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ENERGY SPECTRUM ADJUSTMENT IN RESEARCH REACTORS
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A computer program has been developed for neutron energy spectrum adjustment us-
ing the deconvolution method. The BUNKI-based algorithm has been implemented
to converge quickly yielding calculated neutron energy spectrum which is in good
agreement with theoretical predictions. The foil activation data have been used as an
input for each unfolding technique and various activation foils including Au-197,
Al-27,Ni-58, Co-59, and Mg-24 covering thermal to fast energy range have been uti-
lized. The group cross-section values were derived from the data given in the pre-pro-
cessed cross-section libraries in ENDF-6 format of IRDF-90/NME-G. Firstly, virtual
approach was used for neutron energy spectrum adjustment. In this case, the activity
of foils before and after the adjustment was almost the same but the flux had the maxi-
mum error of 14%. Secondly, the experimental measured activity of the threshold foils
was then used for a real system. The activity of the threshold foils before and after the
neutron energy adjustment had the maximum error of 33%.
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INTRODUCTION

The neutron spatial distribution and energy
spectrum provide the key information for the calcula-
tion of radiation damage, neutron dosimetry, fast neu-
tron physics, isotope production, and safety analysis.
The distribution of neutron energies in a reactor differs
from the fission neutron spectrum due to the slowing
down of neutrons in elastic and inelastic collisions
with fuel, coolant, and construction materials. The de-
termination of neutron energy spectrum in a nuclear
reactor is essential for analyzing its irradiation charac-
teristics [1-3].

The identification of neutron sources by unfold-
ing the initial neutron energy spectrum is a very promis-
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ing method, based on the observable differences in the
spectra of different sources. The knowledge of neutron
spectral distribution produced by neutron sources also
plays an important role in neutron dosimetry studies,
neutron-induced nuclear data measurements, radiation
analysis of bulk samples, and fusion reactor technology.
Neutron spectra can be measured normally by conven-
tional spectrometers and indirectly by the activation un-
folding technique. This knowledge is also necessary for
core neutronics, radioisotope production, and for the
estimation of dosimetric values such as material dam-
age and dose equivalent.

The radio-activation technique is one of the ear-
liest methods of neutron detection that still provides a
basic means for monitoring the neutron flux density in
aradiation field [1]. An activation detector may be de-
fined as any piece of material used to detect neutrons
by measuring induced activity following exposure in a
neutron environment. Detectors sensitive to various
neutron energies are available.

Therefore, by selecting the appropriate set of de-
tectors, neutrons spectra can be unfolded in thermal,
intermediate, and fast energy regions.

The determination of dosimetric parameters on
the basis of false information about the neutron energy
spectrum can result in substantial economic penalties
and it may bring harm to health. Furthermore, the un-
certainties in the determination of the neutron spec-
trum are also important in estimating the error in the
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dosimetric values. Therefore, it is important to deter-

mine the neutron energy spectrum.

For fission neutrons, present in a reactor, the en-
tire neutron energy spectrum can be considered to con-
tain three different energy distributions of neutrons at
the given time [4].

— the first is a fission neutron spectrum, which is
likely to be the Watt distribution,

— the second is a slowing down spectrum, which is
characterized by a 1/E" * “'distribution where o is
the shape parameter, and

— the third is a thermal neutron spectrum, which is
almost a Maxwellian distribution characterized by
the temperature of the medium.

For the measurement of neutron energy spectra,
the method of multiple foil activation combined with
the neutron spectrum adjustment code is frequently
used. Various unfolding codes and methods have been
developed for solving the inverse problem for particle
detection and spectrum determination. In reactor do-
simetry for “few-channel” unfolding the codes based
on linear least-squares methods have been success-
fully applied in the STAY’SL, LEPRICON, DIFBAS,
DIFMAZ of the HEPRO package, and MSITER and
MINCHI are the representatives of a large number of
available least-squares adjustment codes using a priori
information on the fluence. These codes are also suc-
cessfully applied to the unfolding of measured data
obtained by Bonner spheres [4-7].

As the second group, the codes excluding nega-
tive fluence values, e. g. SAND-II, GRAVEL (based
on an improved SAND-II algorithm), LSL-M2 17,
LOUHI 25, BUNKI 26, RADAK 27, and Genetic Al-
gorithms (GA) have to be mentioned. These codes in
principle perform a non-linear least-squares adjust-
ment, with the constraint of non-negative particle
fluence [2].

The emphasis has been laid on how to obtain a
unique solution through the proper selection and treat-
ment of the problem parameters. It aims on establish-
ing confidence in the procedure used for the calcula-
tion of the neutron energy spectrum for use in routine
measurements as well as for the prediction of the neu-
tron flux spectrum at other locations which were not
measured.

In this work, a number of threshold detectors and
the 1/v activation detector in the form of thin foils were
used for spectrum measurements. A high efficiency
high purity germanium (HPGe) detector was used for
the activity measurement of the foils. The measured
activity values of foils were used as the input to vari-
ous unfolding algorithms.

