%0,04 1,80%0,03 1,%%0,04 | 0,7%0,02 0,36%0,03 0,23%0,02 0,15%0,01 0,120, 01
7,1} 3,02%0,06 3,160,006 2,43t 0,04 | 1,58%0,03 1,20%0,03 | 0,67%0,02 0,31%0,03 0,20%0,02 0,14%0,01 0,10%0,01
7,3 | 2,66%0,06 2,77%0,0% 2,15%0,04 1,39%0,03 1,06%0,03 | 0,59%0,02 0,27%0,03 0,180, 02 0,12%,01 0,08%0,01
7,5 2,30, 2,440, 1,89%0,04. | 1,23%0,03 - 0,%%0,03 | 0,53%0,02 0,23%0,03 0,15%0,01 0,10%0,01 0,07%0,01
7,7 2,08%0,06 2,150, 1,66%0,03 1,08%0,02 0,84%0,03 | 0,47%0,02 0,21%0,03 0,13%0,01 0,06%0,01 0,06%0,01
7,91 1,81%0,04 1,00%0,06 1,47%0,04 0,95%0,02 0,7%%,03 | 0,4120,02 0,18%0,02 0,12%0,01 0,07%0,01 0,06%0,01
8,1 1,62%0,04 1,66%0,04 1,280,03 | 0,83%,02 0,6720,02 | 0,3%0,0I 0,15%0,02 0,10%0,01 0,06%0,01 0,04%0,01

Note: All data are multiplied by 100.



Figure 1.

Block diagram of the experiment: (1) 252¢¢ layer;

(2) semiconductor detectors; (3) stilbene; (4) photomultiplier;
(5) separation circuit; (6-12) spectrometer amplifiers;

(13-18) integral discriminators; (19) detector number encoder;
(20) analog-to-digital converter; (21) external memory; (22) PMC
magnetic operating store; (23) tape recorder; (24) computer.

of the apparatus over the whole series of measurements was
adequate at + 0.2%.

The amplitude distribution of the Compton recoil electrons from
Y-quanta produced by 137Cs was measured using the (n-y)
separation circuit in order to monitor its function. +y-quanta
from 137Cs were suppressed, as a rule, by factors of 500 or more.
The discrimination level and degree of amplification in the
fragment channels were monitored from the amplitude distribution
of the fission fragments. These spectrometric channels were very
stable in their operation, and for this reason no corrections were
required during the experiment.

To reduce all the measurement channels to the same solid angle of
fragment detection, the number of fission fragments detected by
each semiconductor counter per unit time was measured. The

differences in the solid angles of fission fragment detection did

not exceed + 3%.
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standard 252Cf fission neutron spectrum.
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5. The integral spectrum for 252Cf spontaneous fission neutrons was
measured in a coincidence arrangement with the fission fragments
recorded by a semiconductor counter 0.5 mm from the surface of the
layer. 1In this way, approximately 95% of all the fragments
produced in the target were recorded. Then, with exactly the same
geometry, the scattered neutron background was measured using the
shadow cone. The integral spectrum obtained was subsequently used
to correct the calculated response function of the neutron
detector assuming the measured 252Cf fission neutron spectrum to
be standard.

In order to exclude the possibility that any of the channels for
measuring the neutron spectra at various angles to the axis of fragment
separation might not be identical, each measurement cycle was begun by
shifting the fragment detectors and their corresponding spectrometer channels
to other angles. The final neutron amplitude distribution obtained by the
apparatus for each angle was arrived at by summing the six spectra obtained
using each of the spectrometer channels available. This being the case, the
total number of fragments recorded by each semiconductor detector was
2.43 x 10 fissions. From these measurements, 24 sets of experimental data
were stored on magnetic tape, containing neutron spectrum information and also
information on the calibration spectra and constants required for subsequent
processing.

In addition to the experiment described, we conducted an additional
test on a Van de Graaff electrostatic accelerator in order to determine
absolutely the luminous output of the stilbene crystal used. This was carried
out using mono-energetic neutrons from the T(p,n)AHe and D(p,n)3He
reactions. The correspondence between the energies of the electrons and
protons giving rise to various pulse amplitudes was determined. Measurements
were carried out for two targets on mono-energetic neutrons at energies of

0.5, 0.7, 0.9, 1.1 and 1.3 MeV and 3.5, 4.0, 4.5, 4.7 and 4.9 MeV. It proved
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to be the case that the link between light output and recoil proton energy was

well described by Birks' semi-empirical formula:

darP - dE
'd—E=%1+kBa?>, -

where P is a value directly proportional to the luminous output of the
erystal, kB = 0.012 mg-cm_zuev—1 and x is the path length of the particle in
the erystal. Using this formula and the tables shown in Ref. [5], the
luminous output of the crystal as a function of recoil proton energy was
calculated in the range 0.2-8 MeV in steps of 0.2 MeV. The function obtained
was subsequently used to obtain recoil proton spectra from the distributions

provided by the apparatus.

