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The de ter mi na tion of the char ac ter is tics of neu tron spec trum at dif fer ent ir ra di a tion po si tions on
the outer wall of mod er a tor cham ber of the in tense res o nance neu tron source by sim u la tion
method us ing MCNP code was pre sented. The char ac ter is tics of neu tron spec trum in clud ing the
flux of ther mal, epi ther mal and fast neu tron, neu tron tem per a ture and -shape pa ram e ter have
been de ter mined. For val i da tion of MCNP sim u la tion, the char ac ter is tics of neu tron spec trum at
the op ti mal ir ra di a tion po si tion were de ter mined ex per i men tally by ac ti va tion tech nique. The
com par i son shows that the sim u lated and ex per i men tal re sults are in agree ment, which in di cates
the high re li abil ity of MCNP code ex cept for -shape pa ram e ter. Our re vised equa tion for de ter -
mi na tion of  shape pa ram e ter by the method of cad mium-ra tio for multi-mon i tor has been used, 
in which the cor rec tion co ef fi cients of the epi ther mal neu tron trans mis sion for cad mium cover,
the ther mal and epi ther mal neu tron self-shield ing, were in cluded for im prove ment of the ac cu -
racy. The cal cu lated and mea sured -shape pa ram e ters are in good agree ment when our pro posed
re vised equa tion is used.

Key words: in tense res o nance neu tron source, neu tron spec trum char ac ter iza tion, MCNP,
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IN TRO DUC TION

Neu tron-in duced nu clear re ac tion cross-sec tion
data, par tic u larly in the ther mal and res o nance re gions,
serve as a fun da men tal ba sis for both ba sic re search and
prac ti cal ap pli ca tions. In nu clear safety, ac cu rate
cross-sec tion data are es sen tial for op ti mal re ac tor de -
sign, en abling re li able per for mance pre dic tions and
chain re ac tion con trol. Sim i larly, med i cal ap pli ca tions
in clud ing ra dio iso tope pro duc tion for di ag nos tic im ag -
ing or can cer treat ment, de pend crit i cally on neu tron
cross-sec tion re li abil ity at spe cific en er gies. Al though
nu mer ous eval u ated nu clear data li brar ies ex ist, the de -
mand for im proved ac cu racy per sists [1], es pe cially for
iso topes ex hib it ing com plex res o nance struc tures in the
epi ther mal range (1 eV-100 keV).

At the Joint In sti tute for Nu clear Re search (JINR),
the in tense res o nance neu tron source IREN based on the
LUE-200 elec tron lin ear ac cel er a tor [2-4] has emerged
as a pow er ful tool for high-res o lu tion neu tron stud ies.
Un like con ven tional re ac tor sources re ly ing on mod er -
ated  fis sion  neu trons,  IREN gen er ates neu trons pre -
dom i nantly through the photoneutron mech a nism when
110 MeV elec tron beams in ter act with a tung sten tar get.
While this de sign of fers ad van tages for res o nance stud -
ies, it si mul ta neously in tro duces chal lenges in char ac ter -
iz ing the neu tron flux dis tri bu tion at ir ra di a tion po si tions. 
Key spec tral pa ram e ters such as the rel a tive con tri bu -
tions of ther mal, epi ther mal, and fast neu trons, the epi -
ther mal spec trum shape pa ram e ter a, and the neu tron
tem per a ture, must be known in ad vance to en sure pre cise 
cross-sec tion mea sure ments.

