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HEDL-TC-1589 

COMPARISON OF SAND-II AND FERRET 

D. W. Wootan and F. Schmittroth 

ABSTRACT 

A comparison was made of the advantages and disadvantages 
of two codesi SAND-II and FERRET^ for determining the neutron 
flux spectrum and uncertainty from experimental dosimeter 
measurements as anticipated in the FFTF Reactor Characterization 
Program. This comparison involved an examination of the 
methodology and the operational performance of each code. The 
merits of each code were identified with respect to theoretical 
basis3 directness of method, solution uniqueness, subjective 
influences, and sensitivity to various input parameters. The 
FERRET code represents a significant technical advance over SANB-II 
due to its stronger theoretical foundation, greater flexibility in 
handling multiple sets of data and incorporating other spectrum 
measurements such as proton recoil, improved treatment in the hand­
ling of uncertainty information through the use of coveriance ma­
trices, and the fact that the credibility of the solution can be 
inferred directly from the credibility of the input data. 
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HEDL-TC-1589 

COMPARISON OF SAND-II AND FERRET 

I. INTRODUCTION 

A v i t a l part of the Reactor Characterization Program of the Fast Flux Test 

Fac i l i t y (FFTF) is the determination of the neutron f lux spectra from experi­

mental reaction rates in i r rad iated act ivat ion and f i ss ion detectors. At pres-

end there are two HEDL computer codes, SAND-II .and FERRET, that may be used for 

th is task. FERRET is a newly developed, generalized least-squares data-adjustment 

code, that makes use of f u l l covariance matrices to determine the "most l i k e l y " 

solut ion spectrum and uncertainty for a given set of input data. SAND-II is a 

widely used spectrum-unfolding code based on an i t e ra t i ve adjustment technique. 

I t includes a Monte Carlo error analysis routine for generating uncertainty es­

timates on the f ina l solut ion spectrum. Several developmental versions of the 

code exist at HEDL. In par t i cu la r , work has been performed at HEDL to better 

understand the mathematical basis of the SAND-II algorithm,^ ' and to improve 

the estimate of uncertaint ies associated with the solut ion spectrum. A technique 

has been devised to include a p r i o r i information in the analysis.^ ' Because th is 

work is on-going and not widely documented, the present analysis is based on the 

f u l l y documented version of the code. This study is a comparison of these two 

codes from both a technical and operational point of view. The technical aspect 

involves the method each code uses to ar r ive at a solut ion and estimate uncer­

t a i n t i e s . The operational aspect involves the performance of each code in selec­

ted test cases. 

This study is one part of the program being carried out by Radiation and Shield 

Analysis under the Core Design and Nuclear Evaluation task. 

I I . CODE DESCRIPTIONS 

FERRET 

The FERRET code is a very general least-squares code oriented toward problems 

frequently encountered in nuclear data evaluations and reactor physics with 

strong emphasis on the proper utilization of important correlations and in 

providing quantitative uncertainty estimates. It was written to enable the 
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user to apply it to a large variety of problems by modifying only the input sub­

routine. Some of the problems it has been applied to are damage function adjust­

ments from integral measurements, simultaneous adjustment of reactor spectra and 

dosimeter cross sections based on both integral measurements and experimental 

proton-recoil spectra, and cross section evaluations based on simultaneous use of 

measured reaction rates, measured worths, microscopic measurements, and theoreti-

cal models.^ ' 

The method is based on a maximum-!ikelihood extension of generalized least-

squares methods that makes use of a log normal distribution. Only a brief 

sketch of the method is given here as a more complete documentation is 
f2 3 4 5^ provided elsewhere.^ '''^ 

Given a set of measured values {ĝ ,-} = ^%i'%2""^ along with their uncer­
tainties and important correlations, assume that they are linearly related to 
a set of underlying parameters {w-} s {w-, .w^,...}. This linear relationship 
can be expressed by the Taylor series expansion 

g(w) - g* + v^g* • (w-w*) (1) 

where 

•t^ ->•/ 
g* = g(w*) (2) 

and w* is the series expansion value. Letting 

f„ = g -g* (3) 

m ^m ^ ^ ' 

and 

x = w-w* (4) 

Then Eq. (1) has the usual form for the least-squares methods: 

f„ = Ax (5) 

m where A = ,̂,g is the model matrix. 
w 

The problem is to combine the measured values {g„--} with the a priori values 

{w .} to obtain an adjusted or evaluated set of values for {w.j}. 
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The FERRET algorithm is based on the minimization of 

s' = s^ + s^ (6) 
0 m 

where in matrix notation 

s' = (VAX)"^ M"I (f -AX) . (7) 
m m g m 

The a priori term is evaluated in a log space to ensure that the {w-} are 

positive 

So = ( V z ) ^ M"^ (z -z) (8) 
0 0 ZO 0 

where 

ẑ. =in(w.) . (9) 

The covariance matrix for the measurements is 

The covariance matrix for the a priori values is given by 

^Cov(w„,.w„.) 

^o <"oi><"oj> • 

The choice of logarithmic variables necessitates iterating on w* to obtain the 

minimum of Eq. (6). 

