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ABSTRACT

Vo meet regulatory requirements, spectral unfolding codes
must not only provide reliable estimates for spectral parameters,
but must also be able to determine the uncertainties associated
with these parameters. The newer codes, which are more appro-
priately called "adjustment codes," use the least squares princi-
ple to determine estimates and uncertainties. The principle is
simple and straightforward, but there are several different
mathematical models to describe the unfolding problem. In addi-
tion to a sound mathematical model, ease of use and range of
options are important considerations in the construction of
adjustment codes.

Based on these considerations, a least squares adjustment
code for neutron spectrum unfolding has been constructed some
time ago and tentatively named LSL. Its main features are:

° All adjustments and residuals are based on the logarithm
of the physical quantities. Thus, variances and covari-
ances are based on log-normal distributions and are
given as relative uncertainties, as it is customary for
these quantities. All adjusted quantities remain posi-
tive after adjustment.

0 The input spectrum can be scaled freely to fit the
dosimetry measurements. That is, only the shape, but
not the magnitude of the input spectrum need to be
calculated. This option can be defeated if normali-
zation constants are known apriori.

° Either absolute reaction rates or equivalent fission
fluxes can be used as input. The latter has smaller
uncertainties and reduces the influence of cross
section errors. Additional options are under consid-
eration. The present version has been tested success-
fully in a variety of applications.
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INTRODUCTION

The philosophy of neutron spectrum unfolding methods has undergone
a critical change during the last several years. In older methods the
main objective was to find a spectrum which is consistent with neutron
dosimetry measurements and is in some unspecified manner similar to a
"trial spectrum." More recent procedures like STAY'SlJ consider instead
unfolding as a statistical least squares adjustment method. Such adjust-
ment methods have been used successfully in many other scientific investi-
gations and they are indispensible whenever uncertainties in form of
variances and covariances for the processed data are needed. Such uncer-
tainty estimates will be part of the regulatory requirements in the assess-
ment of neutron irradiation damage in reactor pressure vessel and other
reactor components. The older unfolding codes do not satisfy these re-
quirements and must be replaced by the more recent adjustment procedures.

The mathematical theory of least squares adjustment is very well
established^ and it remains only to implement this theory in a manner
which fits best the given task. Important considerations are the con-
venience in the preparation of input date, and the options available for
input and output parameters. The LSL code, which i> the subject of this
paper, has been constructed with these considerations in mind. Written
about two years ago it has been proven to be a very convenient and reli-
able tool for the determination of damage exposure parameter values and
their uncertainties.

COMPUTATIONAL PROCEDURES

At the center of any neutron spectrum adjustment method lies the
formula

CO

R$i = / $(E) a i ( E ) d E ' i = 1= 2, 111 k . (1)
o

This formula describes the relation between the reaction rate (or reaction
probability), R$-j, for the i-th dosimetry reaction in the neutron field o,
the reaction cross section a-j(E), and the fluence rate (or fluence) spectrum
$(E) as a function of the neutron energy E. The terms in formula (1)
represent the actual, but unknown, values. In any "real world" experiment
only the measured values of the reaction rates and cross sections, R™

and o p 3 5 , and the calculated spectrum <i>ca c are known. The measured and

calculated values are considered random variables with a joint normal
probability distribution whose variance-covariance matrix is supposed to
be known. It is further assumed that formula (1) describes the relation
between the expected values of the corresponding random variables. These
expected values are estimated by a maximum likelihood procedure, i.e. for



normal distributions a least squares procedure. The estimated values will
be designated by R ^ . and a? J, and <? J respectively. A detailed descrip-
tion of non-linear, least squares adjustment procedures can be found in
Ref. 2. Only those features are discussed which are unique for spectrum
adjustment and in particular for the LSL procedure.

The LSL procedure is a logarithmic adjustment procedure, which means
that not the original values of formula (1) are adjusted but their logarithm.
Another way of saying this is that the adjustment is multiplicative and not
additive. Let v be any variable; its adjusted value is then represented by

v a d j = v e6 (2)

where the logarithmic adjustment 6 is calculated according to the formulas
in Ref. 2. This assures that all adjusted values are strictly positive,
which must be required for all variables in spectrum adjustment. The
probability distribution is assumed to be log-normal and all variances and
covariances must be given in relative terms (percentages). These assump-
tions are quite natural for the data used in spectrum adjustments. A
disadvantage is that the least squares adjustment is strongly non-linear
and iterations are needed to obtain consistent results.