Processing of data and measurement results

The procedure for processing the data obtained in the experiment
included the following stages: (1) correction for the slight spread in the
solid angles of fragment detection; (2) conversion, using the pooling method,
of the distributions obtained from the apparatus into recoil proton
distributions; (3) subtraction of the scattered neutron backgrounds. The
fourth and final stage in the processing consisted of reconstructing the
neutron spectra from the recoil proton distributions obtained from the
apparatus. The simplest and most widely used method for reconstructing
neutron spectra is the differentiation method [6]. However, this provides
satisfactory results only if a sufficiently thin crystal is used and if the
recoil proton spectrum can be measured with a high degree of statistical
accuracy. Strictly speaking, neither of these conditions were met in our
case. For this reason a new method of reconstruction was developed using
a priori fission neutron spectrum information. The fission neutron spectra

are described by superposing I'-distributions of the form:
¢(En)='§AkE,"fexp(—ﬁ,k En) s (1)

where En is the neutron energy, Ak are coefficients, index k has the
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values 1, 2, ..., 20 and the value of 1/Bk =0.1, 0.3, ..., 3.9 MeV. The
applicability of this type of algorithm in reconstructing fission neutron
spectra and its comparison with the results obtained by reconstruction using
the differentiation and statistical regularization methods is examined in Refs
{[7) and [8). It was demonstrated that the method developed avoids the
oscillations found in the differentiation method and makes it possible to
calculate a realistic spectrometer response function; it also reproduces

results well at relatively low levels of statistical accuracy in the

measurement of the recoil proton spectra.

It is known that the relationship between the fission spectrum
Q(En) and the recoil proton spectrum N(Ep) obtained by the apparatus is

expressed by a Fredholm equation of the first kind:

ez (2)
N(Ep) = ,§ YEO(E R, EAE,
P

where the kernel of the equation G(En’Ep) is the spectrometer response
function. By inserting expression (1) into equation (2) and by replacing the

integration with a summation, we obtain:
«
N(EP)=Zn;;AkG<EP,En)En exp(-p, En) - (3)

The system of equations was used to determine the coefficients Ak'
To implement the algorithm on the computer, the method of least directional
divergence was chosen [9]. The search procedure used for the Ak coefficient

was iterative:

w) w1y Ny -
A=A (Z Bik F.(w)) ,Z;Bik )
. L L-

i=1 'L

n o :
where Bik=Z ijE,‘ emP(“ﬂkEj) , N.l is the experimental recoil proton
; J=t

m 1]
w \
spectrum and Fi( ,=28i,<A(,:")- is the calculated recoil proton spectrum. The
' k=1

initial approximation for the Ak coefficients was uniform, and in fact
Ak = 1.
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A realistic spectrometer response function G.1k was calculated using a
Monte Carlo method in accordance with the program in Ref. [10]. To achieve a
better agreement between calculation and experiment, the following input data
were used in this program: the relationship of luminous output to recoil
proton energy was taken from Ref. [5); the relationship of luminous output to
the angle between the crystal axis and the direction of the recoil proton
pulse was represented by the expression C(§) = 0.176 (1-3.111 sinAE)_l/z;
the function used for the relationship of the degree of resolution of the
spectrometer to energy had the form o(E) = 0.09 x EO'S. Fig. 2 shows the
amplitude distribution of the recoil protons for a neutron energy of 4.7 MeV.
It is evident that the agreement between the experimental and the calculated
distribution is satisfactory.

The integral 252Cf fission neutron spectrum reconstructed using this

method is shown in Fig. 3 as a ratio of the standard 252Cf fission neutron
spectrum taken from the ENDF/B-V library version. It should be noted that
around the threshold level and at neutron energies of over 6 MeV, there are
deviations between the integral spectrum and the standard, which may be caused
either by inaccuracy in the response function calculations or by unknown
systematic errors. To remove this uncertainty, the spectrometer response
function was corrected and the standard form of the integral 252Cf fission
neutron spectrum was obtained.