Although the basic algorithm for the FERRET code can utilize any valid covariance 

matrix, a simple parameterization that allows construction of the needed 

covariance matrices from intuitive concepts is provided. The a priori 

fractional covariance matrix (M ).. is a sum of terms, M.., that represent 

various sources of uncertainty. The component matrices M.. are parameterized 

by 

M . = C^ * r,r p . (12) 



where 

P.jj = (T-Q)^^^ + ee" 2^ (13) 

and 

C = fractional normalization uncertainty 

r. = fractional group-to-group uncertainty 

6 = split between statistically independent uncertainties 

and short-range correlations 

Y = range of short-range correlation . 

This allows a representation of M.. by three terms, a normalization uncertainty 

C, a set of statistically independent uncertainties {r-/l-e }, and a short-

range correlation term with range Y-

SAND-II 

The SAND-II code was developed specifically for determining neutron flux spectra 

from multiple foil activation measurements. It is an established code with 

a tested library of cross sections. Different versions of the SAND-II code have 

been widely used and a broad base of experience has been built up over the years. 

Its primary application has been in providing consistent integral quantities such 

as total flux. The SAND-II, 620-group cross section library has been adjusted in 

shape and magnitude to give integrally consistent results in several well charac­

terized reference spectra.^ ' The SAND-II unfolding method is based on making 

iterative adjustments to a trial spectrum to obtain an appropriate fit between 

calculated and measured reaction rates. A Monte Carlo error analysis routine is 

included that provides uncertainty estimates for the derived flux spectrum. A 

more complete documentation can be found elsewhere.^ ' ' ' The version of SAND-II 

described here was based on Reference 9. 

Let i = detector index 

j = energy index 

k = iteration index 

E. = lower energy bound of the j energy interval 

m = total number of energy intervals 

n = number of detectors used. 



Assume an estimate of the flux spectrum is given {(j)lj° •,j=l ,2,... ,m}. Then for 

each iteration k the calculated activity for the i^" detector reaction based 

on the k iterative flux spectrum is 

The total integral flux calculated from the k iterative flux spectrum is 

j=l ^ •̂  ' -̂  

Using 

J!k] _ i [-.f.^ 

î -JkJ (̂ 6) 
and 

i 

the total integral flux based on all detectors using the k iterative flux 

spectrum is calculated by 

i=l ^ 

fkl The wlj •" are weighting factors that include uncertainty information in the 

iterative procedure. The ratio of the measured to calculated activities is 

^^^^ A 

and the k iterative correction factor for the j energy interval is 

i W^k^ in R['^ 
_ 1 'J I 

n 
I w 

QM = 1 = 1 (20) 

i=i Ĵ 
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where W.. is a smoothing weight function based on moving linear averages that 

also incorporates uncertainty information. 

Finally, 

The Monte Carlo error analysis routine combines uncertainties in reaction rates 

and in reaction cross sections to determine the solution spectrum uncertainties. 

It selects values of reaction rates and cross sections within assigned uncer­

tainties for a preselected number of regular SAND-II runs, generates sets of 

solution spectra, and derives error estimates from these sets of spectra. 

The cross section uncertainties are specified in a group averaged (GAVE) format. 

The entire energy range is separated into 15 broad group intervals.^ ' Total 

correlation is assumed for the groups within a GAVE interval and there is no 

correlation between groups in different GAVE intervals. The uncertainty in 

each cross section is described by specifying an uncertainty in each GAVE 

interval. 

III. COMPARISON OF METHODS 

The dosimetry unfolding problem can be formulated as: 

Given: 1. Some dosimetry cross sections with their uncertainties 

2. An estimated neutron spectrum 

3. Activation measurements performed in the actual neutron spectrum 

with their uncertainties. 

What is the neutron spectrum and its uncertainty? 

Since the number of energy groups is larger than the number of detectors, this 

problem is under-determined and has no unique solution. Stiffness or smoothness 
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constraints must be applied for this type of problem to obtain useful solutions 

and uncertainties. One of the major differences between SAND-II and FERRET is 

in the method of specifying these constraints. These constraints are the major 

factor in determining the spectral shape and magnitude in regions of little 

detector response, as illustrated in Appendix A. 

The constraints in FERRET are specified by the user and consist of correlations 

and uncertainty information on the input spectrum in the form of a covariance 

matrix. Based on the covariance matrices for the input spectrum and the cross 

sections, and on the other available input information, FERRET provides the 

"most likely" solution spectrum and uncertainty. The short range correlations 

on the input spectrum provide a way to specify a certain a priori rigidity to 

the adjusted spectrum, so that neighboring points will be adjusted together. 

This prevents the formation of "unphysical" spectral structure that is not 

present in the a priori spectrum. Since the short range correlations and 

uncertainties reflect the degree of confidence placed in the a priori spectrum, 

some subjectivity is involved. However, there are techniques for explicitly 

calculating the covariance matrix associated with a reactor physics calculated 

spectrum, and it is possible to remove even this source of subjectivity.^ ^ 

The assumptions on which the FERRET solution are based are explicitly specified 

by the user. Thus, the credibility of the solution can be inferred directly 

from the credibility of the input data. Subjectivity in the FERRET algorithm 

does not appear since it has a rigorous mathematical foundation that leads to 

a unique, most likely, solution and uncertainty. 