Nu mer ous pre vi ous stud ies have fo cused on de -
ter min ing neu tron spec tral pa ram e ters us ing var i ous
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meth od olog i cal ap proaches, de pend ing on the type of
neu tron source and the spe cific re search con text. For
ex am ple, Khattab et al. [5] and Akaho et al. [6] em -
ployed MCNP sim u la tions to cal cu late neu tron spec tra 
in MNSR re ac tors. This ap proach was also adopted by
Beasley et al. [7] to char ac ter ize the epi ther mal neu -
tron spec trum of the Por tu guese re search re ac tor. Dias
et al. [8] ap plied covariance anal y sis to de ter mine the
a-shape pa ram e ter in ko-based neu tron ac ti va tion
anal y sis (ko-NAA). Yavar et al. [9] and Soleimani et
al. [10] com pared MCNP sim u la tion re sults with ex -
per i men tal data to cal i brate spec tral pa ram e ters in re -
search re ac tors. Ad di tion ally, Alloni et al. [11] char ac -
ter ized neu tron fields gen er ated by ac cel er a tors
through a com bi na tion of sim u la tions and ex per i men -
tal mea sure ments. In the con text of ac cel er a tor-driven
neu tron sources, Alloni et al. [11] dem on strated that
sig nif i cant er rors in in ter me di ate-en ergy neu tron
mod el ing may arise if mul ti ple scat ter ing in tar get ma -
te ri als is ne glected. Devan et al. [12] con ducted a
study to in ves ti gate the photoneutrons pro duced by the 
Pohang Neu tron Fa cil ity, based on an elec tron linac in
the watercooled Ta-tar get sys tem us ing the Monte
Carlo sim u la tion code MCNPX. The max i mum en -
ergy of the elec tron linac is 75 MeV. Mul ti ple gold foil
neu tron ac ti va tion ex per i ments were car ried out to es -
ti mate the spa tial dis tri bu tion of photo-neu trons. The
op ti mum con di tions of the tar get sys tem and the ex -
per i men tal set-up to max i mize the ther mal neu tron
pro duc tion, were in ves ti gated. No ta bly, in a com pre -
hen sive re view on photoneutron pro duc tion from
elec tron ac cel er a tors, Sari [13] high lighted that un cer -
tain ties in nu clear cross-sec tion li brar ies can lead to
sub stan tial dis crep an cies in pre dicted fast neu tron
fluxes.

Our re search group is the first to pro pose the use
of the IREN fa cil ity for mea sur ing neu tron-in duced nu -
clear re ac tion cross sec tions via the ac ti va tion method.
To en sure the ac cu racy of the re sults, the ini tial and es -
sen tial task is to pre cisely char ac ter ize the neu tron flux
at the sam ple ir ra di a tion po si tions. The ob jec tive of this
study is to de ter mine key char ac ter is tics of the neu tron
flux at sam ple ir ra di a tion po si tions us ing the Monte
Carlo method im ple mented in the MCNP code [14].
The ac cu racy of the sim u la tion re sults is eval u ated by
com par i son with cor re spond ing ex per i men tal data ob -
tained through the ac ti va tion method. Ad di tion ally, the
study aims to iden tify and ap ply nec es sary cor rec tions
to im prove the ac cu racy of neu tron flux pa ram e ters de -
ter mined ex per i men tally.

MA TE RIAL AND METH ODS

Neu tron pro duc tion by IREN

The prin ci ple of neu tron pro duc tion of IREN fa -
cil ity is based on (e, ) and (, n), (, xn) and (, xnyp)

nu clear re ac tions. The elec trons ac cel er ated to high
en ergy from a lin ear ac cel er a tor are used to bom bard a
photoneutron tar get to cre ate brems strah lung ra di a -
tion, which then gen er ates neu trons via photonuclear
re ac tions with the tar get ma te rial. The photoneutron
tar get should be made from heavy metal with high
atomic num ber be cause the emis sion of gamma rays is
pro por tional to the atomic num ber of the tar get ma te -
rial. The IREN fa cil ity con sists of the elec tron linac
LUE200 with an S-band trav el ing wave ac cel er at ing
struc ture [15]. The elec trons exit the ac cel er a tor
through a win dow made of hemi spher i cal be ryl lium
with a di am e ter of 36 mm and a thick ness of 1 mm.

The gen eral sche matic of the IREN fa cil ity is
pre sented in fig. 1.

The cur rently achieved pa ram e ters of an elec -
tron beam ac cel er ated by the LUE-200 ac cel er a tor are
given in tab. 1.