The energy distributions for the ten angles measured in the energy
range 0.7-8.1 MeV were reconstructed using this method and taking into account
the corrected spectrometer response function. The table contains digital data
for the differential energy spectra of fission neutrons n(En’ek) as a

function of angle of emission in the laboratory system, and the measurement

and spectrum reconstruction errors are shown.
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Discussion of results

The integral neutron spectrum obtained by summation of the differential
spectra in accordance with the expression N(E,)=2Zn(E,,8,)sin8,a8, agrees
with the standard form of the 252Cf spontaneous fission neutron spectrum to
within + 2% and is well described by a Maxwellian distribution with parameters
T = 1.42 MeV and v = 3.756 neutr./fiss. This is evidence of the reliability
of the experimental data.

Figures 4 and 5 show the number of neutrons and mean spectral energies
as functions of the angle of emission in the laboratory system used in
Ref. [1], reduced to the same energy range as the data in the present work.

On the whole, the angular distributions agree fairly well; however, the point
corresponding to an angle of 11.250 is higher than in our data by
approximately 7%. For intermediate energies, agreement is quite good for
angles from 300 to 600. In the small angle region, the spectra are harder
than given in Ref. [1], and significantly softer at larger angles. The same
divergence between the intermediate energies of the differential spectra from
Ref. [1] and their own data was noted by the authors of Ref. [2].

Figure 6 shows the neutron energy distributions obtained by converting
the distributions p(vnek) from Ref. [1] to the form n(En,ex). The spectra
obtained in the present work and in Ref. [l] clearly differ most significantly
for angles close to 10° and 90°. oOne of the reasons for these divergences
may be the distorting effect of the scattered neutron background on the
results in Ref. [l], since for comparable solid angles of neutron detection
the volume of the detector used in Ref. [1] was 25 times that of our stilbene
crystal, and consequently the sensitivity of the method used in Ref. [1] to
the background was at least of order of magnitude higher than the sensitivity

of the method used here.

A detailed comparison of the results of the present work with those of
Ref. [2] could not be made, as only the zeroth and first moments of

distribution are given in the latter work and there is no information on the
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Figure 6. The energy spectra of spontaneous 252¢f fission neutrons.
Experimental data: e - present work; o - [1], obtained by
converting the distributions p(v,,6y) into the form

n(En, 0_,‘ )i a~/Yy D-NP; De-3 o- 3% a-4% 2) - 10°,
o - 11,25% 3) e - 20° o - 22,68% 4) @ - °, o - 33,75 5) e - 40°, o - 45%;
8) e - 60° o~ 66,25° 7) @-70° o - 67,5°; 8) e- 80° o - 78,75% 9) ¢ - 90°,
o - 90° . ;

neutron energy spectra for most of the angles (except 40). The neutron
energy spectrum for 4° taken from Ref. [2] is denoted in Fig. 6 by the
symbol A. It can be seen that the neutron yield in the energy range 1-3 MeV
according to Ref. [2] is approximately 10-15% higher than according to our

data. It is difficult to identify the reason for this divergence, because the
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experimental method used in Ref. [2] is described in a very condensed form,
and it is not clear, for example, how the scattered neutron background was
measured and taken into account.

Figure 6 shows the neutron spectrum measurements taken from Ref. [11]
for angles 3% and 90o in the energy range 0.1-1 MeV. These data are in
good agreement with the results of our experiment and in part supplement it.
The irregularity found in the 3° energy distribution in the range 0.7-1 MeV
is striking. According to the evaporation theory, it is precisely in this
range where the neutron energy coincides with the mean kinetic energy of the
fragments pertaining to one nucleon, that a minimum must be observed in the
energy distribution pattern for an angle close to 0°.

It can thus be seen that the results obtained in our work indicate that
the picture of the angular and energy distributions of prompt neutrons from
spontaneous zsch fission is somewhat different from that established in
Ref. [1]. This particularly concerns angles between the direction of emission
of fragments and of neutrons of around 0o and 900. Thus, the disagreement
for the energy range 1 MeV ¢ En_5 3 MeV where ex ~ 10% is 15-20%. For angles
around 900, the maximum disagreement is observed in the energy range up to
1.5 MeV and also amounts to 15-20%. Taking into account the significantly
greater sensitivity to the scattered neutron background of the method used in

Ref. [1], and also the nature of the divergences observed, the reason for the
latter can be assumed to be inadequate allowance in Ref. [1] for the scattered
neutron background. However, strictly speaking, this is only an assumption
and further research is required in order to establish the true picture of the
angular and energy distributions of prompt neutrons from the spontaneous

fission of 252Cf.
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