On the other hand, no formal mathematical justification has been developed for 

the SAND-II iterative technique and it has not been proven that this technique 

must result in successively better iterative solutions.'^) The constraints in 

SAND-II include a smoothing weight function inherent in the algorithm and a 

limit on the number of iterations allowed. The iteration process in SAND-II 

is terminated either by reaching the maximum number of iterations or by reaching 

the convergence criteria on the measured and calculated reaction rates. Sub­

sidiary information or constraints required by SAND-II to obtain a unique solu­

tion and uncertainty include an iteration limit or convergence criteria, the 

number of Monte Carlo recycles to produce uncertainty estimates, and the number 

of points to be used in the smoothing weight function. The final SAND-II 



solut ion uncertaint ies do not r e f l ec t any uncertainties ar is ing from these sub­

s id iary conditions since no uncertaint ies are assigned to them. The SAND-II 

algorithm used in th is study also does not take into account any a p r io r i un­

cer ta inty information on the input f lux spectrum. In some cases the effects 

of th is subsidiary information can be observed by bracketing the best input 

values with values wi th in an assumed uncertainty range. This is in sharp con­

t ras t to FERRET, where the needed subsidiary information (input covariances) 

is precisely stated by the user and is correct ly propagated to the f ina l resu l t . 

The new version of SAND- I I ' ^ weights the input spectrum to provide a bound on 

the i t e ra t i ve spectra adjustments but so far does not provide va l id uncertainty 

estimates for the solut ion spectrum. 

IV. COMPARISON OF PERFORMANCE 

Comparison of SAND-II and FERRET from an operational point of view requires an 

analysis of their performance in selected problems. The problems selected 

for this analysis included simple problems that could be checked by hand and 

a realistic unfolding problem. Variations of the latter problem were used to 

illustrate specific points and to determine the sensitivity to the input 

parameters. 

The realistic test case consisted of measured reaction rates with uncertainties 

and a reactor physics calculated flux spectrum for an EBR-II midplane elevation 

location at the core reflector interface.^ ' This problem was chosen because 

it is a real life situation that is very similar to what will be done in the 

FTR core characterization program, and the FTR and EBR-II spectra possess many 

of the same spectral characteristics. The dosimeter reactions used, their 

measured saturated, infinitely dilute activities, and assigned uncertainties 

are given in Table 1. 

The 47 group energy structure used in the reactor physics calculation of the 

input flux spectrum was chosen for the spectrum unfolding. Since the SAND-II 

version used normally uses 620 energy groups, slight changes had to be made in 

the program, primarily involving the input of the trial spectrum, to handle the 

47 energy groups. 
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TABLE 1 

EXPERIMENTAL ACTIVITIES AND UNCERTAINTIES 

Reaction 

^^Co(n,Y) 

235u(n,f) 

23Xn,f) 

'*̂ Sc(n,Y) 

'''Fe(n,p) 

='Fe(n,Y) 

^«Ni(n,p) 

'*̂ Ti(n,p) 

Activity 
(dis/sec/nucleus) 

2.020 X 10-1" 

2.312 X 10-3 

6.270 X 10-1° 

3.752 X 10-11 

1.296 X 10-11 

9.654 X 10-12 

1.738 X lO'ii 

1.570 X 10-12 

Uncertainty (%) 

3.0 

3.2 

6.1 

2.4 

1.7 

1.3 

2.2 

1.2 

The only place where the group structure might have an effect on the SAND-II 

spectrum adjustments is in the use of the moving linear averages technique 

for determining the smoothing weight functions. This technique is based on 

an equal energy spacing assumption.^ ' The 620 groups are approximately 

logarithmically equispaced for E<1 MeV and approximately linearly equispaced 

for E>1 MeV. The 47 groups are approximately logarithmically equispaced for 

E<2 MeV and are approximately linearly equispaced for E>2 MeV. The similari­

ties between the 47 and 620 group structures and the fact that the SAND-II 

iteration procedure is relatively insensitive to the form of the smoothing 
(Q) 

weight function^ indicate that the use of 47 groups would have little 

effect on the performance of SAND-II. In addition, the available reactions 

do not possess enough spectral structure to resolve the spectrum as fine as 

the 620 groups require. 

The 47 group reaction cross sections were collapsed from the ENDF/B-IV values 

using the calculated EBR-II spectrum.'1'^ The same cross section set, in dif­

ferent formats, was used for both FERRET and SAND-II. The cross section uncer-
(•\2) 

tainties and correlations v/ere taken from a previous study^ ' in the FERRET 

format. The uncertainty values were converted to the GAVE format for use in 

SAND-II, and are shown in Table 2. 



TABLE 2 

SAND-II CROSS SECTION UNCERTAINTIES IN GAVE FORMAT 

GAVE 
Interval 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

Lower Bound 

Group 

1 

2 

6 

22 

27 

32 

35 

37 

39 

40 

41 

42 

43 

45 

46 

Energy(MeV) 

2.5300-008 

1.1254-006 

1.3710-005 

1.5034-002 

1.1109-001 

6.3928-001 

1.3834+000 

2.2313+000 

3.6788+000 

4.9659+000 

6.0653+000 

7.4082+000 

8.6071+000 

1.1618+001 

1.3499+001 

^3Co(n,Y) 

3.0 

10.4 

10.8 

21.8 

28.4 

28.4 

28.4 

30.7 

33.2 

36.1 

38.8 

41.1 

43.6 

46.9 

50.2 

23^U(n,f) 

