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Background information on the SAND-II algorithm is 
provided during discussion of recent extensions o£ the 
SAND-II Error Analysis Monte Carlo code to include solution 
weighting based on input uncertainty data. This procedure 
permits input data having smaller uncertainties to have 
a greater influence on the solution spectrum than do the 
data having larger uncertainties. The results of an 
indepth study to find a practical procedure are presented. 
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SOLUTION WEIGHTING FOR THE SAND-II MONTE CARLO CODE 

C. A. Oster R. L. Simons G. R. Odette 
W. N. McElroy E. P. Lippincott 

ABSTRACT 

Modifications to the SAND-II Error Analysis Monte Carlo 
code to include solution weighting based on input data uncer-
tainties have been made and are discussed together with back-
ground information on the SAND-II algorithm. The new procedure 
permits input data having smaller uncertainties to have a 
greater influence on the solution spectrum than do the data 
having larger uncertainties. The results of an indepth study 
to find a practical procedure and the first results of its 
application to three important Interlaboratory LMFBR Reaction 
Rate (ILRR) program benchmark spectra (CFRMF, ZZ, and 2 3 5U 
fission) are discussed. 

INTRODUCTION 

The SAND-II computer code was developed to determine neutron flux 
(1 2) 

spectra from multiple foil activation measurements. ' Using an 
input spectrum from typical reactor physics calculations, the code-
computed reaction rates are compared with measured reaction rates 
and the input spectrum is adjusted iteratively to obtain an appropriate 
fit between calculated and measured reaction rates. The basic SAND-II 
algorithm is summarized in the Appendix. 

To quantify the uncertainty in multiple foil derived flux-spectera, 
(3) 

the SAND-II Monte Carlo error analysis code has been developed. 
Basically, the code combines uncertainties in the reaction rates and 
in reaction cross sections to provide estimates of uncertainty for the 
derived flux-spectrum. The Monte Carlo code selects values of reaction 
rates and cross sections within assigned uncertainties for a preselected 
number of regular SAND-II runs. These sets of selected values are then 
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used to generate sets of solution spectras which yield the error 
estimates. This process provides reasonable absolute and relative error 
estimates for flux-spectra or spectral parameters such as average neutron 
energy or neutron flux above any energy. 

Earlier versions of the SAND-II code did not extensively use input 
uncertainty data. A description for exploiting this uncertainty data to 
yield meaningful results is given here. Two types of uncertainties are 
input to the SAND-II code for a typical Monte Carlo run. The measured 
reaction rate or activity A^ of each foil has an uncertainty associated 
with it. Each cross section has an energy-dependent uncertainty associated 
with it. The cross section error I\ is energy group "r" averaged 
(i.e., a coarse group structure is introduced and these group uncertainties 
are assumed independent) and is called a GAVE (Group Averaged) error. 
The energy range used for this averaging is called a GAVE interval. 
generally characterizes combined relative shape and detector-to-detector 
scale or bias errors and is uniformly applied over the rth GAVE interval. 
A single absolute barn scale error that is not included in and that 
is uniformly associated with all reaction cross sections is also 
assumed. This separately additive uncertainty only affects the magnitude 
of derived neutron spectra. 

To further improve the relative consistency of SAND-II derived flux-
spectra, the SAND-II algorithm was improved by limiting the amount of 
spectral structure that can be generated. One improved SAND-II procedure, 

(A) 

described in ReferenceN , reduces the amount of artificial structure 
allowed in an iterative solution by smoothing and by subsequently 
modulating the reactor physics calculated structure back into the solution. 

