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A com puter pro gram has been de vel oped for neu tron en ergy spec trum ad just ment us -
ing the deconvolution method. The BUNKI-based al go rithm has been im ple mented
to con verge quickly yield ing cal cu lated neu tron en ergy spec trum which is in good
agree ment with the o ret i cal pre dic tions. The foil ac ti va tion data have been used as an
in put for each un fold ing tech nique and var i ous ac ti va tion foils in clud ing Au-197,
Al-27, Ni-58, Co-59, and Mg-24 cov er ing ther mal to fast en ergy range have been uti -
lized. The group cross-sec tion val ues were de rived from the data given in the pre-pro -
cessed cross-sec tion li brar ies in ENDF-6 for mat of IRDF-90/NMF-G. Firstly, vir tual
ap proach was used for neu tron en ergy spec trum ad just ment. In this case, the ac tiv ity
of foils be fore and af ter the ad just ment was al most the same but the flux had the max i -
mum er ror of 14%. Sec ondly, the ex per i men tal mea sured ac tiv ity of the thresh old foils 
was then used for a real sys tem. The ac tiv ity of the thresh old foils be fore and af ter the
neu tron en ergy ad just ment had the max i mum er ror of 33%.
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INTRODUCTION

The neu tron spa tial dis tri bu tion and en ergy
spec trum pro vide the key in for ma tion for the cal cu la -
tion of ra di a tion dam age, neu tron do sim e try, fast neu -
tron phys ics, iso tope pro duc tion, and safety anal y sis.
The dis tri bu tion of neu tron en er gies in a re ac tor dif fers 
from the fis sion neu tron spec trum due to the slow ing
down of neu trons in elas tic and in elas tic col li sions
with fuel, cool ant, and con struc tion ma te ri als. The de -
ter mi na tion of neu tron en ergy spec trum in a nu clear
re ac tor is es sen tial for an a lyz ing its ir ra di a tion char ac -
ter is tics [1-3].

The iden ti fi ca tion of neu tron sources by un fold -
ing the ini tial neu tron en ergy spec trum is a very prom is -

ing method, based on the ob serv able dif fer ences in the
spec tra of dif fer ent sources. The knowl edge of neu tron
spec tral dis tri bu tion pro duced by neu tron sources also
plays an im por tant role in neu tron do sim e try stud ies,
neu tron-in duced nu clear data mea sure ments, ra di a tion
anal y sis of bulk sam ples, and fu sion re ac tor tech nol ogy. 
Neu tron spec tra can be mea sured nor mally by con ven -
tional spec trom e ters and in di rectly by the ac ti va tion un -
fold ing tech nique. This knowl edge is also nec es sary for 
core neutronics, ra dio iso tope pro duc tion, and for the
es ti ma tion of dosimetric val ues such as ma te rial dam -
age and dose equiv a lent.

The ra dio-ac ti va tion tech nique is one of the ear -
li est meth ods of neu tron de tec tion that still pro vides a
ba sic means for mon i tor ing the neu tron flux den sity in
a ra di a tion field [1]. An ac ti va tion de tec tor may be de -
fined as any piece of ma te rial used to de tect neu trons
by mea sur ing in duced ac tiv ity fol low ing ex po sure in a
neu tron en vi ron ment. De tec tors sen si tive to var i ous
neu tron en er gies are avail able.

Therefore, by se lect ing the ap pro pri ate set of de -
tec tors, neu trons spec tra can be un folded in ther mal,
in ter me di ate, and fast en ergy re gions.

The de ter mi na tion of dosimetric pa ram e ters on
the ba sis of false in for ma tion about the neu tron en ergy
spec trum can re sult in sub stan tial eco nomic pen al ties
and it may bring harm to health. Fur ther more, the un -
cer tain ties in the de ter mi na tion of the neu tron spec -
trum are also im por tant in es ti mat ing the er ror in the
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dosimetric val ues. There fore, it is im por tant to de ter -
mine the neu tron en ergy spec trum.

For fis sion neu trons, pres ent in a re ac tor, the en -
tire neu tron en ergy spec trum can be con sid ered to con -
tain three dif fer ent en ergy dis tri bu tions of neu trons at
the given time [4].
– the first is a fis sion neu tron spec trum, which is

likely to be the Watt dis tri bu tion,
– the sec ond is a slow ing down spec trum, which is

char ac ter ized by a 1/E 

(1 + a)dis tri bu tion where a is
the shape pa ram e ter, and

– the third is a ther mal neu tron spec trum, which is
al most a Maxwellian dis tri bu tion char ac ter ized by 
the tem per a ture of the me dium.