For con vert ing brems strah lung into neu tron ra -
di a tion, a cy lin dri cal tung sten  al loy  (90 % W, 7 % Ni,
3 % Fe, r = 18.075 gcm–3) of 4 cm di am e ter and 10 cm
length has been used as a neu tron pro duc tion tar get.
The tung sten tar get is placed in side an alu mi num cy -
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Fig ure 1. The gen eral sche matic of IREN

Ta ble 1. The cur rently achieved pa ram e ters of the
elec tron beam ac cel er ated by the LUE-200 ac cel er a tor
used for sim u la tion

Av er age elec tron en ergy 110  5 MeV
Pulse beam cur rent 1.8 A

Av er age cur rent 10.8 A
Pulse du ra tion 120 ns

Cy cle rep e ti tion rate 50 Hz
Av er age power on tar get 1.2 kW



lin dri cal con tainer of 16 cm di am e ter and 25 cm
length, con tain ing dis tilled wa ter to mod er ate the pro -
duced neu trons. The pro duc tion tar get is con tin u ously
cooled by cir cu lat ing wa ter in the mod er a tor tank us -
ing a pump. In fig. 2, the de sign of neu tron ir ra di a tion
cham ber, in clud ing tung sten tar get and wa ter mod er a -
tor tank, is pre sented.

Monte Carlo sim u la tion of neu tron
spec tra us ing MCNP code

For mea sure ment of the cross-sec tion of the re -
ac tions in duced by ther mal and epi ther mal neu trons,
the re ac tion tar gets made by high-pu rity metal thin

foils will be used and will be at tached to some po si tion
on the outer wall of the wa ter mod er a tor tank, as pre -
sented in fig. 3(a). Be fore the ex per i ment, one should
know the main char ac ter is tic quan ti ties of neu tron
spec trum at a se lected ir ra di a tion po si tion as ac cu rate
as pos si ble. These quan ti ties can be de duced from the
neu tron spec trum at the cor re spond ing po si tion and
there fore, it is nec es sary to know ac cu rate neu tron en -
ergy spec tra, ei ther by ex per i men tal mea sure ment or
by sim u la tion.

In our study, the neu tron en ergy spec tra have
been sim u lated by the Monte Carlo method us ing
MCNP-6 code. Fig ure 3(a) shows a hor i zon tal
cross-sec tion of the con fig u ra tion of ir ra di a tion cham -
ber used for MCNP sim u la tion, where the ver ti cal di -
rec tion of Z-axis is sketched, which is di rected down -
wards from the top of the wa ter mod er a tor tank
co in cid ing with the di rec tion of the in com ing elec tron
beame. The point with z = 0 is the one lo cated on the
top sur face of the wa ter mod er a tor tank. The cur rently
achieved pa ram e ters of the elec tron beam ac cel er ated
by the LUE-200 ac cel er a tor are pre sented in tab. 2 and
the en ergy dis tri bu tion of elec tron beam, mea sured in
Oc to ber 2023 which is pre sented in fig. 3(b), have
been used for sim u la tion. For each sim u la tion, 109

events have been gen er ated.

Gamma ac tiv ity mea sure ment and
de ter mi na tion of re ac tion rate

To mea sure the ac tiv ity of neu tron-ac ti vated tar -
gets, a high-en ergy-res o lu tion gamma spec trom e ter
was used. The de tec tor used to re cord the gamma-ray
spec trum is the HPGe de tec tor of GC4018 model man -
u fac tured by Can berra, with 40 % rel a tive ef fi ciency
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Fig ure 2. The de sign of neu tron ir ra di a tion cham ber

Fig ure 3. The con fig u ra tion of neu tron pro duc tion cham ber (a) and the en ergy dis tri bu tion of elec tron beam mea sured in
Oc to ber 2023 (b) for MCNP sim u la tion



and en ergy res o lu tion of 1.8 keV at 1.33 MeV. The re -
ac tion rate per tar get nu cleus is de ter mined by the fol -
low ing for mula [16]
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where R is re ac tion rate per tar get nu cleus, n0 – the
num ber of nu clei of the tar get, e – the de tec tor's ef fi -
ciency at the en ergy of the char ac ter is tic gamma peak,
Nobs – the gamma-ray count at the char ac ter is tic en ergy 
peak, I – the gamma emis sion in ten sity, l – the de cay
con stant, tcp – the cy cle pe riod of the elec tron beam, t –
the pulse width of the elec tron beam, ti – the time of ir -
ra di a tion, tw – the cool ing time, tc – the time of mea -
sure ment, and Fc – the gen eral cor rec tion fac tor for
gamma mea sure ment, in clud ing ef fi ciency geo met ri -
cal cor rec tion, gamma self-ab sorp tion in the tar get,
dead time cor rec tion and sum ming ef fect. For cor rec -
tion of losses of gamma-ray count of in ter est,
gamma-ray char ac ter is tic en ergy peak due to an ef fect
of true co in ci dence sum ming, a cor rec tion pro gram
TrueCoinc [17] has been used. For de ter mi na tion of
gamma self-ab sorp tion in the tar get and for ef fi cient
geo met ri cal cor rec tion, two dif fer ent Monte Carlo
codes, de vel oped by us, have been used.