SOLUTION WEIGHTING PROCEDURES 

The uncertainty data is introduced in two places in the basic 
SAND-II algorithm. The first is the formula for calculating the ensemble 

— [k] 
average total integral flux$. Equation (A-l) (see Appendix) is 
replaced with the following expression 
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The w. ̂  ^ are defined below. The second place for introducing uncertainty 
1 [kl data is in the correction factor C: . Equation (A-2) is replaced with 

n 

\ i=l 

[kl* The weight factors W. . are defined below. 6 

Heuristically we wish the foils with small uncertainty to strongly 
~5T[k] fkl influence 5> and C. , and those with large uncertainty to have less 

2 tkl [kl* effect. Several expressions for and W ^ are given below, wherein 
the uncertainty data are introduced for this study. The uncertainty 
data are used in the following forms: 

v1? = e? x x 

and 

vc - V 3 r X ' r . 2 
v i = 2 j / 5 l r 

where the index r runs over all GAVE intervals and c and m refer to 
calculated and measured quantities, respectively. If the uncertainty 
data are proportional to the standard deviation associated with the 

m c corresponding quantity, then V^ and V^ are proportional to the variance. 

f k l f k l * 

The two weight factors w: and W ^ ' are defined In terms of a 
new quantity, w^, as 
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[k] ca Ik]/ 
"i " fl / Wi 

» ! « ' - w ! k 3 / w . 

The weight factors w^ are used, in part, because of the routine 
statistical practice of weighting variables by their reciprocal variance. 
If the w^ are chosen to be large (small) when the uncertainty is large 
(small), then wj^ and produce the desired effect o n ^ ^ and cj^ 
respectively. 

Several possible choices for w. are listed in Table 1. Computer 
1 (5) runs were made using data from 21 foils irradiated in the CFRMF; the 

results of this experiment were used to select a best operating choice for 
w^. Run 0 was made with the original SAND-II algorithm. It is used for 
comparison here since the original algorithm generally produced satisfactory 

[6 7 81 
results, ' ' and any departure from these results should be carefully 
examined. 

The detailed results of these computer runs will be documented 
elsewhere. The general nature of the results is shown in Figures 1 and 2, 

"xTkl [k1 + 
which show <p J and (sd) plotted against the iteration index k. The 
discontinuities appearing in both plots between k = 15 and k = 16 are the 
result of the smoothing-modulation procedure in which spurious structure 
not present in the input spectrum is removed but original structure 
retained. After this smoothing, experience has shown that several, in 
this case five, additional iterations suffice to complete the iteration 
procedure with the introduction of a minimum amount of spurious structure. 

In Figure 1, Run 5 appears to be unaffected by the smoothing-modulation; 
however, continued iteration while applying the smoothing-modulation after 
every 15 iterations showed similar discontinuities. 

tStandard deviation of the ratio of measured to calculated reaction rates 
for all foil reactions, i=l, . . .n. 
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Table 1. Computer Runs and Special Forms of w^ 

Run w Number i Description and Remarks 

1 1 Similar to original SAND-II algorithm except that 
the averaged value of total flux is weighted by 
each foil's energy region coverage. 

2 V? Similar to Run 1 except that those foils with low 
uncertainty in the measured activity value are 
weighted more than those with large uncertainty. 

m c 
3 V^ + Vj, Similar to Run 2 except that the energy ranges where 

the cross-sections are well known receive more 
weighting than where the cross-sections are less 
well known. This gives a mean square or variance 
type weighting. 

c 
+ V i Similar to Run 3 with less weighting placed on large 

and small values of V. + V.. This gives a standard 
deviation like weighting. 

ul C V. V. Similar to Run 3 except that coincident extremes, i i m c e.g., both V^ and V. are large or small, are 
emphasized. 

yjv™ V? Similar to Run 5 except that the extremes receive 
less weighting. 
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Figure 1. Ensemble Average Total Integral Flux as a Function of 
Iteration Index 
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k 

Figure 2 Standard Deviation as a Function of Iteration Index 
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Our conclusions will be documented in more detail elsewhere but 
may be summarized as follows: 

« Weighting should be used in future versions of SAND-II. 

• Run 4 agrees most closely with the unweighted Run 0. 

