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1. Introduction 

In case of determining neutron flux density spectra from multiple foil 
activation measurements one meets the problem of solving the following type 
of activation integral equations: 

x 

A;= S O";(E)l/>(E) dE i = 1(1)n (1) 
o 

where: 
A; is the experimentally determined saturation actIvIty per target 

nucleus of the ith foil detector extrapolated to infinite dilution 
O";(E) - is the energy dependent activation cross section 
l/>(E) - is the neutron flux density per unit energy interval 

n - is the number of foil detectors used in the experiment. 

In the practice one uses a discrete interval description of the neutron 
energy range considered rather than a continuous representation by analytical 
functions. Since the number of equations in this case is generally much smaller 
than the number of unknowns, that is the freedom of the system is rather high, 
the solution is not unique and the neutron flux spectrum cannot be derived 
from these data without a priori assumption on the initial neutron spectrum 
based on all physical informations available in the given case. 

Several neutron spectrum unfolding computer codes [1-6, etc.J based on 
different philosophies have been used so far in the literature for the solution of 
this problem. In the present report the program SANDBP developed in our 
Institute is described [12J, and the neutron spectrum in the centre of the core of 
our nuclear reactor determined with aid of this program is presented. 
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2. The neutron spectrum unfolding code SAND BP 

This code is a version of the well-known program SAND Il, being 
enlarged and modified in its algorithm. The use of this program involves 
several advent ages compared to the old version: 

a) the activity and cross section errors can be taken into account in the 
unfolding procedure; 

b) different response data deriving from the solution neutron spectrum 
can be calculated (e.g. neutron dose rate, neutron material damage 
characteristics such as dpa, etc.); 

c) informations can be obtained about the magnitude of errors involved 
in the solutions; 

d) the so called GOS-values characterizing the goodness of solution can 
be determined; 

e) the covariance and correlation matrices of the solution spectrum can 
be determined; 

f) the variety of output data is greater than that one in case of the old 
program. 

2.1. Principles of the SAND iterative method 

The computer code SAND II has been developed to determine the 
neutron flux density spectrum from activity measurements of foil detectors 
activated in the neutron environment to be investigated [1]. The mathematical 
procedure for the method involves the selection of an initial approximation 
spectrum, and subsequent perturbation of that spectrum by iterative adjust
ments, to yield a solution spectrum producing calculated activities that agree 
within a given error limit with the measured activities. 

This way the code provides a "best fit" neutron flux density spectrum for a 
given input set of infinitely dilute foil activities. 

The iterative algorithm used in the program may be written as 

j = l(l)m (2) 
where 

11 

L wt In (A;/A~) 
C~ = :...i=-=-l ____ _ 

) 11 
j= 1(1)m (3) 

" w~· 1.... I) 
i= 1 

and 
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cf>} - is the kth iterative neutron flux density (assumed constant) over the r 
energy interval, 

q - is the kth iterative flux density correction term for the rh energy 
interval, 

A? - is the calculated saturation activity for the ith detector, based on the kth 

iterative neutron spectrum, 
m - is the total number of energy intervals, 
11 - is the number of detectors used. 

The W}j is a weighting function, which is in good approximation 
proportional to the relative response for the i th detector: 

i=l(l)n 

j= l(l)m 

i = l(l)n 

i= 1(1)/1 

j= l(l)m 

(4) 

(5) 

(6) 

and uij is the reaction cross section for the ith detector (averaged constant) over 
the r energy interval. 

The energy range of the solution spectrum is represented in max. 620 
intervals depending on the cross section library. The standard library of the 
program [lJ contains 620 energy groups from 10- 10 MeV to 18 MeV (45 per 
decade up to 1 Me V and 170 between 1 Me V and 18 Me V). The code includes 
the provision for calculating flux density attenuation by foil cover materials 
including cadmium, boron-10 and gold. 

