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NEUTRON SPECTRUM ADJUSTMENT: THE R O t E OF 

COVARIANCES 
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"J.Stefan" Institute, Ljubljana, Slovenia 
Povsetek - Predstavljena je metoda uskladitve nevtronskega spektra. Analiziranje praktični 
primer, ki obravnava določitev hitrosti ekspozicrje tlačne posode energetskega reaktorja. Izkaže 
se, da usklajene hitrosti ekspozicije le malo zavisijo od kovarianc izmerjenih reakcijskih hitrosti 
in aktivaevjskih presekov, pač pa so pomembne kovariance večgrupnih spektrov. Aproksimacije 
za kovariančne matrike spektrov, predlagane v ASTM E944-89, so se izkazale kot uporabne, 
vendar je svetovana previdnost pri uporabi za uskladitev spektrov na lokacijah brez dozimetrije. 

Abstract - Neutron spectrum adjustment method is shortly reviewed. Practical example deal
ing with power reactor pressure vessel exposure rates determination is analysed. Adjusted 
exposure rates are found only slightly affected by the covariances of measured reaction rates 
and activation cross sections, while the multigroup spectra covariances were found important. 
Approximate spectra covariance matrices, as suggested in ASTM E944-89, were found useful 
but care is advised if they are applied in adjustments of spectra at locations without dosimetry. 

1. Introduction 

For almost every experiment performed with neutrons, ranging from cross section 
measurements and benchmark experiments to the irradiations of biological samples, 
as well as for technological and industrial applications which incorporate or produce 
neutron radiation e.g. fission power plants and experimental fusion reactors, accurate 
characterization of the neutron field is required. It is usually given in terms of intensity 
* neutron flux, its energy distribution - spectrum and its spatial distribution. For the 
characterization of the neutron field calculations, measurements or combination of both 
can be used. 

2. Calculations 

Nowadays, the calculation of the neutron field can be done for almost any real prob
lem, due to the widespread availability of high speed computers and powerful software 
programs based on deterministic (solving of Boltzmann or for special cases the diffu
sion equation) or stochastic (Monte Carlo simulation) methods. The strong point of 
the calculations is that they provide neutron flux, spectmrn and even angular distri
bution over all desired spatial region. However an impressive amount of input data: 
nuclear (e.g. cross sections, source spectrum), material (e.g. densities, compositions) 
and constructional ( e.g. geometry, dimensions) is needed, most of which are usually 
known with considerable uncertainties only. Through the computational algorithm this 
uncertainties are transmitted into uncertainties in results, which in addition arise also 
from the limitations, approximations and modelling compromises in the calculation 
method and model. Yet most of the existing codes do not give error estimates for the 
calculated solutions and the work needed to obtain them exceeds by far that required 
for the solution itself. 
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.3. Measurements 

Out of the experimental methods for the neutron field characterization, the radioac-
tivation technique is particularly widespread. A sample containing known amount of 
the nuclide to be activated is placed in the neutron flux and irradiated for a selected pe
riod of time. Afterwards it is removed and induced activity is measured. In stationary 
field this activity exponentially approaches the saturation value equal to the reaction 
rate, which is in turn given as the product of activation (macroscopic, spectrum aver
aged) cross section and neutron flux. Using this technique relative variations of neutron 
flux can be measured directly. If nuclides (dosimeters) activated by neutrons of differ
ent energies are used, some information on the neutron spectrum can be obtained also. 
The activities are usually measured with good accuracy which can be relatively simply 
assessed. However, no radiometric monitor exists whose response function would match 
the response function of any of the commonly used neutron exposure rate parameters, 
e.g. fast flux {<t>E>\Mev) or displacement per atom rate (dpa/s). Exposure rates there
fore can't be directly measured. Also, to obtain the flux from the measured activity 
the spectrum averaged cross section is needed, which must obviously be estimated since 
the true spectrum is not known in advance. 