• Runs 3, 4 and 6 most closely agree with the average flux-spectral 
results obtained from all runs. 

• Runs 3 and 4 most closely agree with the average single foil 
spectrum.* 

From this study, the weight factors of Runs 3 and 4 were selected as 
the best candidates for the choice of a new, improved operational method. 
The Run 4 weighting 

w. = J v m + v c 
X \ X X 

was finally selected for routine applications because it was most consistent 
with other aspects of the original time-tested SAND-II algorithm. 

W. N. McElroy^' has used the selected weighting to establish 
multiple foil-derived flux-spectra with Monte Carlo uncertainties for 
three important Interlaboratory LMFBR Reaction Rate (ILRR) program bench-

235 
mark spectra, identified as the CFRMF, EE, and U fission spectra in 
References 5, 9, and 10. The SAND-II derived spectra are compared with 
available spectrometry and calculated spectra, both used as input for 
the SAND-II analysis, to establish uncertainty estimates for the currently 
recommended benchmark flux-spectral shapes. Only those reactions on the 
ENDF/B IV dosimetry file with the most accurate cross sections and measured 
values of reaction rates were used. 

Table 2 lists the ratio of measured-to-calculated reaction rates 
R. for these three spectra. Entries in the bottom two lines contain the 

*The single foil spectrum was obtained by selecting a subset of the CFRMF 
foils with the most accurate cross sections and measured reaction rates. 
Thus, these detectors had low uncertainties and provided little overlapping 
in energy range coverage. 
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Table 2. Ratio of Measured-to-Calculated Reaction 
Rates for the Input Spectrum and SAND-II 
Adjusted Spectrum 

CFRMF EZ FISSION 
Reaction INPUT SAND-II INPUT SAND-II INPUT SAND-II 

6Li (n, total 4 He) 0.870 0.935 — — — — 

10 4 B (n, total He) 1.096 1.063 - - - -

2 3 5U (n,f) F P 1.000* 1.000* 1.000* 1.000* 1.000* 1.000* 
239Pu(n,f) F P 1.043 1.055 1.023 1.035 1.037 1.033 
237Np(n,f) F P 1.033 1.000 0.997 1.019 1.030 1.009 
2 3 8U (n,f) F P 1.120 0.996 1.023 0.975 1.102 1.030 
232Th(n,f) F P - - 1.086 1.027 1.196 1.124 
197Au(n,Y> 198AU 1.040 1.002 1.138 1.026 1.027 1.066 

Al(n,p; Mg 1.035 0.993 1.135 0.990 0.942 0.978 
27Al(n,a)24Na 1.143 1.021 1.132 1.026 0.900 1.037 
54Fe(n,p) 54Mn 1.087 1.007 - - 1.056 1.017 
56Fe(n,p) 56Mn - - 1.135 1.020 0.929 1.047 
58NX (n,p) 58Co 1.126 1.036 1.181 1.043 1.107 1.058 
115t , ,^ 115mT In(n,n ) In 1.163 1.053 1.102 1.066 1.121 1.054 
Average 1.063 1.013 1.087 1.021 1.037 1.038 
Standard Deviation 0.079 0.035 0.065 0.025 0.087 0.037 

235 
*A11 ratios normalized to U assigned value of 1.000; i.e., zero assigned 
absolute barn scale error. 
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average and standard deviation of the R^ values in each column of the 
table. As might be expected, the less well-defined CFRMF and 2Z spectra 
show significant improvement in the average ratio of measured-to-calculated 
activities while the better defined fission spectrum is essentially 
unchanged. The theoretical value of R^ is unity. The standard deviations 
are smaller, indicating less scatter about the average value for all 
three spectra. 

NOMENCLATURE 

th A. = Measured activity for the i detector reaction (extra-1 

A 

J 

polated to saturation and infinite dilution). 
[kl 

A^ = Calculated (saturated, infinitely dilute) activity for 
the i*"*1 detector reaction, based on the k1"*1 iterative 
flux-spectrum, 

[k] J k ] That portion of A^ 1 contributed by neutrons in the j 
energy interval. 