2.2. Characteristics of the program SAN DBP 

2.2.1. Weighting function and solution criteria 

Due to the form of the weighting function defined by Eq. (4), the structure 
of the reponse function for a given foil detector (therefore cross section 
structure) may be reflected after several iterations in the solution spectrum 
[1, 7, 8]. This effect may be pronounced especially that case if substantial 
activity measurement errors or library cross section errors are present in the 
data set applied, and as a result an extended number of iterations is requested 
to achieve an appropriate solution. 
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To decrease the role of artificial structures in the solution spectrum the 
weighting function in Eq. (4) has been modified taken into account the activity 
and cross section errors, as follows: 

Wk.= Afj (_1_ x _1_) 
lj A k (<5 A-)U (bu .. )" 

I \ I IJ 

i=1(1)n 

j = 1(1)m 
(7) 

where (bAJ and (6Ui) are the relative standard errors of the activity and cross 
section values, respectively. The exponents u and u are input parameters and 
can arbitrarily be chosen. This possibility enables the user to take into 
consideration the quality of the input data during the unfolding procedure. 

If u = 1J = 0 no weighting with errors is used, that is the weighting function 
agrees with that one used in the program Si~~ND H. 

As the (positive) value of u and v is increasing the solution spectrum will be 
determined more and more by the more accurate activity and cross section 
data. Generally, if the errors of the different cross section values in the library 
and/or the activity errors within the detector set applied are near each other, a 
value between 0.5 and 1 for it and v is reasonable. Otherwise a value between 1.5 
and 2 is recommended [10]. Too large value: of these parameters equals of 
discarding the reactions having larger errors from the unfolding procedure (the 
relative weight of these reactions becomes too small, see Eqs (3) and (7». 

The solution criteria of the original program have also been extended. The 
standard deviation of measured to calculated activity ratios is calculated after 
each iteration step, expressed in per cents: 

DE per cent ---'--~-'-----'----"'----"-- x 100 (8) 

and in confidence interval units: 

(9) 

(where A~i is the calculated saturation activity of the ith foil in the kth iteration 
step) taken into account in the latter case the uncertainty of the experimental 
data. The iteration is then stopped if any of the above defined values is smaller 
than the one defined as input. The specification of larger u values in Eq. (7) will 
increase the speed of the convergence defined by Eq. (9). 
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The iteration procedure is ended also in that case ifthe standard deviation 
becomes stable within less that 1~~ in two successive iterations, or if the 
maximum number of iterations specified by the input is achieved. 

2.2.2. Activity run 

The program involves the possibility to calculate detector activities for a 
given neutron spectrum [1]. This procedure is performed in an ACTIVITY 
run. The activities per target atom are calculated in units of Bq. consequently 
they are the integrals of the reponse functions (see point 2.1.). 

2.2.3. Calculation of response functions 

Any response function (reaction rate, dose rate, dpa-value, etc.) deriving 
from the solution neutron spectrum can be calculated with aid of the program: 

or 

j= l(l)m 

m 

R= L P/PJ{E j + 1 -E) 
j= 1 

where R j - is a response function 
Pj - is the desired conversion factor. 

(10) 

(11) 

Using this procedure neutron dose rate values can directly be calculated 
from the neutron flux density spectrum eliminating the approximation errors 
deriving from the calculation of average neutron energy over the spectrum 
regions considered [9]. 

Nevertheless, the average neutron energy (E) can also be determined, 
using neutron density values as weighting functions rather than neutron flux 
density values being involved in the original SAND II algorithm. 

Thus 

(12) 

where cP j is the neutron flux value in the /h energy group. 

3* 
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2.2.4. Monte-Carlo error analysis 

a) Calculation of error limits 

With aid of the SAND BP's Monte-Carlo program error analysis can be 
performed. In the course of the Monte-Carlo runs the input activities and cross 
sections (assumed that these values fo11mv a normal distribution) are varied 
in accordance to their random errors: 

i=1(1)n 

where 
A~ - is the /h random value of the ith measured activity Ai' 

dAi - is the standard error of Ai' 
9 is a random number from normal distribution. 

Similarly, 
i = 1(1)/1 

j= l(l)m 

(13) 

(14) 

where (Jij is the rtn random value of the ith reaction cross section in the 
j'h energy group. 

