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Abstract

After a brief retrospective glance is cast at the situation,

the evaluation of the Cf-252 neutron spectrum with a

complete covariance matrix based on the results of integral

experiments is proposed. The different steps already taken

zn such an evaluation and work in progress are reviewed. It

is shown that special attention should be given to the

normalization of the neutron spectrum which must be reflected

in the covariance matrix. The result of the least-squares

adjustment procedure applied can easily be combined with the

results of direct spectrum measurements and should be re-

garded as the first step in a new evaluation of the Cf-252

fission-neutron spectrum.

1. Introduction

The generation of a covariance matrix for the Cf-252 neutron

spectrum has been an outstanding problem for some time. Up to

now, the only approach made towards finding a solution has

been an attempt to generate the matrix by attributing a 2 %

uncertainty to a temperature parameter of T = 1.42 MeV of a

Maxwellian /!/. This approach is far from satisfactory, as

it is not based on any experimental data. The reason for this

surprising lack of information is due to an inherent problem

in earlier neutron spectrum measurements. None of these ex-

periments provides enough information to allow a reliable

covariance matrix to be deduced. It is also probably un-

realistic to expect that such experiments can be re-analysed

in detail to obtain the necessary covariance information.

Since the Antwerp conference /2/, a real improvement of this

situation can be anticipated. A few recent spectrum

measurements /3-6/ were presented, most of which were at a

preliminary stage, i.e., the final analysis of these data

has still to be made. In this context,there is a great demand

to take advantage of the opportunity to use the final analysis

for a parallel generation of a covariance matrix of the ex-

perimental data.

Within the scope of generating a covariance matrix valid

over the whole energy range (between 0 MeV and 20 MeV) of

the Cf-252 neutron spectrum, the spectrum measurements can

only attribute partial components, due to the limited energy

ranges of the individual experiments. A way out of this

situation would be the combination of these data with those

obtained from integral experiments /7/. In the following,

the principles of a least-squares adjustment procedure based

on integral data with the aim of generating a covariance matrix

are shown. The result of this procedure can be regarded as

the first step towards a new evaluation of the Cf-252 neutron

spectrum in the future. The later combination of this result

with the partial covariances of the spectrum experiments seems

to be a sound basis for a realistic evaluation of the Cf-252

neutron spectrum and its covariance matrix.

2. Least-squares adiustment based on integral data

2.1. Principles

The methodology is first shown in a general form. Necessary

modifications for application to the Cf-252 problem are

explained in the following sections.

In the given notation, capital letters indicate vectors or,

if underlined, matrices. Small letters with subscripts are

used to indicate their components. The superscript (T) stands
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for a transpose and (-1) indicates an inversion.

A set (dimension m) of experimental activation detector

responses described by a vector and an appropriate co-

variance matrix /8/ are assumed:

A° = (a°) with an (absolute) covariance matrix N o . (1)

The index I stands for a specific neutron reaction. The

components of this vector are compared with calculated

results (prior information)

= J ox(E) dE, (2)

with o1(E) being the energy-dependent cross section of the

neutron reaction I and <f> (E) being the neutron flux density

describing the neutron spectrum. In a group representation,

Eq. (2) is replaced by

a = £ o <t> (i=1,m)
1
 3=1 ' 3

The calculated data are summarized by the vector

,-TA = (ai *)

(3)

(4)

with the group cross section and group flux density vectors

z

1 I
n I

and (5)

\ * n /

The least-squares adjustment minimizes the expression /9/

,T r _T "I
x = - A) (A° - A) (6)

with

(7)

The parameter vector and its covariance matrix are given by

/• K"
P = and N p = (8)

\l \ ° »£
The vector Z contains the vectors of the individual cross-

section sets I

z = (9)

G is a sensitivity matrix which transforms the parameters to

the measured quantities:

dA
dP

1
0 O \

* 0

0

(10)

The solution of Eq. (6) results in a new, adjusted parameter

vector P' and a corresponding covariance Matrix N':

P1 = P

and

N p GT

- N p GT

(11)

(12)

Two facts should be noted: the covariance matrix of the para-

meter vector (prior information) N shows no correlations be-

tween cross sections and neutron spectrum (see Eq. (8)) . This

does not remain valid after the adjusting process, i.e., N'

of Eq. (12) establishes such correlations. Secondly, the



matrix which is to be inverted (see Eqs. (6), (11) and (12))

is of the dimension m of the set of activation detectors

and does not depend on the fineness of the group structure

chosen.