In this study, high pu rity nat u ral Am and Cu sam -
ples (> 99.9 %) were used. The ac tiv i ties of the iso topes
198Au and 64Cu pro duced via the 197Au(n,)198Au and
63Cu(n,)64Cu re ac tions were de ter mined us ing the
gamma peaks of 411.80 keV (95.62 %) for 198Au and the
1345.37 keV (0.4748 %) for 64Cu. The sam ple mea sure -
ment time was ad justed to achieve a sta tis ti cal un cer -
tainty of less than 1 %.

RE SULTS AND DIS CUS SIONS

All the nec es sary quan ti ties char ac ter iz ing the
neu tron spec tra at an ir ra di a tion po si tion will be de -
duced from the neu tron spec tra at this site. The neu tron 
spec tra at dif fer ent ir ra di a tion po si tions lo cated on the
outer wall of the wa ter mod er a tor tank, with and with -
out cad mium cover, have been sim u lated. Three typ i -
cal dif fer ent neu tron en ergy spec tra are pre sented in
fig. 4, cor re spond ing to three cases: with out cad mium
cover (rep re sented by a solid cir cle), with cad mium
cover of 0.5 mm thick ness (solid tri an gle), and 1 mm
thick ness (solid square). One can see clearly from fig.
4 that the spec tra of the tar gets with cad mium cover of
0.5 mm and 1 mm thick ness are al most iden ti cal. This
means that the ab sorp tion of ther mal neu trons by cad -
mium cover with these two thick nesses of 0.5 mm and
1 mm is equiv a lent. There fore, it can be con cluded that 
to com pletely ab sorb com pletely ther mal neu trons, a
cad mium cover with thick ness of 0.5 mm is suf fi cient.

Se lec tion of op ti mal po si tion
for ir ra di a tion

The op ti mal ir ra di a tion po si tions must be se -
lected to in crease the ac tiv ity of ir ra di ated tar gets. The
op ti mal ir ra di a tion po si tions are those at which the in -
duced re ac tion rates should be the high est. To find the
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Ta ble 2. The neu tron self-shield ing co ef fi cients of
some iso topes pres ent in the tar gets will be used in our
ex per i ment for com par i son

Tar get Size
[mm]

Thick ness
[mm] Nu clide Gth Gepi Gfast

Au 9  9 0.1 197Au 0.8837 0.2142 0.2142

Cu 13  11 0.5 63Cu 0.9659 0.6980 0.6975

Zr 10  9 0.1 94Zr 0.9997 0.9812 0.9811

Zr 10  9 0.1 96Zr 0.9997 0.9773 0.9767

W 10  9 0.35 186W 0.9168 0.2524 0.2379

W 10  9 0.35 184W 0.9168 0.6112 0.5973

Fig ure 4. The neu tron spec tra sim u lated
by MCNP at an ir ra di a tion site Z = 5 cm



op ti mal ir ra di a tion po si tions, the re ac tion rates of
some iso topes at dif fer ent ir ra di a tion ver ti cal po si tions 
Z should be cal cu lated. The re ac tion rates in duced by
ther mal, epi ther mal and fast neu trons can be cal cu -
lated us ing the fol low ing for mu las [18]

R G E E E
E

th th n n nd
Cd

  j s( ) ( )
0

(2)

R G E E E
E

E

epi epi n n nd
Cd

f

  j s( ) ( ) (3)

R G E E E
E f

fast fast n n nd  j s( ) ( ) (4)

where j (En) is the neu tron flux and s(En) – the re ac -
tion cross-sec tion at neu tron en ergy of En, Rth, Repi. The 
and  Rfast  are  the re ac tion rates in duced by ther mal,
epi ther mal. The and fast neu trons at a spe cific ir ra di a -
tion po si tion, Gth, Gepi, and Gfast are the ther mal, epi -
ther mal,  and  fast  self-shield ing  cor rec tion fac tors
and Ecd = 0.55 eV is  the  cad mium  cut off en ergy  and
Ef  = 0.1 MeV.