8.0 

9.2 

10.0 

7.7 

5.0 

5.0 

5.0 

5.0 

5.0 

5.4 

7.0 

8.2 

9.6 

11.3 

13.0 

Cross 

2"Np(n 

18.3 

20.4 

26.6 

24.3 

11.2 

9.9 

9.9 

9.9 

9.9 

9.9 

10.3 

11.2 

12.2 

13.5 

14.9 

Section Uncer 

.f) '•̂ Sc(n,Y) 

10.0 

10.0 

32.6 

35.0 

36.1 

36.1 

36.1 

37.8 

39.6 

41.7 

43.6 

45.2 

46.9 

49.1 

51.3 

"tainty (percent) 

5'*Fe(n,p) 5«Fe(n,Y) 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

55.3 

9.4 

9.4 

9.4 

9.4 

17.9 

18.3 

18.9 

19.4 

10.0 

14.7 

36.4 

40.1 

48.0 

54.2 

63.1 

69.2 

73.2 

77.5 

81.5 

84.8 

88.3 

93.3 

97.5 

5«Ni(n,p) 

100.0 

100.0 

100.0 

100.0 

100.0 

78.9 

21.7 

9.4 

9.4 

9.4 

11.3 

14.2 

17.4 

18.8 

15.7 

-Ti(n,p) 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

100.0 

61.7 

21.0 

51.3 

9.4 

13.9 

19.6 

17.4 

15.6 



The response of the reaction cross sections in the 47 group EBR-II spectrum, 

included in Appendix B, revealed that the ^3Co(n,Y) reaction had a large re­

sponse in one group at 1x10"** MeV, the ^®Fe(n,Y) reaction had a large response 

in two groups between 2x10"** and 4x10-"* MeV, and the other responses were 

primarily between 6x10"^ and 8 MeV. This reaction set provided regions of 

good and bad detector coverage so that the performance of the codes could be 

analyzed in both situations. 

A. REALISTIC TEST CASE 

The measured input activities and uncertainties, the reactor physics calculated 

input spectrum, and the other input parameters described in a later section 

were used to adjust the calculated EBR-II flux with both SAND-II and FERRET. Fi 

ure 1 shows the solution spectra from both codes along with the a priori input 

spectrum. It can be seen that the basic input spectral structure was retained 

in both solutions, that there are areas where the two solutions agree quite 

well, and that there are areas where the two solutions differ significantly. 

The large dip around 2x10"^ MeV is due to the sodium resonance. The small dip 

around 2x10-^ MeV is due to the small energy width of this group in the 47 group 

structure and the fact that the integral group flux is being plotted. Figure 2 

is a plot of the ratio of the solution flux to the input flux for both codes 

and shows the characteristics of the adjustment made by each code and the 

areas of agreement and disagreement in the solutions. The adjustments made 

by FERRET can be seen to be governed by the short range correlations on the 

input spectrum, while the adjustments made by SAND-II are characterized by 

several regions of sharp discontinuity. The solution spectra agree to 10% at 

1x10-"* MeV and to better than 5% between 2x10"^ and 6 MeV, two regions of 

large detector response. The solutions differ by about 40% between 4x10""* 

and 2x10-2 MeV, by about 50% above 10 MeV, and by over 100% below 6x10"^ MeV. 

The 10% deviation at the relatively isolated ^3Co(n,Y) response at IxlQ-"* MeV 

was about the same as the uncertainty on the ^3Co(n,Y) cross section at this 

energy. The other differences in the spectra were generally less than the 

SAND-II uncertainty values. 

Figure 3 shows the FERRET and SAND-II spectral uncertainties. It should be 

pointed out that the FERRET uncertainty values are the diagonal elements of 

the full covariance matrix and that, due to the correlations in the solution 
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spectrum, integral quantities calculated with the full covariance matrix may 

have uncertainties that are much lower. The FERRET uncertainties reflected 

the spectrum correlations, with the decrease in uncertainty in the regions of 

large response influencing the uncertainty in neighboring groups. The SAND-II 

uncertainties were much less correlated and were unrealistically high in 

several groups. The uncertainty in one group around 5x10-"* MeV was given as 

over 400% by SAND-II. Although the basic shapes of the uncertainty plots 

follow the same trend, the agreement in the uncertainty at the response peaks 

was less than anticipated. Examination of the Monte Carlo recycle information 

revealed that several of the recycle solutions were far from converged and 

that the deviation of measured to calculated activities for the ^^Fe(n,Y) 

reaction was as much as 140%. A possible explanation for this behavior is 

that the Monte Carlo error analysis routine was making random adjustments in 

the ^®Fe cross section that resulted in divergent solutions and consequently 

large uncertainty values in the regions of little detector response. 

This explanation was investigated by running the same problem with the 

^^Fe(n,Y) reaction removed. The results are shown in Figures 4, 5 and 6. 

A comparison of Figures 4 and 5 with Figures 1 and 2 indicate that there was 

almost no change in the solution spectra. A comparison of Figure 6 with 

Figure 3, however, reveals dramatic changes in the SAND-II uncertainty, while 

the FERRET uncertainty was nearly identical to that with the ^®Fe(n,Y) 

reaction included. The extremely large SAND-II uncertainty values were not 

present and there was yery good agreement in uncertainty from both codes in 

the areas of 10-"*, lO-i, and 1 MeV. These areas correspond to the peaks of 

the response functions for the ^^Co(n,Y)> ^^^U(n,f), and 23'7Np(n,f) reactions, 

respectively. The large dip in the uncertainty for both codes around 4 MeV 

corresponds to the overlapping peak responses of the '*^Ti(n,p), ^®Ni(n,p), 

and ^'*Fe(n,p) threshold detectors. The factor of two difference in uncer­

tainty between the two codes at this dip indicates a different treatment of 

the uncertainty in the case of these overlapping responses. 