4. Combining the Calculations and Measurements 

From the above discussion the advantage of combining the calculations and mea
surements becomes obvious. This finally brings us to the discussion of the neutron 
spectrum adjustment method. Historically, the first adjustment (called also deconvo-
lution) codes e.g. SAND-II [1] were based on iterative algorithm in which the input 
spectrum was gradually changed to match the measured reaction rates. The difficulty 
with this type of codes is, that the amount of spectrum adjustment depends very much 
on the method used. In 1977 Perey published STAY'SL [2], the first adjustment code, 
which was explicitly based on the least squares method and took into account the co-
variances of input data. Since then, based on the same basic principle, several others 
increasingly sophisticated and versatile codes have been developed, e.g. NEUPAC(Jl) 
[3], FERRET [4], LEPRICON [5], LSL-M2 [6). 

At the Reactor Physics Department of the "Jožef Stefan" Institute neutron spec
trum adjustment methods have been getting considerable attention for more than 
twenty years [7]. The iterative unfolding code ITER [8], [9], had been developed by 
1979 and subsequently improved [10]. The "homemade" version of STAY'SL code was 
written starting from the algorithm described in the manual of the original code. It 
was modified in 1984/85 and successfully verified through the participation in the in
ternational exercise REAL-84. The main aim of the REAL-84, whose participants were 
asked to calculate adjusted exposure rates and their variances starting from the given 
input data, was to improve the assessment of accuracies in radiation damage predic
tions by various laboratories. From the final analysis of results [11], received from 
12 laboratories, Figure 1 is reproduced, showing good consistency of our results with 
others. 

In 1988 the LSL-M2 code was implemented. Its main advantage is that it can 
adjust simultaneously several correlated spectra at different locations and allows the 
adjustment of spectra at locations without dosimetry. This code was used for instance 
in the analysis of second surveillance capsule from Kriko Power Plant. 
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Figure 1: Part of the results from the REAL 84 exercise. Adjusted values for the total 
(left) and fast flux (right) together with standard deviations, as obtained by different 
laboratories, are given. Our solution is labeled No.4. 

Future plans include the installation and testing of the code LEPRICON, that is 
expected to be completed by the end of the year. LEPRICON, which was released 
for public use by EPRI only last year, incorporates an extensive data base consisting 
of measurements performed in standard fields and several benchmarks as well as the 
calculated results for them. When new experiment is analysed the incorporated data 
base can be adjusted simultaneously, thus assuring that the new experiment will not 
produce excessive adjustment of more accurately known parameters, but will rather 
result in greater adjustments of experiment specific parameters burdened with greater 
uncertainties. 

S. Adjustment Method 

The input data for the adjustment of neutron spectrum are: measured reaction 
rates fm = (rmi,rTO2, ...rmj)', their covariance matrix CTmTm (dimensions / x / ) , cal
culated reaction rates fc — (Te\,re2,..,rci)

t with covariance matrix CTeT* and data 
used for reaction rates calculation: neutron group fluxes and reaction cross sections 
a = (ai,ot2, ....ow)' with covariance matrix Caa. 

Let S denote the sensitivity matrix (dimensions I xN) of calculated reaction rates, 
therefore Sij — fjj*. The AS denotes the vector of deviations of parameters from their 
mean values. We assume that the deviations are relatively small, so that it is possible 
to use approximation: 

fe(3 + Aa) = fc(S) + Afc « re{5) + S AS 

From (1) if follows for the covariance matrix of calculated reaction rates: 

Crer" = SCaaS* 

(1) 

(2) 
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Superscript t denotes transposed matrix (or vector). Let d be the "residual" vector, 
that is the vector of differences between calculated and measured reaction rates : 

d W c ~ f m (3)' 

For its covariance matrix one obtains after short calculation: 

C" = SCaaS* + CrmTm - SCaTm - C^'S* (4) 

Here CaTm denotes (»variances between input data (fluxes, cross sections) and mea
sured activities, which can usually be neglected. 