The to tal re ac tion rate Rtot will be the sum of
these three re ac tion rates and is cal cu lated us ing the
fol low ing for mula

R R R Rtot th epi fast   (5)

Ta ble 2 shows the cal cu lated val ues of the co ef fi -
cients of Gth, Gepi, and Gfast for nuclides 197Au and
63Cu, that are pres ent in our pure nat u ral metal foils
used in ex per i men tal mea sure ment for val i da tion of
MCNP sim u lated re sults. These co ef fi cients were cal -
cu lated based on the method de scribed by Trkov [19]
and the val ues of s(En) were taken from the
ENDF/B-VIII.0 li brary.

Fig ure 5 pres ents the re la tion ship of the re ac tion
rate cal cu lated for 63Cu to the ir ra di a tion po si tions at
dif fer ent Z. It should be noted that for cal cu la tion of re -
ac tion rates us ing eqs. (2-5), the neu tron flux at

diferent ir ra di a tion po si tions cal cu lated by MCNP
were used. It can be seen clearly from fig. 5 that the op -
ti mal ir ra di a tion po si tion in the Z di rec tion will be the
point with Z = 5 cm.

De ter mi na tion of char ac ter is tic pa ram e ters
of the neu tron spec trum at the op ti mal
ir ra di a tion po si tion Z = 5 cm

A neu tron en ergy spec trum at an ir ra di a tion site
can be di vided into three re gions in clud ing:

The ther mal re gion with neu tron en ergy less than 
cad mium cut-off en ergy ECd  0.55 eV, which can be
de scribed by the fol low ing func tion [20]

j th n
n

th

e n th( )
( )

/E
E

kT

E kT F1 2
(6)

where En is the neu tron en ergy, k – the Boltzmann con -
stant, and Tth is av er age neu tron tem per a ture (or
Maxwellian tem per a ture).

The  epi ther mal  re gion  with  neu tron  en ergy
ECd  E  Ef = 0.1 MeV, which can be de scribed by the
fol low ing func tion [20, 21]

jepi n

n

( )E
E a




F2
1

(7)

where a is the epi ther mal spec trum shape pa ram e ter.
The fast re gion in which neu tron en ergy is greater

than Ef can be ap prox i mated by the Maxwellian dis tri bu -
tion, as writ ten [20]

j fast
f

e n f( )
( )

/E
E

kT
n

n E kT F3 2
(8)

where Tf is the av er age tem per a ture of fast neu trons,
F1, F2, and F3 in the eqs. (6)-(8) are the flux of ther -
mal, epi ther mal, and fast neu trons and their unit is in
cm–2s–1. The to tal en ergy neu tron spec trum will be the
sum of three in di vid ual en ergy spec tra (6-8) afore men -
tioned.
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Fig ure 5. The re la tion ship of the re ac tion
rate cal cu lated for 63Cu to the ir ra di a tion
po si tion Z



The char ac ter is tic pa ram e ters of the neu tron
spec trum, at a spe cific ir ra di a tion po si tion, in clude 
F1, F2, F3, Tth, a, and Tf. These pa ram e ters can be ob -
tained if the mea sured or sim u lated spec tra at the cor -
re spond ing ir ra di a tion po si tion are avail able. In our
case, neu tron en ergy spec tra have been sim u lated us -
ing MCNP code. To de duce the char ac ter is tic pa ram e -
ters, one needs to fit the dis tri bu tions (6-8) cor re -
spond ingly with the ther mal (En  0.55 eV),
epi ther mal (0.55 eV < En  0.1 MeV), and fast (En 
0.1 MeV) en ergy re gions, namely: the val ues of F1
and Tth can be ob tained by fit ting the dis tri bu tion (6) to
the sim u lated spec trum in the re gion with neu tron en -
ergy less than Ecd (0.55 eV), the val ues of  F2 and a can 
be ob tained by fit ting the dis tri bu tion (7) to the sim u -
lated spec trum in the re gion with neu tron en ergy Ecd 
En  0.1 MeV and the val ues of  F3 and Tf can be ob -
tained by fit ting the dis tri bu tion (8) to the sim u lated
spec trum in the re gion with neu tron en ergy En > 0.1
MeV. The MCNP sim u lated neu tron flux den sity spec -
trum at the ir ra di a tion po si tion Z = 5 cm and the fit ting
curves, are pre sented in fig. 6. In this fig ure, the val ues
sim u lated by MCNP are rep re sented by the solid
squares, the dashed line is the fit ting curve of dis tri bu -
tion (6) to the MCNP sim u lated points for de ter mi na -
tion of  F1 and kTth, the solid line is the fit ting curve of
dis tri bu tion (7) to the MCNP sim u lated points for de -
ter mi na tion of  F2 and a shape pa ram e ter, and the dot -