The SAND-II uncertainty values in the areas of little detector response still 

revealed some unphysical characteristics. There was a sharp dip in the 

SAND-II uncertainty around 2x10"^ MeV that did not correspond to any signi­

ficant response from the detectors and was in fact at a peak in the FERRET 

uncertainty. Although the ^'Co(n,Y) response was limited almost entirely to 
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one group at lO"** MeV, SAND-II gave the same uncertainty from 1x10-^ to 

4x10"'* MeV. Without the ^®Fe(n,Y) reaction, the only significant response in 

this energy range was from the narrow ^^Co(n,Y) response. Therefore, the low 

uncertainties given by SAND-II in this region are unjustified and unrealistic. 

Since the removal of the ^®Fe(n,Y) reaction had such a dramatic effect on the 

SAND-II solution uncertainties, a different reaction was removed and the 

results observed. The ^^Fe(n,Y) reaction was put back in and all of the reac­

tions except the '*^Sc(n,Y) reaction were used to adjust the spectrum. The 

flux ratios and uncertainties are shown in Figures 7 and 8. A comparison of 

the flux ratios in Figure 7 with those in Figure 2 revealed only slight changes 

in the FERRET solution, while the SAND-II solution was changed to be in closer 

agreement with FERRET below 10-^ MeV and between 4x10-"* and 2x10-2 MeV. Since 

these changes did not occur when the ^®Fe(n,Y) reaction was removed, they can 

be attributed to the effect of the absence of the '*^Sc(n,Y) reaction on the 

SAND-II flux corrections. The removal of the '*^Sc(n,Y) reaction allowed a 

slightly better match of the other measured and calculated activities in 

SAND-II. The changes in the SAND-II solution spectrum were located in a region 

of overlapping response from the '*^Sc(n,Y), ^®Fe(n,Y) and ^^Co(n,Y) reactions 

and indicated that there might be a slight inconsistency in the measured 

activities or cross sections of '*^Sc(n,Y) and ^^Co(n,Y). This is not a 

problem for FERRET since it can make minor adjustments in the cross sections 

within the assigned uncertainties and correlations in regions of overlapping 

response. 

The solution uncertainties in Figure 8 show several interesting features. 

Although the FERRET uncertainty again remained relatively unchanged, the 

SAND-II uncertainty was reduced in all groups with the removal of the '*^Sc(n,Y) 

reaction. Dramatic reductions in uncertainty occurred below 3x10"^ MeV and at 

3x10-^ MeV. The uncertainty below 3x10-® MeV dropped from around 100% to less 

than 12%. Since the '*^Sc(n,Y) reaction was the only one with a noticeable 

response at that low an energy, it indicates that SAND-II may give unjusti­

fiably low uncertainty estimates in regions of little or no response. This 

can also be seen in another region of little response at 3x10-^ MeV, where the 

SAND-II uncertainty was reduced from 47% to 16% with the removal of the 
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'*^Sc(n,Y) reaction. The SAND-II uncertainty around 4x10""* MeV was again large, 

over 100°/, as compared to 30% when the ^^Fe(n,Y) reaction was removed, but was 

still much less than the 400% uncertainty with all of the reactions. 

Some of the effects indicated in the previous examples were confirmed by using 

only a single reaction. Although this kind of case is not run in practice, the 

example does isolate a difference between SAND-II and FERRET. The "^^TiCn.p) 

threshold reaction was used alone to adjust the solution spectrum and uncertainty. 

The rest of the input information was the same, except that a constant 10% cross 

section uncertainty was used. The response of the '*^Ti(n,p) reaction is limited 

to a fairly small energy range, with no response outside of this range. The 

solution flux ratios and uncertainties are shown in Figures 9 and 10. In this 

case, SAND-II applied a nearly constant correction factor to the entire spectrum. 

The flux magnitude outside the area of reaction response had no effect on the 

calculated activity since the cross section was essentially zero there. FERRET 

made a much smaller spectrum normalization in the region of no response based 

on the input normalization uncertainty on the spectrum. The FERRET spectrum 

was adjusted primarily in the region of reaction response to match up the mea­

sured and calculated activities. The extent of adjustment outside the response 

region depends on the choice of a priori spectrum correlation. Incorporation 

of a priori spectrum information in the newer version of SAND-II should reduce 

the spectrum adjustments in low response regions. 

The uncertainty results in Figure 10 confirm that SAND-II may underpredict the 

uncertainty on the solution spectrum in regions of little or no response. 

SAND-II assigned a small, constant uncertainty to the entire spectrum, even 

though the reaction response was limited to a small portion of the spectrum. 

The FERRET uncertainty was almost the same as the input uncertainty estimate 

except in the vicinity of the reaction response, where the input correlations 

and uncertainties on the spectrum, cross section, and activity reduce the 

spectrum uncertainty. While the FERRET uncertainty in the region of no 

response was based on the input flux uncertainty, the SAND-II uncertainty in 

this region was based on the uncertainty in the region of response. In practice, 

the SAND-II uncertainty estimates in regions of little or no response may be ap­

proximated by bracketing the best input spectrum estimate with spectra within 

the uncertainty range. 
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B. SENSITIVITY TO INPUT PARAf'lETERS 

The amount of sub jec t i v i t y present in the adjustment and uncertainty calculations 

can be inferred from the ef fects of var iat ions of the major input parameters i n ­

volved. 

