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Validation of evaluated neutron standard cross sections
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Abstract. Some steps of the validation and verification of the new version of the evaluated neutron standard cross
sections were carried out. In particular, 1) the evaluated covariance data was checked for physical consistency,
2) energy-dependent evaluated cross-sections were tested in most important neutron benchmark field – 252Cf
spontaneous fission neutron field, 3) a procedure of folding differential standard neutron data in group representation
for preparation of specialized libraries of the neutron standards was verified. The results of the validation and
verification of the neutron standards can be summarized as follows: a) the covariance data of the evaluated neutron
standards is physically consistent since all the covariance matrices of the evaluated cross sections are positive definite,
b) the 252Cf spectrum averaged standard cross-sections are in agreement with the evaluated integral data (except for
197Au(n,γ) reaction), c) a procedure of folding differential standard neutron data in group representation was tested,
as a result a specialized library of neutron standards in the ABBN 28-group structure was prepared.

1 Introduction

The procedure of neutron cross section evaluation consists
of few steps: 1) compilation of an experimental data
base and critical review of the results of measurements
(including rejection of evidently wrong data, correction and
renormalization of the experimental data to new values of
decay constants and standards), 2) statistical analysis of
the accepted experimental data for getting evaluated values
and their covariances, 3) validation and verification of the
evaluated data (comparison of the evaluated values with
results of integral measurements in neutron benchmark fields
and critical assemblies, testing the covariance data for physical
consistency – the covariance matrices of uncertainties of the
evaluated cross-sections must be positive definite).

A new version of neutron standard cross sections was
released in October 2005. In accordance with the final step
of the evaluation procedure new neutron standards must
be subject to a process of validation and verification. This
paper is devoted to the description of results of the validation
and verification of the neutron standards. In particular, the
results of checking the evaluated standard covariance data for
positive definiteness are presented in section 2. Comparison
of evaluated values with results of cross section measurements
in 252Cf spontaneous neutron fission field is carried out in
section 3. In addition, the evaluated data must be transformed
in group structure for use in applications. Section 4 describes
an algorithm and the results of the transformation of the
neutron standards in ABBN group representation.

This study includes information on neutron standard
cross sections for 8 reactions: 6Li(n,t), 10B(n,α0), 10B(n,α1),
197Au(n,γ), 235U(n,f), 238U(n,f), 238U(n, γ), 239Pu(n,f).

2 Test of covariance matrices for positive
definiteness

The covariance matrices of experimental and estimated errors
must be positive definite. This requirement can be justified in
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the following way. At first order a variance of any scalar func-
tion from a random vector is a quadratic form. The covariance
matrix of the random vector is the matrix of the quadratic
form. So, the variance of any function will be positive only
in the case of positive definiteness of the covariance matrix.

Covariance matrices of experimental and estimated data
are widely used in the statistical analysis of measurements.
Since the correlations between experimental errors can not
be measured, both covariance matrices of experimental and
estimated errors include calculated values. For this reason
calculated covariance matrices must be tested for positive
definiteness at each step of the evaluation procedure.

The evaluation of neutron cross section standards was
carried out on the basis of generalized least squares method.
The method of the evaluation was described in detail in papers
[1,2]. The evaluation consisted in calculation of relative cor-
rections δ�σ to former neutron cross section standards induced
by new measurements:

δ�σ = [XT V−1 X]−1XTV−1δ�y (1)

W = [XT V−1 X]−1. (2)

In (1) and (2) δ�y and δ�σ – vectors of deviations of N new
measurements from former evaluation and L estimated cor-
rections (parameters), N > L, V and W – covariance matrices
of the deviations and estimated parameters correspondingly,
X – a matrix of sensitivity coefficients. Preservation of positive
definiteness in expressions of type (2) was considered in [3].
As follows from conclusions presented in [3] the matrix W is
positive definite if the matrix V is positive definite and rank
X = L. In the calculations the orders of magnitude of L and N
values are ∼103 and ∼104. As a consequence, testing the matrix
W for positive definiteness by means of checking the matrix
V and calculation of the rank of the matrix X are impossible
due to restrictions in computer memory. For this reason, the
only way of testing is checking the sub-matrices forming
main diagonal of the matrix W. Each of these sub-matrices
corresponds to a covariance matrix of the uncertainties of
some standard cross section. It should be noted that testing
these sub-matrices can be carried out after their formatting in
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Table 1. Maximum and minimum eigenvalues of covariance matrices
(as given in file 33) of uncertainties of the standard cross sections.