The solution of Eqs. (11) and (12) can be found using the

computer codes STAY'SL /9/ and FERRET /10/. The difference

between these codes is that STAY'SL solves Eqs. (11) and

(12) only for <t>, whereas the FERRET code offers the full

solution.

2.2 Special case: normalized spectrum

Up to now, we have not considered that the Cf-252 fission-

neutron spectrum is normalized m the sense that its total

energy integral is unity. Special attention should be paid

to this fact, otherwise the result of the procedure des-

cribed in Section 2.1. applied to Cf-252 would be wrong. The

neutron activation detector responses measured in the Cf-252

neutron field in form of spectrum-averaged cross sections /!/

are normalized quantities :

n

= z
3=1

n
ox. <f> /Q with Q = I
3 3 3 = 1

or written in a modified notation

n
= z

3 = 1

with v =
X3

with the normalization condition of

n

3 = 1
X = 1.
3

(13)

(14)

(15)

i.e., in the case of the Cf-252 neutron spectrum, we must

replace the following quantities of Section 2.1. by:

(16)

N
-X

Due to the side condition of Eq. (15), the covariance matrix

of the normalized neutron spectrum, N , has a special

structure in that the sum over each row and over each

column of the absolute covariance matrix must be zero. This

can easily be understood. The adjustment of the Cf-252

neutron spectrum in a certain energy range requires a com-

pensation in other energy ranges to conserve the normali-

zation of Eq. (15). The special structure of the absolute

covariance matrix automatically takes this into account.

It can be shown that the least-squares formalism conserves

such a normalization, i.e.,with normalized prior information

in Eq. (8) in the form of x an<3 N , the adjusted result of

Eqs. (11) and (12), x1 and N1. remains normalized.

The covariance matrix of a neutron spectrum which does not

take the normalization into account can easily be transformed

to the normalized case. The transformation rule is given by

N =
- X

(17)

The elements of the transformation matrix S are:

d*

Q

for I = j

for i * 3

(18)

For the example of the NBS evaluation /11/ of the Cf-252

neutron spectrum, the transformation of Eq. (17) is demonstra-
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ted. The uncertainties originally quoted comprise only dia-

gonal elements of the covariance matrix and therefore neg-

lected the normalization. The result before and after the

application of Eq. (17) is shown in Table I. The data are

shown in the form of a relative covariance matrix. The

group structure is the one originally quoted. The group-

averaged spectral distribution x (E) is also given. The

relative uncertainty of 15 % between 12 MeV and 20 MeV is

based on an estimation. The uncertainty information in both

cases shown in Table I is exactly the same. The small modi-

fications of the relative standard deviations in the

normalized case are due to off-diagonal elements of the

matrix. Only the normalized case can be applied in the

least-squares adjustment procedure.

2.3. Transformation of a(E) data to a specific group structure

The group structure of the NBS spectrum evaluation shown in

Table I is not appropriate for the procedure described in

Section 2.1., i.e.,the neutron spectrum as well as the

neutron cross-section data must be transformed to a specific

group structure. In the case of neutron cross sections taken

from ENDF/B-V or from other evaluations (see. Ref. /!/) , care

must be taken to process the covariance information correctly.

The transformation of ENDF/B-V neutron cross sections can be

performed with modules of the NJOY system /12/, for example.

Due to the application of the transformation to other cross-

section sets (see Ref. Ill, for example) not given in the

ENDF format, it appears expedient to give a brief review of

the principles of such transformations. The samples given

are based on ENDF data but can also be applied to other forms

of data. The method shown requires direct access to the

original ENDF file. In the case of data already processed,

the methodology can also be applied with minor modifications

(see Ref. /13/, for example).