SAND-II 

Subjective influences can be introduced into the SAND-II algorithm through the 

choice of input parameters such as the number of iterations and the number of 

Monte Carlo recycles. Figures 11 and 12 show the SAND-II solution spectra and 

flux ratios after 10, 20, and 40 iterations. The flux in regions of signifi­

cant detector response remained relatively fixed, while the flux was varied in 

regions of little response in an attempt to better match the measured and 

calculated activities. Two regions of little response are below 10"^ MeV and 

between 4x10"** and 3x10"^ MeV. In the region below 10"^ MeV and between 

3x10"^ and 2x10"^ MeV, the solution spectrum was increased with increasing 

iterations, while between 4x10"'* and 3x10"^ MeV the spectrum was decreased 

with increasing iterations. Neither of these changes wns justified from the 

physics of the problem and thus could be considered "unphysical structure" in 

the solution spectra. The 20 iteration case provided the best values because 

there was little "unphysical structure" in the solution, the standard deviation 

of the measured to calculated activities was close to the average of the input 

activity uncertainties, and the maximum deviation was close to the maximum 

uncertainty in the input activities. 

Figure 13 shows the SAND-II solution uncertainty after 20 and after 40 Monte 

Carlo recycles. The uncertainty in most of the group values decreased slightly 

on going from 20 to 40 recycles, but there were a few groups whose uncertainty 

increased slightly. Another indication of the adequacy of the choice of 

Monte Carlo recycles is the printout of the mean values and standard deviations 

of the cross sections and activities from the recycle information. Agreement 

of these values with the a priori values indicates a large enough choice for 

the number of recycles. From this information, 20 recycles were considered 

large enough, but there did not seem to be a great deal of sensitivity to the 

number of recycles used. Oster^ ' gives a more complete discussion of the 

effects of the number of iterations and the number of recycles on the SAND-II 

solution. 
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The assumption that changing the SAND-II energy group structure from 620 to 47 

groups did not a f fec t the resul ts was confirmed by repeating the base case with 

a l l reactions in the 620 group st ructure. A 620-group cross section set based 

on the ENDF/B-IV dosimetry cross section f i l e was used. For the most part the 

spectral adjustments for the 620-group analysis fol low the 47-group SAND-II 

resu l ts . There was some deviat ion between the results below 10"^ MeV. No un­

cer ta inty analysis of the 620-group SAND-II results was performed. 

To determine the sens i t i v i t y of SAND-II to the cross section set used, the same 

base case was repeated using the SAND-II 620-group evaluated reference cross section 

l i b r a r y . This l i b r a r y , rout inely used for SAND-II runs at HEDL, contains cross 

sections that have been adjusted to a t ta in integral consistency. A 47-group rep­

resentation of the 620-group solut ion spectrum was in much better agreement with 

the FERRET solut ion spectrum. Differences in the adjustments between th is SAND-II 

run and FERRET are evident above 4 MeV, around 10"^ MeV, although they are much 
(13) less than in the or ig ina l SAND-II run. Zi jp^ ' reported simi lar differences in 

the SAND-II adjustments of the benchmark neutron f i e l d s , CFRMF, ZE, and STEK 

using ENDF/B-IV and a SAND-II evaluated reference cross section l i b ra ry . His 

spectra indicate much sharper adjustments in the energy region between 10"^ and 

10"^ MeV using the ENDF/B-IV cross section l i b ra ry and major differences in the 

spectral adjustments above 10 MeV. These studies indicate that the choice of 

cross section set can have s ign i f i can t effects on the SAND-II so lut ion. 

FERRET 

Since the a p r i o r i f lux uncertainty and short-range correlat ions re f l ec t the 

degree of confidence placed in the a p r i o r i spectrum, i t is important to i den t i ­

fy the i r ef fects on the solut ion spectrum and uncertainty. Figures 14 and 15 

show the solut ion spectra f lux ra t io and uncertainty for three d i f fe rent combi­

nations of the strength and range of the a p r io r i f lux short-range corre lat ions. 

The range of the corre la t ion was varied from 3 to 5 groups and the strength of 

the corre la t ion was varied from 0.9 to 0.5. The effects of the correlat ions 

are c lear ly i l l u s t r a ted in the groups surrounding the ^'Co(n,Y) resonance at 

about 10""* MeV. Since th is was a large response confined pr imari ly to one 

group, the e f fec t of the short-range correlat ions was to extend the f lux ad­

justments in the group with the response to other nearby groups in a nearly 

symmetrical manner. When the range of the corre lat ion was expanded from 3 to 

5 groups, the adjustments made in the spectrum were greater and extended over 
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more groups. When the strength of the correlation was decreased from 0.9 to 

0.5, then the adjustments made in the spectrum were smaller and extended over 

fewer groups. These changes were less distinguishable in regions of overlap­

ping detector response where the response was extended over several groups. 

This same effect can be seen in the uncertainty plots in Figure 15 near the 

^^Co(n,Y) resonance. The "rigidity" of the a priori spectrum has a greater 

effect on the uncertainty in regions of overlapping response. The stronger 

and longer-range correlations resulted in lower uncertainty estimates. 