For the mea sure ment of neu tron en ergy spec tra,
the method of mul ti ple foil ac ti va tion com bined with
the neu tron spec trum ad just ment code is fre quently
used. Var i ous un fold ing codes and meth ods have been
de vel oped for solv ing the in verse prob lem for par ti cle
de tec tion and spec trum de ter mi na tion. In re ac tor do -
sim e try for “few-chan nel” un fold ing the codes based
on lin ear least-squares meth ods have been suc cess -
fully ap plied in the STAY’SL, LEPRICON , DIFBAS,
DIFMAZ of the HEPRO pack age, and MSITER and
MINCHI are the rep re sen ta tives of a large num ber of
avail able least-squares ad just ment codes us ing a pri ori 
in for ma tion on the fluence. These codes are also suc -
cess fully ap plied to the un fold ing of mea sured data
ob tained by Bonner spheres [4-7].

As the sec ond group, the codes ex clud ing neg a -
tive fluence val ues, e. g. SAND-II, GRAVEL (based
on an im proved SAND-II al go rithm), LSL-M2 17,
LOUHI 25, BUNKI 26, RADAK 27, and Ge netic Al -
go rithms (GA) have to be men tioned. These codes in
prin ci ple per form a non-lin ear least-squares ad just -
ment, with the con straint of non-neg a tive par ti cle
fluence [2].

The em pha sis has been laid on how to ob tain a
unique so lu tion through the proper se lec tion and treat -
ment of the prob lem pa ram e ters. It aims on es tab lish -
ing con fi dence in the pro ce dure used for the cal cu la -
tion of the neu tron en ergy spec trum for use in rou tine
mea sure ments as well as for the pre dic tion of the neu -
tron flux spec trum at other lo ca tions which were not
mea sured.

In this work, a num ber of thresh old de tec tors and 
the 1/v ac ti va tion de tec tor in the form of thin foils were 
used for spec trum mea sure ments. A high ef fi ciency
high pu rity ger ma nium (HPGe) de tec tor was used for
the ac tiv ity mea sure ment of the foils. The mea sured
ac tiv ity val ues of foils were used as the in put to var i -
ous un fold ing al go rithms.

THEORY

The meth od ol ogy for the BUNKI ap proach for
the neu tron spec trum ad just ment can be writ ten as

based on the ba sic equa tion of the thresh old de tec tor
ac tiv ity

A R= F (1)

where A is the vec tor of ac tiv i ties in all the de tec tors, F
is the un known neu tron spec trum, and R (re ac tion
rates) is the re sponse ma trix (S = sN). As we had a
num ber of thresh old de tec tors less as com pared to neu -
tron flux groups, the prob lem be came un de ter mined.
To solve it, we have mul ti plied both sides of eq. (1) by
the trans posed re sponse ma trix

R A R RT T= F (2)

or
Y X= F (3)

where and X = RTR and Y = RTA
Af ter nec es sary ma nip u la tions, we get
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where Fn (E) is the ini tial neu tron spec trum,  Fn + 1(E)
is the un folded spec trum af ter n it er a tions, Ni

0 is the
ini tial de tec tor read ings, Ni

n is the cal cu lated de tec tor
read ings af ter n-it er a tions and m is the num ber of de -
tec tors (foils). si(E) means the group cross-sec tion.

The al go rithm of the so lu tion of eq. (1) shows
that the neu tron spec trum af ter n + 1 it er a tions is de ter -
mined by the spec trum af ter n-it er a tions and by the ra -
tio of the ini tial and cal cu lated de tec tor read ings, with
the sta tis ti cal weight be ing equal to the ith de tec tor’s
read ing with en ergy E. It is pos si ble, how ever, to in -
crease the speed of the it er at ing pro cess. If the pref er -
ence in the un fold ing spec tra for each en ergy E is
given to the de tec tors that are most sen si tive to this en -
ergy, then we can ob tain it by us ing the fol low ing al go -
rithm i. e.
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In this ex pres sion, the sta tis ti cal weight with
which the ra tio Ni

0/Ni
n en ters the neu tron spec tra af ter

n + 1 it er a tions is pro por tional not to the cross-sec tion
but to the rel a tive con tri bu tion of the en ergy E in the ith

de tec tor’s read ing.