reaction max min
6Li(n,t) 0.18506-2 0.15987-6
10B(n,α0) 0.21079-1 0.55488-6
10B(n,α1) 0.30782-2 0.62965-7
197Au(n,γ) 0.32202-1 0.19718-5
235U(n,f) 0.16139-1 0.25738-5
238U(n,f) 0.16741-1 0.21347-4
238U(n,γ) 0.42291-2 0.20244-4
239Pu(n,f) 0.16536-1 0.49284-5

file 33 in correspondence with the prescriptions of the ENDF
system.

The results of testing relative covariance matrices of un-
certainties of evaluated standard cross sections (presented in
file 33) for positive definiteness are given in table 1 where
the maximum and minimum eigenvalues of the covariance
matrices are listed. As follows from table 1 all the covariance
matrices are positive definite. The eigenvalues of the matrices
are concentrated at relatively narrow numerical intervals –
the eigenvalues change by 4–5 orders of magnitude. Thus,
from the point of view of positive definiteness the evaluated
standard covariance data is physically consistent.

3 Validation of neutron standards with
integral data

Testing the energy-dependent differential evaluated data in
neutron benchmark fields is a necessary step of the evaluation
procedure. Such testing may detect troubles in the evaluated
data in energy ranges where cross-section is most sensitive to
results of integral measurements. Of all the neutron bench-
mark fields the 252Cf neutron spontaneous fission spectrum
is of special importance since 1) it is known with relatively
high accuracy [4], 2) it has a rather simple structure, 3) small
uncertainties of integral measurements (of the order of 2%)
can be achieved.

First we will derive formula for average (over neutron
spectrum) cross-section σ̄ and its uncertainty δσ̄. In accor-
dance with definition

σ̄ =

Emax∫
Emin

σ(E, �θ)ϕ(E, �µ)dE

/ Emax∫
Emin

ϕ(E, �µ)dE. (3)

Here σ(E, �θ) – a differential cross-section, ϕ(E, �µ) – neutron
spectrum, �θ and �µ – vectors of parameters with known covari-
ance matrices Var(�θ) and Var(�µ). If the spectrum ϕ(E, �µ) is
given in a form of stepwise function

ϕ(E, �µ) = µi = ϕi if Ei ≤ E < Ei+1, (4)

Table 2. Calculated 252Cf spectrum averaged neutron standard cross
sections in comparison with evaluated integral data [5].

reaction energy σ̄ (calc) ∆σ̄ (calc) σ̄ (ev) ∆σ̄
range, MeV b % b (ev), %

6Li(n,t) 0.015–2.80 0.284 0.823 - -
10B(n,α0) 0.015–1.0 0.0408 2.45 - -
10B(n,α1) 0.015–1.0 1.852 1.42 - -
197Au(n,γ) 0.015–2.80 0.0698 0.810 0.0768 1.59
235U(n,f) 0.015–20.0 1.223 0.293 1.210 1.2
238U(n,f) 1.00–20.0 0.317 0.407 0.326 1.64
238U(n,γ) 0.015–2.20 0.0614 1.035 - -
239Pu(n,f) 0.015–20.0 1.796 0.354 1.812 1.37

formula (3) can be transformed in the following way

σ̄ =

n∑
i=1

ϕi(Ei+1 − Ei)′
Emax∫

Emin

ϕ(E, �µ)dE

Ei+1∫
Ei

σ(E, �θ)dE

Ei+1 − Ei
=

n∑
i=1

Fiσ̄i
′. (5)

At first order random deviation δσ̄ in the average cross section
induced by the deviation in parameters is as follows