The actual values used for the a priori spectrum were a normalization uncer­

tainty of 10% along with an additional group-by-group uncertainty of 20%. 

Thus, the combined a priori spectral uncertainty was 22.3%. Nearly all (90%) 

of the 20% uncertainty was assumed to be short range correlated over a range 

of 3 groups. The uncertainty values were chosen conservatively; i.e., large 

enough that they would not significantly affect the solution. It is possible 

for FERRET to give a wrong solution if the actual solution is outside the 

range of uncertainty on the input spectrum. The correlations were also 

chosen conservatively. The EBR-II spectrum consists basically of a fission 

spectrum and a slowing down region. Except for absorption resonances, such 

as Na, the spectrum is a relatively smooth one. Therefore, as long as the 

physical structure is included in the input spectrum, neighboring groups 

should be somewhat correlated with each other. 

Both SAND-II and FERRET require uncertainty estimates and correlations on the 

dosimeter cross sections. To determine the effects of these correlations on 

the solution and uncertainty, FERRET was run with the same correlations used 

in SAND-II. The GAVE structure used in SAND-II consists of 15 intervals, with 

complete correlation of the group cross section values within each GAVE interval 

and no correlation between the groups in different GAVE intervals. This was 

implemented in FERRET by specifying 15 correlation components for each cross 

section corresponding to the 15 GAVE intervals. For each component a nor­

malization uncertainty was used that was equal to the GAVE uncertainty estimate 

for that interval. All other uncertainties were set to zero so that all the 

groups in each interval would be completely correlated. 
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The solution spectrum for this case was almost identical (within 1%) to the 

solution with the original correlations. The uncertainty values. Figure 16, 

were also very close to the original values. The uncertainty at the ^^Co(n,Y) 

resonance is slightly larger while the uncertainty between 0.1 and 7 MeV is 

slightly smaller. In the latter region the GAVE intervals contain only one or 

two groups. This has the effect of allowing a finer adjustment of the cross 

sections in this region, resulting in slightly lower uncertainties. Since the 

^^Co(n,Y) response is located in the middle of a very wide GAVE interval, the 

cross section correlations are much stronger than the FERRET short range 

correlations, resulting in slightly larger uncertainty values. These results 

indicate that the correlations on the cross sections have little effect on 

the final solution and uncertainty in comparison with the correlations on the 

a priori flux. 

C. SIMPLE CASES TO CHECK UNCERTAINTY CALCULATIONS 

SAND-II 

Since the SAND-II algorithm includes a smoothing weight function, few-group 

problems would not be valid. The simplest test that allowed proper code 

operation was to use a single simulated reaction with the cross section 

limited to one broad GAVE interval. Because the Monte Carlo variations are 

based on the GAVE structure, this simulated reaction gives uncertainty values 

that can be checked by hand. The results of several simple tests are shown 

in Table 3, where various choices of the uncertainty on the cross section and 

activity were used. The agreement between the SAND-II calculated spectral 

uncertainty and that predicted by simple hand calculations indicates that the 

SAND-II Monte Carlo routine gives valid results for uncomplicated problems in 

regions of strong non-overlapping response. 
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TABLE 3 

RESULTS OF SIMPLIFIED SAND-II UNCERTAINTY PROBLEMS 

Input Uncertainty (Percent) 

Cross Section Activity 

0. 10. 
10. 1. 
10. 10. 

Calculated 
Uncertc 

SAND-II 

11.86 
10.18 
14.78 

Spectrum 
linty 

Exact 

10.00 
10.05 
14.14 

FERRET 

The FERRET algorithm for calculating the final covariance matrix is based on 
(2) 

a formal derivation whose validity has been analytically demonstrated.^ ' In 

addition, the ability of this algorithm to exactly calculate the solution 

uncertainties (the diagonal elements of the final covariance matrix) has been 

verified with numerical examples. This algorithm has been shown to give exact 

values for the solution uncertainties in simple one and two group problems and 

in more complicated problems. Approximations enter the FERRET uncertainty 

calculation only for problems that are wery weakly determined and thus have 
(3) 

large a priori uncertainties.^ ' For these cases, however, a precise uncer­
tainty estimate is usually not needed. Rather, one is usually only trying to 
distinguish a 100% uncertainty from a 10% uncertainty or a 1000% uncertainty. 

D. SUMMARY OF PERFORMANCE TEST RESULTS 

The results of the performance of SAND-II and FERRET under varying conditions 

revealed several operating characteristics and possible problems with each 

code. 

1. The SAND-II iterative process may introduce unphysical structure in 
(13) 

the solution spectrum, especially in the regions of detector resonances.' ' 

This structure consists of unlikely adjustments in neighboring groups 

that may cancel in the calculation of integral quantities such as total 

flux, but could have a large effect on integral parameters with signif­

icant response in the region of these adjustments. 
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2. For certain conditions, the SAND-II Monte Carlo error analysis may give 

extremely large uncertainty values in regions of little or no detector 

response because of the nonconvergence of some of the recycle solutions. 

3. SAND-II may give unjustifiably small uncertainty values in regions of 

little or no detector response. 

4. The FERRET solution and uncertainty depend on the proper choice of the 

input spectrum uncertainties and correlations. 