For the least squares method it is characteristic, that all input quantities are consid
ered random variables with multivariate normal distribution, which is uniquely defined 
by mean values and covariances. It is assumed that the known biases are eliminated, 
so that the mean values of all errors are zero. Let 5„ in fa be the sought adjusted 
vectors, which are defined as the values at which the probability distribution reaches 
maximum. Therefore, they can be obtained by minimizing the expression (5), subject 
to constraint (6). 

Q(r*-fm,Sa-8)*(?a-?m,Sa-a)t(C™" ^Z'} (f.-fm,5a-5) (5) 

f.zsfc + SiSt-S) (6) 

Solutions {5] of this problem, and the covariances of the solutions are given by (7) 
and (8) respectively. 

3 a s a-CaaC 
fa = fm-<?-*&** i (7) 

ad/^dd~% T 

CTT __ Crmrm _ CrndC<U-1 QTmi* (8) 

In the above equations Cai and CTmi denote covariance matrix between residual 
vector (f and input data vector S and vector of measured reaction rate« fm, respectively, 
given as: 

Cad = -C*Tm + C0,tt5* 

For any function of input data, for example /*(fi), in the approximation /(3+A3) m 
f(S) + S/AS it follows: 

/; « / - c W " 1 / (io) 
CJf „ C

]i-C^Cdd'xCidf (H) 
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From equations (7) to (11) it can be seen that in order to obtain the solution it is 
necessary to invert only the relatively small covariance matrix of residuals (differences 
between calculated and measured reaction rates). 

Correction ofjmy parameter, e.g. a,- tn or /i is a linear combination of compo
nents of vector d and is therefore proportional to the differences between calculated 
and measured reaction rates. Coefficients in the linear combination are, for example 
for of, elements of the matrix Cc"iCdd~1 and are therefore bigger for bigger values of 
the elements of C""*, therefore they increase with increasing covariances between a and 
d. This means that measured reaction rate contributes more to the adjustment of that 
part of spectrum (or group flux or reaction rate) to which the difference rc — rm is more 
correlated. Matrix Cdd~ takes care of "normalization" of adjustments: it assures that 
the corrections of 67 and fm satisfy the requirement of (6). 

Let vector x represent a row of the matrix Cad, Crmd or C*d. The covariance 
matrix CM is positive definite, therefore the value of product (a?, C**" £*) must be 
positive also. From equations (8) and (11) it can be seen that the variances of adjusted 
quantities (which are the diagonal elements of the covariance matrix) are obtained 
by subtracting such products from the variances of input quantities. Therefore the 
variances of adjusted quantities are smaller that the input ones. Adjustment therefore 
results in reduction of the uncertainties. 

From the discussion above, the role of different data in the adjustment can be in 
principle understood. However it is difficult to see the importance of different contri
butions, in particular the role of covariances. To give an idea of this an application of 
the adjustment method to the determination of nuclear power reactor pressure vessel 
(PV) exposure rates is given. 

6. Practical Example and Discussion 

Calculations were done for the Krško power plant. Measured activities were avail
able from the second surveillance capsule irradiated in the downcomer and from the 
cavity dosimetry, located outside the PV. Detailed analysis of measurement procedure 
was carried out to assess the covariances of measured activities. Initial neutron multi-
group spectra, used for the adjustment, were obtained from transport calculations. 
Extensive uncertainty analysis of calculations was performed to obtain spectra covari
ance matrices. Details on measurements and calculations are given in [12]. Activation 
cross sections as well as their covariances were taken from IRDF-85 [13]. For adjustment 
calculations the LSL-M2 code was used and other modules of the same code package 
were applied for several conversions needed. 

Results of different adjustment runs are summarized in Table 1. In all cases the 
measured reaction rates and variances, activation cross sections and variances and input 
neutron spectra were the same. The covariance matrices of these data were treated in 
different calculations, of which each is represented in one column in Table 1, as follows: 

"A" - activation cross section covariances, measured reaction rates covariances and 
initial spectra covariances as obtained from the complete analysis. This is considered 
to be the best solution. 