UNFOLDING PROCEDURE

We used two ap proaches for the neu tron spec -
trum ad just ment: (1) vir tual, and (2) orig i nal. Twenty
neu tron en ergy group struc ture is used in these cal cu -
la tion as tab u lated in tab. 1.
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Implementation with virtual approach

First of all, the ac tiv i ties of the thresh old de tec -
tors were cal cu lated by mul ti ply ing the known fluxes
with the cross-sec tion. This tech nique is called the vir -
tual ap proach. By this tech nique, we find out how true
the re sults can be dis cov ered with this al go rithm us ing
dif fer ent guess neu tron flux. Af ter ap ply ing the de vel -
oped soft ware, the ac tiv i ties and flux val ues were gen -
er ated. The re cal cu lated ac tiv i ties are shown in tab. 2
with their rel a tive er ror per cent ages. As shown in fig.
1, it is clear that the al go rithm works per fectly as the
rel a tive per cent age er ror in the ac tiv i ties is equal to 0.
So we can ap ply this al go rithm on the true mea sured
val ues of the ac tiv i ties to find out the fluxes. The un -
folded spec trum ob tained from these val ues of re gen -
er ated ac tiv i ties is shown in fig. 2 with com par i son
with orig i nal neu tron spec trum. 

Im ple men ta tion with orig i nal 

Dif fer ent thresh old thin foil (Au, Ni, Co, Mg, Al)
de tec tors’ ac tiv i ties were mea sured in Pa ki stan Re search
Re ac tor-2 (PARR-2) [4]. The mea sured ac tiv i ties with
their er rors in mea sure ment are shown in tab. 3.

These orig i nal val ues of the ac tiv i ties were then
used to find out the flux val ues as the al go rithm fit ted
on the vir tual ap proach. Then the rel a tive er ror in per -
cent age was found out with the orig i nal mea sured ac -
tiv i ties. The graph ob tained for the rel a tive er ror per -
cent age is shown in fig. 3.
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                 Table 1. Twenty groups of neutron
                 energy structure in calculation [4]

Group No.
Upper energy

boundaries [MeV]

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

 1.00 ×10–10

5.00 ×10–9

1.00 ×10–8

2.50 ×10–8

5.00 ×10–8

1.40 ×10–7

3.50 ×10–7

6.25 ×10–7

9.72 ×10–7

1.15 ×10–6

4.00 ×10–6

7.55 ×10–5

1.43 ×10–3

9.11 ×10–3

1.83 ×10–1

3.03 ×10–1

8.21 ×10–1

2.23 ×100

3.68 ×100

6.07 ×100

Table 2. Activities with relative error for virtual approach

Materials
Assumed saturation

activities
(Asat) [s–1]

Calculated
activities

 (Asat) [s–1]

Relative error
[%]

Au-197
Au-197a

Al-27
Ni-58

Co-59a*

Mg-24

2.82×1012

1.99×1010

1.42×1014

3.96×1013

1.32×108

3.04×108

2.82×1012

1.99×1010

1.42×1014

3.96×1013

1.32×108

3.04×108

–0.0006
  0.0004
–0.0014
0.002

–0.1225
0.122

*a – cad mium cov ered

Fig ure 1. Vari a tion of ac tiv ity er ror with iteration in
vir tual ap proach

Fig ure 2. Ad justed and orig i nal
neu tron spec tra in vir tual
ap proach



RESULTS AND CONCLUSIONS

A com puter pro gram is de vel oped us ing
MATLAB. The BUNKI ap proach based on
deconvolution method was em ployed. As the first
step, the vir tual ap proach was used to check the qual ity 
of the com puter pro gram. Then the neu tron spec trum
was ad justed in a re search re ac tor. In the case of
underdetermined prob lems, the un fold ing pro grams
gen er ally make use of ‘a-pri ori’ in for ma tion that con -

sti tutes the best ap prox i ma tion to the out put to be de -
ter mined. In this case, the cal cu lated spec trum was
taken as the pri ori spec trum. The group cross-sec tion
val ues were de rived from the data given in the pre-pro -
cessed cross-sec tion li brar ies in ENDF–6 for mat of
IRDF-90/NMF-G. In the BUNKI method, the ac cu -
racy of the un fold ing re sults is not strongly de pend ent
on the in put spec trum.