THEORY

The methodology for the BUNKI approach for
the neutron spectrum adjustment can be written as

based on the basic equation of the threshold detector
activity
A=R® (1)

where 4 is the vector of activities in all the detectors, @
is the unknown neutron spectrum, and R (reaction
rates) is the response matrix (X = oN). As we had a
number of threshold detectors less as compared to neu-
tron flux groups, the problem became undetermined.
To solve it, we have multiplied both sides of eq. (1) by
the transposed response matrix

R'4=R'R® (2)
or
Y=X® (3)

where and X=R’R and Y= R"4
After necessary manipulations, we get

@, (E) n N?
0, (E)=—2r B So ey
Xo;E) N

j=l1

where @, (E) is the initial neutron spectrum, @,, . (E)
is the unfolded spectrum after n iterations, MO is the
initial detector readings, ;" is the calculated detector
readings after n-iterations and m is the number of de-
tectors (foils). oj(E) means the group cross-section.

The algorithm of the solution of eq. (1) shows
that the neutron spectrum after n + 1 iterations is deter-
mined by the spectrum after n-iterations and by the ra-
tio of the initial and calculated detector readings, with
the statistical weight being equal to the i detector’s
reading with energy E. It is possible, however, to in-
crease the speed of the iterating process. If the prefer-
ence in the unfolding spectra for each energy E is
given to the detectors that are most sensitive to this en-
ergy, then we can obtain it by using the following algo-
rithm 7. e.

®,(E) zo,(E)N}
X h 0 n
g oi(E)ia N N|

h 0
=1 .
J Nj

cDnJrl(E): (5)

In this expression, the statistical weight with
which the ratio N,/ N/ enters the neutron spectra after
n+ 1 iterations is proportional not to the cross-section
but to the relative contribution of the energy E in the ih
detector’s reading.

UNFOLDING PROCEDURE

We used two approaches for the neutron spec-
trum adjustment: (1) virtual, and (2) original. Twenty
neutron energy group structure is used in these calcu-
lation as tabulated in tab. 1.
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Table 1. Twenty groups of neutron
energy structure in calculation [4]

Upper ener;
Group No. bourll)(li)aries [h/%ZV]

1 1.00-10°1°
2 5.00-107°
3 1.00-108
4 2.50-10°8
5 5.00-108
6 1.40-107
7 3.50-107
8 6.25-1077
9 9.72-1077
10 1.15-10°
11 4.00-10°
12 7.55-103
13 1.43-103
14 9.11-103
15 1.83-10!
16 3.03-10"!
17 8.21-10!
18 2.23-10°
19 3.68-10°
20 6.07-10°

Implementation with virtual approach

First of all, the activities of the threshold detec-
tors were calculated by multiplying the known fluxes
with the cross-section. This technique is called the vir-
tual approach. By this technique, we find out how true
the results can be discovered with this algorithm using
different guess neutron flux. After applying the devel-
oped software, the activities and flux values were gen-
erated. The recalculated activities are shown in tab. 2
with their relative error percentages. As shown in fig.
1, it is clear that the algorithm works perfectly as the
relative percentage error in the activities is equal to 0.
So we can apply this algorithm on the true measured
values of the activities to find out the fluxes. The un-
folded spectrum obtained from these values of regen-
erated activities is shown in fig. 2 with comparison
with original neutron spectrum.

Table 2. Activities with relative error for virtual approach

Assumed saturation| Calculated Relative error
Materials activities activities [%]
(Asa) [s7'] (A [s7'] ’
Au-197 2.82-10!2 2.82-10'2 —-0.0006
Au-197a 1.99-10% 1.99-10'0 0.0004
Al-27 1.42-10 1.42-10 -0.0014
Ni-58 3.96-1013 3.96-1013 0.002
Co-59a" 1.32-108 1.32-108 -0.1225
Mg-24 3.04-108 3.04-108 0.122
"a — cadmium covered
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Figure 1. Variation of activity error with iteration in
virtual approach

Implementation with original

Different threshold thin foil (Au, Ni, Co, Mg, Al)
detectors’ activities were measured in Pakistan Research
Reactor-2 (PARR-2) [4]. The measured activities with
their errors in measurement are shown in tab. 3.