WBW - same sa "A", except that covariances between measured reaction rates were 
neglected, while variances were preserved. 
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C - same sa "A", except that covariances between activation cross sections in 
different energy groups of the same reaction were neglected, while variances were pre
served. 

" D " - same sa "A", except that covariances between different group fluxes of the 
same spectrum were neglected, while variances were preserved. Also, correlations be
tween spectra at different locations were neglected. 

" E w - measured reaction rates and activation cross sections values and covariances 
as in "A". Spectra covariances generated following the guidelines of ASTM E944-89 
[14] were calculated as: ^ 

Cij =<Ti<Tj e-\*-*iV*wv ( l 2 ) 

where £,• and Ej denote mean energy of the group i and j . Standard deviation 
of 20% and 40% was arbitrarily attributed to the group fluxes with energy above 0.1 
MeV and below 0.1 MeV, respectively, and number of energy groups was reduced to 33. 
For the covariances of group fluxes at any two different locations, for example between 
surveillance position and PV quarter thickness, covariances given above, multiplied by 
cross-correlation factor of 0.8 were assumed. 

Table 1: Adjustments of Exposure Rates 4s>iMeV, 4>B>o.\MeV and dpa/s and Their 
Standard Deviations, Obtained from Different Adjustment Calculations. 

Adjustment Calculation 
A | B I C 

Adjustment [% 
D | E 

± o [%] 
Surveillance Capsule 

4>B>0.lMeV 
dpa/s 

1 ± 9 (22)" 
4 ± 9 (23) 
3 ± 8 (22) 

1 ± 8 
4 ± 9 
3 ± 8 

0 ± 8 
3 ± 9 
2 ± 8 

0±10 (11) 
0± 7 (7) 
0± 5 (6) 

1 ± 6 (20) 
1 ± 5 (20) 
1 ± 5 (20) 

Pressure Vessel at 1/4 T. 

4>E>lMtV 
<t>E>Q.\MtV 

dpa/s 

-7 ± 12 (18) 
-5 ± 13 (17) 
-6 ± 12 (17) 

-6 ±11 
-5 ±12 
-5 ±11 

-7±12 
-6±12 
-6±12 

0± 7 (7) 
0± 5 (5) 
0± 4 (4) 

-6 ± 12 (20) 
-6 ± 12 (20) 
-6 ± 12 (20) 

Cavity 

4>E>\MtV 
$B>0.lMeV 

dpa/s 

-17 ± 11 (23) 
-14 ± 9 (20) 
-14 ± 9 (20) 

-15 ± 10 
-12 ± 9 
-13 ± 8 

-18±10 
-15±9 
-15±8 

-5±11 (12) 
-1± 7 (7) 
-2± 5 (5) 

-14 ± 7 (20) 
-14 ± 7 (20) 
-14 ± 7 (20) 

*In parenthesis the initial standard deviation in % i» given. For the calculations labelled A, B 
and C initial deviations are the same. 
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The results of adjustment run labelled "A" represent the state-of-the-art solution 
of exposure rates determination. Small corrections (up to 4%) of initial values in the 
capsule reflect the good agreement of calculated and measured reaction rates ( for the 
13 dosimeters used the average calculation/ measurement ratio was 0.95 ± 9 %). At 
the cavity location the average reaction rates C/M ratio was 1.15 ±0.05, therefore the 
adjustments are higher also. The adjustment effectively reduced the uncertainties from 
initial values at around 20% to less than 10% at the dosimetry (capsule and cavity) lo
cations. Corrections of exposure rates in the pressure vessel lie between the corrections 
at the capsule and cavity locations and the deviations of adjusted reaction rates are 
for about 1/3 lower than their initial values. Similar behaviour was observed for other 
locations within PV. Note that, since obviously no dosimetry measurements were done 
within PV wall, the adjustments of exposure rates result merely from the covariances 
between spectra at the locations with dosimetry and spectra within PV wall. 