The cross section values are varied independently from each other in m 
energy groups. l'Jo correlation is assumed between cross section values of 
different energy groups: i'jl = 0 for all j and I. 

Performing the neutron spectrum unfolding procedure with these 
modified input data, the relative standard error in the r energy group of the 
solution spectrum can be written as: 

-.; k 1 (k \2 I ') ((Or,2 -..::. -) (fy" \ 

J 

I -::--. . j/ k -::-- . J) -'" _ I r-1 r-l _--,-__ Qw._ X 
~J (k-l)x(k-2) 1 f- k 

k L. C{Jj 
r=1 

j=1(1)/ll (15) 

where k is the number of Monte-Carlo runs. k ~ 10 is allowed by the program. 
The relative errors of the response data are derived on the analogy of the 

Eq. (15). 
As it is seen from this equation the error limits calculated by the program 

are simple standard errors (67.5% confidence level). 



S£[:TRON SPECTRG'.'.f DETERMISA nos .Ji 

b) Goodness of solution 

In separate Monte-Carlo runs the input spectrum (<Pinp) is varied: 

m inp . r = <Dip p x 11 -L 0 1 0') 
't" J - ) ,I. e j= l(l)m (16 ) 

and the change of the output spectrum in the function of the input spectrum is 
used to characterize the goodness of solution (GOS): 

j = l(l)m (17) 

Let the functionality between the point pairs (cp'Jut and ~o~np) be approximated 
by polynomial regression: 

j = l(1)m (18) 

,H-l 

GOS j = )' (I + 1) x al + 1 X (<p}np)1 
1=0 

j= l(l)m (19) 

where Iv! is the degree of the poly nom. M ~ 3 is used in the curve fitting 
procedure. 

GOS = 0 means that the output spectrum does not depend on the input 
spectrum. A GOS value differing from zero indicates a "worse" solution. 

The latter may happen in the energy regions poorly or not covered by the 
response of the detector set applied. In this case the algorithm of the program 
performs an interpolation, and the solution spectrum may simply reflect the 
input spectrum. 

c) Covariance and correlation matrices 

As a result of the Monte-Carlo runs one has a series of solution spectra, 
which can then be used to determine the covariance and correlation matrices of 
the nominal solution spectrum. 

The value of covariance between the neutron flux density values of the ph 
and [th energy groups can be expressed as: 

k 

'\' ([J~mr 
L., ,J't' 1 

r= 1 
SJ'I=---

k 

where k is the number of Monte-Carlo runs. 

j = l(l)m 

l=l(l)m 
(20) 
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The value of the correlation coefficient for the same relation: 

et ~~y 
j= 1(l)m 
1= l(1)m (21) 

k 

k 

2.2.5. Code input 

The program requires as input 
a) the measured (input) activity values of the foil detectors corrected for 

neutron selfshielding, 
b) cross section library for the detector set applied, 
c) a guess neutron spectrum (input spectrum), 
d) relative errors of the activity and cross section values. 
The SAND II program package contains a subroutine (VIF), which 

allows the recording of user's problem data with a maximum freedom of 
restrictive format. The input format and the input data deck sequence 
description can be found in the user's guide [11]. 

2.2.6. Code output 

The program can supply the following outputs: 
a) In case of ITERATION (spectrum unfolding) run: 
- listing of all cards of the input data set; 
- if the solution is achieved a table summarizing the final iterative results 

is given, including the tabulation of the solution neutron spectrum. 
b) In case of MONTE-CARLO run: 
- all the above items are given followed by their relative errors; 
- the GOS-values are written; 
- covariance and correlation data of the solution spectrum are written 

on a magnetic tape and they can also be printed. 
c) In case of ACTIVITY run items similar to those ones given in 

ITERATION run can be obtained. 
d) Output to plotter: Due to corresponding specifications in the input 

data set the solution neutron spectrum and GOS-values can be plotted. 
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2.2.7. Coding language and computer 

The program is written in IBM FORTRAN IV (G) language for an 1024 
Kbyte R -40 type computer under the control of the operating system IBM OS
MVT. The code needs a memory region of 300 Kbyte. 