δσ̄ =

L∑
k=1

∂σ̄

∂θk
δθk +

n∑
j=1

∂σ̄

∂Fj
δFj. (6)

Then,

Var(σ̄) =

(
∂σ̄

∂�θ

)T

Var(�θ)

(
∂σ̄

∂�θ

)
+

(
∂σ̄

∂ �F

)T

Var( �F)

(
∂σ̄

∂ �F

)

where

∂σ̄

∂θk
=

n∑
i=1

Fi

Ei+1∫
Ei

∂σ(E, �θ)
∂θk

dE

Ei+1 − Ei

∂σ̄

∂Fm
= σ̄m =

Em+1∫
Em

σ(E, �θ)dE

Em+1 − Em
.

Calculated 252Cf spectrum averaged neutron standard cross-
sections are given in table 2 in comparison with integral data
evaluated by W. Mannhart [5]. The differential evaluated cross
sections were averaged over energy intervals (see column 2)
where the cross-sections are used as neutron standards. The
blanks in table 2 indicate the absence of integral evaluated
data.

4 Transformation of the neutron standard data
in ABBN group structure

For use in reactor applications the evaluated neutron cross
section data must be transformed in a group structure. The
ABBN 28-group representation is widely used in reactor
physics [6]. So, it would be useful to transform the evaluated
neutron cross section standards in ABBN group structure.

Input information for the transformation is the data from
the file 3 (cross sections) and file 33 (covariances) of the
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Table 3. Uncertainties and correlations of the standard 238U(n,f)
reaction cross-section in ABBN group representation.

group energy ∆σ,
number MeV σ, mb %
23 0.8 40.273 0.83 100
24 1.4 478.11 0.58 58 100
25 2.5 539.75 0.58 49 72 100
26 4.0 587.40 0.60 46 65 76 100
27 6.5 983.09 0.67 40 58 66 71 100
28 10.5 1055.8 0.62 38 55 61 61 64 100

evaluation. The information in the file 33 is stored in a form
of relative covariances of the average (over energy bins)
evaluated cross sections:

Rlk =
cov(σ̄l, σ̄k)
σ̄lσ̄k

where σ̄l, σ̄k – average evaluated cross-sections at energy
bins l and k. Usually group structure is more coarse than
bin representation, and each energy group i includes ni

energy bins. Then average group cross section σ̄i can be
presented as a linear combination of ni average bin cross-
section σ̄il

σ̄i =
1
∆Ei

∫
Ei

σ(E)dE =
∑

l

∆Eil

∆Ei
σ̄il. (7)

Using the formula (7) results also in linear expansion for
covariance between group cross-sections σ̄i and σ̄ j

cov(σ̄i, σ̄ j) =
∑

l

∆Eilσ̄il

∆Ei

∑
k

∆E jkσ̄ jk

∆E j
Rlk. (8)

Formulae (7) and (8) were applied for transformation of dif-
ferential neutron standard cross-sections in ABBN-28 group
structure. As an example the group cross sections, their un-
certainties and correlations for 238U(n,f) reaction are given in
table 3.

5 Summary

Some steps of the validation and verification of the new
version of the evaluated neutron standard cross-sections were
carried out at final stage of the evaluation procedure. The
results of the validation and verification are presented below.

1. All the covariance matrices (as given in file 33) of evalu-
ated neutron standard cross-sections are positive definite.
So, the covariance data of the evaluated neutron standards
is physically consistent.

2. The 252Cf spectrum averaged standard cross sections were
compared with evaluated integral data when it was pos-
sible. For neutron reactions on fissile isotopes averaged
cross-sections are in agreement with the integral data
within declared uncertainties. For 197Au(n,γ) reaction the
averaged cross section is essentially lower then evaluated
integral value. Additional studies are required for under-
standing the reason of this disagreement.

3. The evaluated neutron standard cross-sections were trans-
formed in the ABBN 28-group structure for use in reactor
applications. Thus, the procedure of folding differential
standard neutron data in group representation was tested.
This procedure can be applied for preparation of special-
ized libraries of neutron standards.
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