= k1-*1 iterative flux correction term for the energy 
interval. 

t h 
E_. = Lower energy bound of the j energy interval. 
a[k] 
f. = Flux fraction: a.% of total flux covered by detector i, 

during k iteration. 
GAVE = Term applied to several contiguous SAND-II energy groups 

over which averaging is performed. Abbreviation for 
"group averaged." 

i = Detector index ranging from 1 to n. 

j = Energy index ranging from 1 to m. 

J^ = The set of energy indices lies in the r1"̂ 1 GAVE 
interval}. 

k = Iteration index. 

m = Total number of energy intervals (currently 620). 
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n = Number of detectors used. 

N = Maximum number of points used in the smoothing weight 
[kl functions W ^ . 

r = GAVE interval index. 

= Ratio of detector produced total integral flux to 
the ensemble average total integral flux at iteration 
k. This can also be referred to as the ratio of measured-
to-calculated activity. 

Wij "ij"* = W e lS h t i nS coefficient used in calculating C^-* during k t h 

iteration. Relative response of detector i at energy j. 

w^ = Weight factor used in calculating and 
th 

r ± = Cross section uncertainty averaged over the r GAVE 
energy interval. 

e^ = Uncertainty of measured activity A^, of detector i. 

tlx = i detector reaction cross section (includes possible 
attenuation factor to account for detector cover materials) 

th over the j energy interval. 
= Spectral averaged cross section for the i*"*1 detector using 

th 
the k iterative flux-spectrum, 

(ĵ k̂  = iterative differential flux (assumed constant) over J th the j energy interval. 

^ k ] = Total integral flux calculated from the k1"*1 iterative 
flux-spectrum. 

; [ k ] = Total integral flux as estimated by the i detector using 
th the k iterative flux-spectrum. 

=» Ensemble average total integral flux based on all 
th detectors, using the k iterative flux-spectrum. 

[kl — rki w: = Weighting coefficient used in calculating • 
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APPENDIX 

THE BASIC SAND-II ALGORITHM 

The basic SAND-II algorithm is summarized below. Unless stated 
otherwise, the subscripts i (foil number) and j (energy group number) 
in the following equations range from 1 to n and 1 to m, respectively. 
Assume an estimate of the flux spectrum ; j = 1, 2, ..., m} is given. 
Then for each iteration k 

3 1 3 J \ J + 1 3 / 
A ij 

A W = ? A . W 
1 3=1 

= + - A,3w) / 6 A W 

E A [ K L 

W,Jk] ^ frpr- , j = 2, 3, ... m - 1 
1 3 a 2 - \ + 1) A^KJ 

where the index of summation £ runs from H^ to which are defined by 

N - 1 

!

1 for j = 2 , 3, 

. (*B - 1 V . K + 1\ ( " s - 1 ^ 3 2 / £ o r 3 " ~~2 ) I NS " 3\ 2j - m for j =lm - — — 1, . •• , (m - 1) 
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*2 " 

2j - 1 for j = 2, 3, 

/Ns - l\ /Ns + 1\ / N s - 1\ 
j j j =(—2 j , 2 J 

/ N 2 - 3\ 
J - 2 } ' '' '' 

W M im 

[k] 

= (sA. [kl + 2A. ™ - A V iiq lm-1 im-

• * j k l < E J « " V 

I 

(m - 1) 

[k] 

$ [k] 

tkl _ Ai 

i n x ^ 1 E & 
ni=l 

R [k] _ 
j p ] = |[k] A ™ l 

Ct 
3 
Ek] _ 

n fkl I W. In Rt [k] 

n 
E W. 
1=1 1 3 

[k] 

(A-l) 

(A-2) 

4,[k+ 1] . *[k] [klj 
J J j 