3. Neutron spectrum determination 

The Budapest Technical University's nuclear reactor is a swimming pool 
type light-water reactor with a maximum power of 100 kW [15]. The neutron 
spectrum in the core position D5 (Fig. 1) was determined. For this purpose sets 
of activation detectors were irradiated and the neutron spectrum was unfolded 
using the computer program SANDBP. 
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Fig. 1. Horizontal cross section of the 10 kW reactor core 
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3.1. Experimemal procedure 

The activation detectors were used in form of thin foils, irradiated in two 
separate runs at a reactor power level of 10 kW [9]. The foils were covered by 
aluminium or cadmium, respectively. Three separate foils (Au, Co, Ni) with 
different responses were used to monitor the reactor power leveL 

The irradiated foils were counted by means of a Ge(Li) semi-conductor 
detector and a 4096 channel pulse amplitude analyser system. The detection 
peak efficiency curve of the spectrometer had previously been established. 

The saturation activities of the radionuclides of interest, which serve as 
the input of the spectrum unfolding program, are shown in Table 1. 

Tabie 1 
Saturation acth'ities per target atom/or deteclOrs used in the Uti/aiding procedure 

AS:lvtarget atom LlA 
Reaction Cover Half-life ~[;/;J 

[Bq] .1'31 

16~Dy(n, Y 65Dy* 139.2 min 6.35 E-10 5.82 

164Dy(n, i,), 65Dy* Cd 139.2 min 6.32 E-12 1.89 

2~AI(n, p)2~Mg Cd 9.46 min 9.01 E-16 12.49 

1" Al(n, J.)2~Na Cd 15.03 h 1.60 E-16 4.88 

45Sc(n. i,)46 SC* Cd 84.0 d 3A5 E-12 0.63 

56Fe(n. p)56:Yln" Cd 2.587 h 1.35 E-17 5.78 

58Ni(n. p)58mco 71.3 d 2A7 E-14 2.80 

58Ni(n, p)5smcO Cd 71.3 d 2.48 E-14 7.17 

115In(n, if 16mIn 53.34 mm 1.75 E-il 1AO 

115In(n. j.)" 6mIn Cd 53.34 min L22 E-l1 0.82 

55Mn(n. ;)56 Mn 155.2 min 5.73 E-12 8.62 

55Mn(n, {)56Mn Cd 155.2 min 2.79 E-13 8.20 

19-Au(n. ;V 9BAu 2.695 d 5.86 E-li 2.94 

197Au(n",)198Au Cd 2.695 d 3.22 E-l1 1.60 

115In(n. n')115mIn Cd 4.5 h 4.56 E-14 1.30 

47Ti(n, p)47SC Cd 80A h 4.29 E-15 L13 

4BTi(n, p)'''BSC Cd 44.1 h 3.92 E-17 0.74 

" Deleted from the unfolding procedure 

3.2. Cross section library and neutron self shielding 

The calculations were performed for 620 energy groups using the cross 
section library DOSCROSn [13]. For all the detectors the neutron 
self-shielding correction was obtained by applying modified cross section 
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values in the cross section library, correcting each of the 620 group cross section 
values of the reactions as follows: 

(22) 
where: 

(23) 

and r j = Nu}, is the thickness of the detector measured in units of mean free 
path for absorption; 

N is the number of target atoms per unit volume; 
Uj is the total cross section for goup j; 

t is the thickness of the detector; 
E3 is the exponential integral of the third order. 
This approach enables us to introduce group cross sections corrected for 

selfshielding. In absence of appropriate total cross section data capture cross 
sections were used. To minimize the selfshielding effects thin dilutions of 
detector materials were applied, except the threshold detectors. 