These original values of the activities were then
used to find out the flux values as the algorithm fitted
on the virtual approach. Then the relative error in per-
centage was found out with the original measured ac-
tivities. The graph obtained for the relative error per-
centage is shown in fig. 3.
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Table 3. Measured saturation activities with errors [4]

Measured saturation
Materials activities Variances [%]
(Ag/muclei) [s7']
Au-197 2.82-10°12 6.28
Au-197a" 1.99-10-14 7.67
Al-27 1.42-10°10 5.66
Ni-58 3.96-10°1 5.56
Co-59a 1.99-10-1¢ 9.9
Mg-24 2.28-10°16 5.96
“a— cadmium covered
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Figure 3. Variation of activity error with iteration in real
experimental data analysis

RESULTS AND CONCLUSIONS

A computer program is developed using
MATLAB. The BUNKI approach based on
deconvolution method was employed. As the first
step, the virtual approach was used to check the quality
of the computer program. Then the neutron spectrum
was adjusted in a research reactor. In the case of
underdetermined problems, the unfolding programs
generally make use of ‘a-priori’ information that con-

=
=

stitutes the best approximation to the output to be de-
termined. In this case, the calculated spectrum was
taken as the priori spectrum. The group cross-section
values were derived from the data given in the pre-pro-
cessed cross-section libraries in ENDF-6 format of
IRDF-90/NMF-G. In the BUNKI method, the accu-
racy of the unfolding results is not strongly dependent
on the input spectrum.

In the virtual approach, the program adjusted the
activities of the foils in high precision and there was no
error in the input and output activities as shown in tab.
2, whereas the output neutron spectrum has some error
in one group as high as 14% maximum. The error in
the activities decreases with iterations and can be seen
in fig. 1. The input and output neutron spectrum for the
virtual approach is shown in fig. 2. The neutron adjust-
ment program was used for a real system in Pakistan
Research Reactor-2 (PARR-2) [8]. The activity of the
threshold activation foils irradiated in the core is taken
from the reference [4]. In this case, the calculated neu-
tron spectrum was used as the input/guess spectrum.
Also, it can easily be seen that the error percentage is
high in the last two foils. The results are shown in tab.
4. This may be due to the error in the measurements.
The second reason is the number of energy groups. For
the last two foils only two groups were available. If in
the fast region the number of the energy groups be-
came increased, this error would also be decreased.
The adjusted and calculated neutron spectra are shown
in fig. 4.

Table 4. Activities with error for original data

Measured sqturation Calculated Relative

Materials activities activities o
(Ag/nuclei) [s'] | (A [s '] | ™Or D%

Au-197 2.818-10°12 2.818:10712 0.18
Au-197a" 1.989-10-14 1.993-1014 0.4713
Al-27 1.417-10°10 1.417-10°10 0.18
Ni-58 3.96-10!1 3.96-101 0.1799
Co-59a 1.989-10°1¢ 1.323-10'¢ | —31.3398
Mg-2 2.278-10°1¢ 3.035-10°1¢ 31.4086

. .
a— cadmium covered
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—— Adjusted spectrum
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Figure 4. Adjusted and
calculated/guess neutron spectra
in real experimental approach
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Macyng UKBAJI, Cukangep M. MUP3A, bunan T. KOKAP

PA3BOJ PAYYHAPCKOI' CO®TBEPA 3A IIOJENABAIbE
HEYTPOHCKOI' CIIEKTPA Y UCTPAXNBAYKNM PEAKTOPUMA

KopumnthemeM AeKOHBONYIMOHE METONE Pa3BHjeH je pauyHApCKU MpOrpam 3a MofelIaBamke
HEYTPOHCKOT CHEeKTpa. YmoTpeOibeH je amropuram 3acHoBaH Ha BUNKI mpomenypu, Koju O6p30
KOHBEprupa M M3padyHaBa HEYTPOHCKU CIIEKTap Yy KOOPOj carjacHOCTH ca TCOPHjCKUM NpeABubamuma.
ITopmamm o akTuBanmju posrja KOpUITheHN Cy Y CBAKOM JIEKOHBOJIYIIHOHOM IMTOCTYTIKY, a YIIOTPeOIbeHe cy
pasnuuuTe akTUBaUKoHe oiuje, yrkibyayjyhu Au-197, Al-27, Ni-58, Co-59 n Mg-24, na nokpujy noppydyje
O] TEPMIYKUX JIO BUCOKHX CHEPIHja. BpeHoCcT! rpymHIX peceKa u3BefIeHe CY U3 MoJjaTaKka CajipXKaHuX y
6udmmorery npeceka ENDF-6,y popmaty IRDF-90/NMF-G. 3a nofemasarme HEyTPOHCKOT CIEKTpa Hajpe
je KopuitheH BUPTYyeJIaH MPUCTYI. Y OBOM CITy4ajy, aKTUBHOCT (ponmja Mpe ¥ MOCIe MojielaBama ouna je
CKOPO HCTa, Al ca MAaKCAMAITHIM OfICTyIameM urykca off 14%. 3aTuM je, 3a peaTHu ciucTeM, KopuinheHa
EKCIIEpUMEHTAIHO MepeHa aKTHBHOCT mpar ¢onuja. [Ipe u mocie mopenaBama HEYTPOHCKE SHEpTHje,
aKTUBHOCT Ipar (poija MakCUMAaJHO je ofctynana 33%.

Kmwyune peuu: Heyiuporcku citexitiap, BUNKI, PARR-2, fioOewasarse ClieKipa, UCIUparuea4xu

peaxiuop