The correct transformation of cross sections and covariances

from one group structure to another requires the conservation

of energy integrals independent of the specific group

structure to be taken into account.

Fig.1 Transformation of the group structure

0^ cr2 I °"3

I °f 0*2

ENDF GRID

UNION GRID

USER GRID

As shown in Fig. 1 this effect can be obtained by introducing

a "union" group structure with group boundaries fitting the

original ENDF structure as well as the final "user" struc-

ture. After a straightforward transformation from the ENDF

structure to the "union" structure, the final group cross-

section data can be obtained by

kei
(19)

with 4>. being the group fluxes of the union structure. The

absolute covariance matrix of the final structure is then

given by

cov(o " * > - ik (20)

with

k€i
(21)

In the case of a relative covariance matrix, the transformation
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is similar:

(o.) t
jei

rcov(o',a{) (22)

with

Lik
(23)

3. State of information available for the adjustment procedure

and action still to be taken

a) The first step is the definition of an appropriate group

structure. Due to the fact that covariance matrices of

a large dimension contain a lot of redundant information

and are difficult to handle, a compromise has to be found

in the form of a dimension of the matrix which contains

sufficient detail but avoids unnecessary redundancy. A

dimension of 20 x 20 elements of the matrix is probably

sufficient.

b) Integral experimental data for A° (Eq. (1)) are available

(see Ref. / 7 / ) . The covariance matrix has been constructed

for a subset of this data /14/. The generation of the

matrix for the remainder is in progress.

c) As prior information on the neutron spectrum, the NBS

evaluation /11/ can be applied. The normalization of its

covariance matrix is shown in Table I and does not present

any problems.

d) The transformation of neutron cross section data and their

covariances to the above-mentioned group structure,

according to Section 2.3, is a task which still has to be

done. As shown in Ref. / 7 / , data taken from ENDF/B-V as

well as from other evaluations will be used. In most cases

covariance files are available.

e) The solution of the least-squares of Section 2.1 aimed at

obtaining an evaluated Cf-252 neutron spectrum with a

covariance matrix based on integral data depends on the

time needed to process the input data of the procedure.

Final results can be expected at the end of 1983.

4. Summary

The evaluation of the spectrum and its covariance matrix

based on integral experiments is proposed within the frame-

work of a new evaluation of the Cf-252 neutron spectrum.

The present state of information and future action are

reviewed. Such an evaluation can be regarded as the first

step in the whole evaluation process. The disadvantage

of the least-squares adjustment procedure in interlinking

neutron spectrum and neutron cross-section data can be

sufficiently diminished in further steps of the evaluation

combining the result based on integral data with that of

direct spectrum measurements.
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Table I

Relative Covariance Matrix of the NBS evaluation

without and with regard of the normalization

RIL.
EfcEft&V OM»GE

o.oo n.?5
0.25
0.80
i.50
2.30
3.70
8.00
12.00

0.80
1.50
2.30
3.70
8.00
I2.no
20-00

W E )

4.70F-?
1.84E-1
2.20E-1
1.9<tF-l
2.00F-1
1.46E-1
8.70E-3
5.80E-4

13.0
l.l
1.8
1.0
2.0

sis
15.0

100
0
0
0
0
0
0
0

100
0
0
0
0
0
0

100
0

o0
o0

100
0
0
0
0

100
0
0
0

100
0 100
0 0 100

CF-252

EVES

0.00
0.2?
0.80
l.SO
2.30
3.70
8.00
U.OO

N8S-EVALUATI0N

*-, 6AW«

O.?S
0.80
1-50
2.30
3.70
8.00
12.00
20.00

7ff)

4.70E-2
1.84E-1
2.20E-1

2.00E-1
1.46E-1
8.70E-3
5.8OE-4

ML.

V.
12.4
1.3
1.6
1.2
1.8
2.0
8.5
15.0

NORMALIZED

100
-46
•38
•48
• 35
-31
-7
-4

100
•3
29
-7
0
0
3

100
-2

-2.2.
• 15
-3
0

100
-6
1
0
3

|00
-16

-0

100
-2 100
0 0 100