The model equations for the least squares adjustment are set up in

ollowing manner: let R ^ c be th

( ith the calculated r-pectrum. Sinc
finite number of energy groups we have

the following manner: let R ^ c be the reaction rate obtained from formula

(1) with the calculated r-pectrum. Since * c is normally given for a

£ tff 1 = 1,2. ... k (3)

where a-- are the group averaged cross sections obtained from a suitable
calccross section file and $. is the group fluence rate for the j-th energy

group. The model equations are then representations of the difference
between measured and calculated reaction rates. These are in the simplest
case

in (R™ a s/R;; l c) = r., i = 1, 2, ... k (4)

That is, the residual r\ is the logarithm of the ratio between measured
and calculated reaction rates.

The calculated spectrum may not be normalized to the same power level
as present in the experiment, so that the ratio in formula (4) has not the
expected value of one but some unknown constant. The formula (4) is
replaced in this case by



ln (Rjeas/RcalC) _ ln ^ ^ ^

which eliminates the unknown scale factor. This factor can then be
obtained as an additional parameter from the adjustment procedure.

The LSL procedure provides also for the case that the reaction rates
are not measured directly but are referenced to a standard fission field.
The standard field may be described in group fluence rates x^a C- The

measured reaction rate in this field may be denoted as R m? a s. The equiva-
lent fission fluence rate is then defined as x

cmeas _ Dmeas/Dmeas ,,x
F$i = R$i / R

xi • [b)

The calculated equivalent fluence rate F ? c is defined in the same manner
with $1

Dcalc V calc /7\R = £ ° X (7)

The model equations based on the equivalent fission fluence rate are then

ln(Fmeas/FcalC) = ,, i = ,, 2j „. k (8)

or the corresponding system as given in formula (5) if an unknown scale
factor is involved.

As in all least squares adjustment methods variances and correlations
are required for all input data. For auto-correlations, that is correla-
tions between different energy groups for the same spectrum or cross section
values a simplified scheme is used. To each energy group j a numerical
value gj is assigned so that the difference

Dst = l9s "
 9tl <9>

represents a measure for the distance between the two groups s and t.
The auto-correlation for any parameter, say the fluence <]JS is then calcula-
ted as the exponential function of D .

corr($s,ot) = exp(-cDst) (10)

where c is an additional parameter which determines the strength of the
auto-correlation. This assignment of auto-correlations reduces both
storage requirements and computer time. It provides also a fairly good
approximation to the cross section covariance data which are given in
the ENDF/B-V cross section file. The results of the adjustment procedure
don't seem to be very sensitive to changes in the auto-correlation values.



Since the adjustment is nonlinear, iterations are needed to obtain
consistent results. The iteration method as described in Ref. 2 works
briefly as follows: the adjustment <5x for any variable x is calculated
through the formula

= -VxVxr (11)

where Vr is the variancc-covariance matrix of the residuals r-j as defined
in formulas (4), (5), or (8), r is the column vector of the residuals r-j
and V the row vector of convariances between the random variable x and

A f

the residuals r^. The covariance matrices depend on the fluence and cross
section values, which should be the adjusted values if formula (11) repre-
sents the minimum X2 solution. Formula (11) is also a linearization which
means that the adjustments in this formula do not necessarily reduce the
residuals to zero even with the correct covariance matrices. Several
steps are usually needed to obtain consistent output data. In each step
adjustments are calculated with residuals obtained from adjusted values
of the previous step but with fixed covariance matrices until the resid-
uals are reduced to a predetermined small tolerance. The adjusted values
are then used to calculate new covariance matrices and the iteration is
repeated starting with the original (not adjusted) data. This leads to
a new and possibly different set of adjusted data which are again inserted
in the covariance matrices until convergence occurs. This process may
not converge if the adjustments are too large. Examples of non-convergence
have been observed but are rare.

The program has been written for use at the interactive DEC-1O system.
Convergence criteria can be specified by given tolerances or can be set
interactively by the user at execution time. At present up to 20 reactions
and up to 50 energy groups can be handled. Any set of up to 20 integral
parameters can be obtained from the adjusted data, including variances and
correlations.

CONCLUSIONS AND FUTURE PLANS

The LSL program has been tested in several application among them
the PCA,3 REAL-804 and the BSR-HSST metallurgical experiments.5 It is
simple, flexible and easy to use and is especially suited for numerical
experiments.6 Work is in progress to make this program available for
public use. Additional programs for easy input data preparation will be
included. Also planned are provisions for simultaneous adjustment of
several correlated neutron spectra and for the extrapolation to spectra
which are not acessible to dosimetry as done in Ref. 7.
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