5. The FERRET and SAND-II solutions and uncertainties basically agree in 

the regions of strong response from a single detector, but deviations 

were found in regions of overlapping response or of little response. 

6. The SAND-II solution and uncertainty were much more sensitive to the 

choice of dosimeter reactions, spectral coverage and cross section library. 

V. CONCLUSIONS 

This comparison of SAND-II and FERRET illustrated the major advantages and 

disadvantages of each code from both a technical and operational viewpoint. 

The FERRET code was judged to be an improvement over SAND-II based on the 

following conclusions: 

1. FERRET has a rigorous theoretical foundation that provides a unique, 

most likely, solution and uncertainty, and makes explicit the 

assumptions upon which the solution is based. 

2. The credibility of the FERRET solution can be inferred directly from 

the credibility of the input data. 
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3. Conservative choices can be made in the input flux uncertainty and 

correlations for FERRET that allow conservative solution uncertainty 

estimates. 

4. FERRET can provide a full covariance matrix for the solution spectrum 

that allows accurate uncertainty treatment for quantities derived from 

the spectrum. 

5. The future availability of cross section covariance files in ENDF/B 

evaluations will allow more accurate uncertainty calculations using 

FERRET. 

6. FERRET has the capability of simultaneous adjustment of spectra in 

different locations that should provide more consistent results. How­

ever, simultaneous solutions limit the number of groups to less than 

620 due to computer storage limitations. For spectrum adjustment in 

^50 groups, care must be taken to weight the effective cross sections 

appropriately. 
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APPENDIX A 

WELL- AND ILL-DETERMINED COMPONENTS 
OF AN UNFOLDED NEUTRON SPECTRUM 

By a suitable diagonalization, one can decompose an unfolded neutron spectrum 

into two components, a well-determined component <{>̂ „̂ii and an ill-determined 

component 4>,-ii- Although of little practical consequence, this decomposition 

does afford some insight into the nature of adjusted solutions. 

The main point is that for a specific adjustment problem and a corresponding 

solution, it is possible to uniquely decompose the solution (})(E) into two 

functions 

*(E) = *^ell (E^ ' *ill (E) • 

The first component 4),,„n is uniquely determined by the reaction rates used 

to obtain the unfolded solution. Thus, any solution (f)(E) that gives the 

correct reaction rate values will have the same well-determined component as 

any other such solution. On the other hand, the ill-determined component is 

completely undetermined by the reaction rate measurements. In fact, for any 

reaction used in the adjustment analysis, the reaction rate calculated from 

the ill-determined flux (j).-,-, will of necessity be nearly zero. 

Mathematically, this decomposition can be made by diagonalizing the matrix 
t -1 -̂  

A MjT A where the A matrix relates the vector R of reaction rate measurements 
to the flux vector cf). In a multigroup representation, we write 

' -1 
a 47-' 

A 4) 

where the matrix elements (A } are obviously just the multigroup cross 

sections. The covariance matrix M^ represents reaction rate covariances. 

The details are beyond the scope of the present discussion. However, some 

results are illustrated in Figure Al. The upper plot shows the well-

determined component for three adjusted spectra discussed in this report; 

a spectrum adjusted by SAND-II, a spectrum adjusted by FERRET using the 

same initial spectrum as SAND-II, and a spectrum adjusted by FERRET where 
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the a priori spectrum was a constant group flux. (The group index on the 

plots is defined so that neutron energy increases from left to right.) As 

they should be, the well-determined components are nearly identical for all 

three solutions. Any differences in the adjusted solutions must appear in 

the ill-determined components. 

The ill-determined components show significant differences that explicitly 

demonstrate the non-uniqueness in the adjusted solutions. The components 

for SAND-II and the first FERRET solution are remarkably similar and 

undoubtedly reflect the use of the same initial spectrum. Nevertheless, 

near a group index of 27 even these two components differ by 40%. Since 

the well-determined component is small in this region, the complete solution 

(})(E) must also differ by 40%. The solution obtained from FERRET with a 

constant a priori flux differs more radically even though it still gives 

the correct reaction rates (it has the same well-determined component). 

The significance of these decompositions is in the explicit demonstration of 

a component (f).,-, that is completely independent of the reaction rate data. 

Any calculation that depends on (}).,, necessarily relies on subsidiary infor­

mation that is in addition to the reaction rate measurements. Furthermore, 

the accuracy of such calculations must also rely on the uncertainties or 

reliability of such subsidiary data (trial spectra, smoothing constraints, 

etc.). In the present example, for instance, less than half of the total 

flux is contained in the we 11-determined component. One could attain an 

alternate solution with less than one-half of the total flux, which also 

reproduced the reaction rates, by setting (j).-,-, to zero. This statement is 

somewhat misleading because such a solution would have negative flux values 

in some groups. Nevertheless, the total flux for two of these solutions, 

the SAND-II case and the FERRET case with a constant a priori flux, differs 

by nearly 20%. 

Finally, we note that any algorithm that determines uncertainties on the 

unfolded solution by propagating only reaction rate and cross section 

uncertainties is subject to error. The component 4).,, is an important part 

of the final solution and its uncertainties must depend strongly on both 

the subsidiary conditions needed to obtain tj).,̂  as well as any uncertainties 

in these subsidiary conditions. 
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APPENDIX B 

DOSIMETER RESPONSE FUNCTIONS 

IN AN EBR-II SPECTRUM 
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