Neglecting the covariances of the measured reaction rates and covariances of the 
activation cross sections as was done in runs "B" and "C" respectively, didn't show 
almost any effect on the adjustment results. This reflects the fact that the dominating 
contribution to the covariance matrix of the residuals ( see eq. (4) ), which "controls" 
adjustment (see eq. (7) to eq. (8) ), comes from the uncertainties of calculated fluxes. 

The considerable effect, shown in case "D", where all covariance matrix of group 
spectra were taken as diagonal and covariances between spectra at different locations 
were neglected, is therefore not surprising. Neglecting the covariances of multigroup 
spectrum resulted in drastic reduction of adjustments, as is clearly shown in the cavity. 
Reason for this is, that the adjustments became more localized to the particular energy 
regions "covered" by activation detectors and were not propagated to the other parts of 
the spectrum which had been in previous runs also adjusted due to covariances between 
different groups. In the capsule the adjustments were relatively small in all previous 
cases, so the reduction is not so expressed. 

Similar explanation as for the adjustments holds also for adjusted uncertainties 
which were only slightly reduced from the initial values. Besides it is worth mentioning 
that neglecting the covariances of multigroup spectrum leads also to much smaller initial 
estimates for the exposure rates uncertainties, which are obviously not conservative. 

Since the covariances between spectra at different locations were neglected, there 
is of course no adjustment and no uncertainty reduction in locations within pressure 
vessel. 

The last case presented, labelled "E", was actually calculated first, before the un
certainty analysis of group fluxes was done. Covariances of neutron spectra were thus 
results of "educated guesses" obtained following the suggestions of ASTM £944-89, 
while standard deviations were estimated from the observed differences between calcu
lated and measured reaction rates. TABLE 1 shows that good agreement with "best-
case" results in column "A" were actually obtained, thus supporting the suggestions 
in ASTM E944-89. This is especially true for the adjustments at the locations with 
dosimetry, which do not dependent strongly on the details of spectra covariance ma
trices, provided that certain "long-range" correlation, similar to the one proposed by 
eq. 12 is used. However, it must be pointed out, that the adjustments in the locations 
without dosimetry (in the pressure vessel), are extremely sensitive to"the values chosen 
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for the correlation factors between spectra at such locations and spectra at locations 
with dosimetry. It would be difficult if not impossible to justify, for example, the se
lection of 0.8 for the cross correlation factors used in the case "E" as described above, 
if the results of case "A" were not available. Therefore, extreme caution is necessary 
when results of adjustment calculations, similar to the one presented in case "E", are 
used. 

7. Conclusions 

Neutron spectra adjustment method was shortly reviewed. Practical example deal
ing with the power reactor pressure vessel dosimetry, for which good quality measure
ments as well as transport calculation results were available, was analysed. Adjusted 
exposure rates 4>E>\MtV, <f>E>o.iMcV and dpa/s were found to be only slightly affected 
by the (»variances of measured reaction rates and activation cross sections, while the 
covariances of multigroup spectra were found important. Approximate spectra covari-
ance matrices, constructed as suggested in ASTM E944-89, were found useful for the 
cases where measured activities are available at the location of adjusted spectrum, while 
care is advised if they are used in adjusting the spectra at locations without dosimetry. 
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Answers to questions from the audience 

1. The covariances' adjustments apply to total flux and reaction rates. 
Is there any trend to use them also on angular flux? 

Adjustment of neutron spectrum requires knowledge of multigroup spectrum covari-
ance matrix. Calculation of these covariances is relatively involved and time consuming 
even for the case of scalar fluxes. Up to date only few complete uncertainty analysis, 
providing realistic spectrum covariances were done and the whole methodology is still 
under development. Expansion of the investigation to the angular flux covariances 
represents additional complexity in particular in the amount of new data needed. For 
example, uncertainties of differential cross sections (or in other words the angular dis
tributions of scattered neutrons) should be known. The format for this matrices is 
defined in the ENDF files, but even the ENDF/B-6 evaluation does not contain this 
data. Some work to improve this situation is underway, particularly because sensitivity 
to neutron angular distributions is important in fusion research. 
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