In the vir tual ap proach, the pro gram ad justed the
ac tiv i ties of the foils in high pre ci sion and there was no 
er ror in the in put and out put ac tiv i ties as shown in tab.
2, whereas the out put neu tron spec trum has some er ror 
in one group as high as 14% max i mum. The er ror in
the ac tiv i ties de creases with it er a tions and can be seen
in fig. 1. The in put and out put neu tron spec trum for the 
vir tual ap proach is shown in fig. 2. The neu tron ad just -
ment pro gram was used for a real sys tem in Pa ki stan
Re search Re ac tor-2 (PARR-2) [8]. The ac tiv ity of the
thresh old ac ti va tion foils ir ra di ated in the core is taken
from the ref er ence [4]. In this case, the cal cu lated neu -
tron spec trum was used as the in put/guess spec trum.
Also, it can eas ily be seen that the er ror per cent age is
high in the last two foils. The re sults are shown in tab.
4. This may be due to the er ror in the mea sure ments.
The sec ond rea son is the num ber of en ergy groups. For 
the last two foils only two groups were avail able. If in
the fast re gion the num ber of the en ergy groups be -
came in creased, this er ror would also be de creased.
The ad justed and cal cu lated neu tron spec tra are shown 
in fig. 4.
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Table 3. Measured saturation activities with errors [4]

Materials
Measured saturation

activities
(Asat/nuclei) [s–1]

Variances [%]

Au-197
Au-197a*

Al-27
Ni-58

Co-59a
Mg-24

2.82×10–12

1.99×10–14

1.42×10–10

3.96×10–11

1.99×10–16

2.28×10–16

6.28
7.67
5.66
5.56
9.9
5.96

*a – cad mium cov ered

Fig ure 3. Vari a tion of ac tiv ity er ror with it er a tion in real
ex per i men tal data anal y sis

Table 4. Activities with error for original data

Materials
Measured saturation

activities
(Asat/nuclei) [s–1]

Calculated
activities
(Asat) [s–1]

Relative
error [%]

Au-197
Au-197a*

Al-27
Ni-58

Co-59a
Mg-2

2.818×10–12

1.989×10–14

1.417×10–10

   3.96×10–11

1.989×10–16

2.278×10–16

2.818×10–12

1.993×10–14

1.417×10–10

   3.96×10–11

1.323×10–16

3.035×10–16

       0.18
    0.4713
        0.18
    0.1799
–31.3398
  31.4086

*a – cadmium cov ered

    

Fig ure 4. Ad justed and
cal cu lated/guess neu tron spec tra
in real ex per i men tal ap proach
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Masud IKBAL, Sikander M. MIRZA, Bilal T. KOKAR

RAZVOJ  RA^UNARSKOG  SOFTVERA  ZA  PODE[AVAWE
NEUTRONSKOG  SPEKTRA  U  ISTRA@IVA^KIM  REAKTORIMA

Kori{}ewem dekonvolucione metode razvijen je ra~unarski program za pode{avawe
neutronskog spektra. Upotrebqen je algoritam zasnovan na BUNKI proceduri, koji brzo
konvergira i izra~unava neutronski spektar u dobroj saglasnosti sa teorijskim predvi|awima.
Podaci o aktivaciji folija kori{}eni su u svakom dekonvolucionom postupku, a upotrebqene su
razli~ite aktivacione folije, ukqu~uju}i Au-197, Al-27, Ni-58, Co-59 i Mg-24, da pokriju podru~je
od termi~kih do visokih energija. Vrednosti grupnih preseka izvedene su iz podataka sadr`anih u
biblioteci preseka ENDF-6, u formatu IRDF-90/NMF-G. Za pode{avawe neutronskog spektra najpre 
je kori{}en virtuelan pristup. U ovom slu~aju, aktivnost folija pre i posle pode{avawa bila je
skoro ista, ali sa maksimalnim odstupawem fluksa od 14%. Zatim je, za realni sistem, kori{}ena
eksperimentalno merena aktivnost prag folija. Pre i posle pode{avawa neutronske energije,
aktivnost prag folija maksimalno je odstupala 33%.

Kqu~ne re~i: neutronski spektar, BUNKI, PARR-2, pode{avawe spektra, istra`iva~ki
jjjjjjjjjjjjjjjjjjjjjjjjreaktor