3.3. Input neutron spectrum 

The input neutron spectrum was a L WR type WWR reactor spectrum 
available from reactor physics calculations in 49 energy groups [14J modified 
in accordance with our former measuring results. Using the special inter
polation and extrapolation procedure included in the unfolding program this 
information was converted into a 620 groups spectrum. The joining point 
between the Maxwellian and intermediate neutron energy region was 
determined at energy E '" 2 x 10 -7 Me V. The input spectrum is seen in Fig. 2. 

3.4. Results 

The reaction rates of 17 activation detectors were determined, however 4 
reactions had to be deleted from the analysis showing incompatibility with 
respect to the other detectors. 

The aim of the investigations was, besides determining the actual form of 
the neutron spectrum, to show the effect of the weighting function defined by 
the program SANDBP on the unfolding procedure. For this purpose two 
different runs were performed in conditions shown by Table 2. 

In case of u = u = 0 no weighting with error values was used, while the 
conditions u = 2, v = 0 took the activity errors of the detector set into account 
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Fig. 2. The input neutron spectrum 

Table 2 
Ulifolding conditions and integral parameters of the solution neutron spectra 

No. of iterations 

Ratio of measured to calculated 

activities in confid. interval units 

tPlolal [m -1s -1] 

tP>DleV [m- 2s- 1
] 

tP> .nleV [m - 2S- '] 

tP>.2eV [m- 2s- l
] 

U=l'=O 

3 

4.50 

1.004E16 

1.792E15 

3.404E15 

6.185E15 

lI=2, r=O 

3 

3.79 

1.008E16 

1.817E15 

3.562E15 

6.596E15 

during the unfolding procedure. As the difference between the error values of 
the detector activities was rather large in the present case (see Table 1.), U = 2 
was chosen to ensure a bigger role for the more accurate reaction rates in 
determination of the solution neutron spectrum [10]. The neutron spectra 
obtained and some integral parameters referring to them are presented in 
Figures 3 and 4 and in Table 2. 

From the figures it is seen that the solution only slightly affects the 
thermal part of the input spectrum, but it changes the intermediate and fast 
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Fig. 3. Solution neutron spectrum obtained after 3 iterations in case of tI = u = 0 
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Fig. 4. Solution neutron spectrum obtained after 3 iterations in case of u=2, v=o 
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energy region to a higher degree. Both solution spectra have some-probably 
largely artificial- structure in the intermediate neutron energy region, but in 
case of Lt = 2 the shape of the spectrum is smoother showing the effect of 
weighting with the activity errors. This solution seems to be more realistic. In 
the energy region (between 10- 3 and about 1 ivle V) poorly (or not) covered by 
the response of the detector set applied the solution obtained with error 
weighting ref1ects the input spectrum. However, in the other case some artificial 
structure is introduced also in this part of the spectrum. In the fast energy 
region, in the vicinity of 1 Me V, the effect of the oxygen resonance scattering 
can be seen. 

The intergral data ill Table 2 also sho\\' the difference between the two 
solutions. 

The correlation matrices for the solution neutron spectra are given in 
Figures 5 and 6 in perspective representation. Strong correlation can be 
observed between the flux density values 

Fig. 5. Correlation matrix for the solution neutron spectrum in case of It = v = 0 
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<IlIl--- thermal 
region 

Fig. 6. Correlation matrix for the solution neutron spectrum in case of II = 2. r = 0 

in the thermal 
- in the intermediate and 
- in the fast 

neutron energy regions. 

45 

If the activity errors are taken into account in the unfolding procedure 
(u = 2, U = 0) the solution is determined by the more accurate activity values. As 
a result. the correlation matrix in this case has a less perturbed smoother 
character (compare Figures 5 and 6). The investigation of the structures in the 
correlation matrices and their interpretation is presently in progress. 
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Summary 

The main features of the neutron spectrum unfolding code SANDBP are described and some results 
obtained using this code are presented. 

The program determines the neutron flux density spectrum from multiple foil activation 
measurements using an iterative method. Response functions deriving from the unfolded neutron spectrum 
can also be calculated. furthermore Monte-Carlo error analysis can be performed. 

The neutron spectrum in the centre of the core of the Budapest Technical University's nuclear reactor 
was measured and unfolded with aid of this program. 
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