ted line is the fit ting curve of dis tri bu tion (8) to the
MCNP sim u lated points for de ter mi na tion of  F3 and
kTf. The ob tained re sults are listed in tab. 3.

It can be seen from tab. 3 that the val ues of a-shape
pa ram e ter and Maxwellian neu tron tem per a ture Tn are
very dif fer ent at dif fer ent sam ple ir ra di a tion po si tions.
Their mag ni tudes of the dis crep an cies at dif fer ent ir ra di -
a tion po si tions can be ob served more clearly in fig. 7.
The value of a-shape pa ram e ter in creases with the value
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Fig ure 6. Fit ting curves in three en ergy re gions of
neu tron flux den sity spec trum at the ir ra di a tion po si tion
Z = 5 cm

Ta ble 3. The char ac ter is tic pa ram e ters of the neu tron spec trum at dif fer ent ir ra di a tion po si tions for
the case with out cad mium cover

Z [cm]  F1 [108 cm–2s–1]  F2 [108 cm–2s–1]  F3 [108 cm–2s–1] kTth [meV] a kTf [MeV]

1 1.627 1.038 5.236 41.064 –0.1062 1.133
2 2.590 1.158 5.939 38.863 –0.0898 1.067
3 4.261 1.361 7.763 38.761 –0.0722 0.868
4 5.833 1.402 7.266 39.078 –0.0580 1.041
5 6.451 1.420 4.767 36.611 –0.0550 1.244
6 6.480 1.458 6.942 37.887 –0.0588 0.874
7 5.917 1.008 5.331 36.902 –0.0419 1.043
8 4.166 0.729 3.494 32.673 –0.0551 1.178

Fig ure 7. The vari a tion of a shape pa ram e ter and Tn at dif fer ent ir ra di a tion po si tions



of Z, while the tem per a ture Tth de creases with in creas ing
Z. This is quite con sis tent with our pre dic tion be cause the 
larger the dis tance Z cor re sponds to the layer thick ness of 
the wa ter layer. The greater the thick ness of the neu -
tron-slow ing wa ter layer, the better the neu tron
thermalization pro cess and thus will re duce the de vi a tion
of the neu tron spec trum from the ideal 1/E spec trum and
re duce the neu tron tem per a ture Tth.

The MCNP  sim u lated neu tron spec trum af ter 0.5
mm cad mium cover at the ir ra di a tion po si tion Z = 5 cm
and the fit ting curves are pre sented in fig. 8. In this fig ure, 
the points sim u lated by MCNP are rep re sented by the
solid squares, the dashed line is the fit ting curve of dis tri -
bu tion (6) to the MCNP sim u lated points for de ter mi na -
tion of F1

cd  and kT th
cd , the solid line is the fit ting curve of

dis tri bu tion (7) to the MCNP sim u lated points for de ter -
mi na tion of F2

cd  and kT th
cd , and the dot ted line is the fit -

ting curve of dis tri bu tion (8) to the MCNP sim u lated
points for de ter mi na tion of F3

cd  and kT th
cd .

The char ac ter is tic pa ram e ters of the neu tron
spec trum at the ir ra di a tion po si tion Z = 5 cm af ter cad -
mium cover of 0.5 mm thick ness, are listed in tab. 4 in
which the su per script cd of each quan tity is used for
cad mium cov ered tar get, for ex am ple, F2

cd , F2
cd and 

F2
cd  and the ther mal, epi ther mal and fast neu tron

fluxes af ter the cad mium cover.

De ter mi na tion of cad mium ra ti
by MCNP sim u la tion

The cad mium ra tio (CR) is de fined as the ra tio of
re ac tion rates of the tar gets with out and with the cad -
mium cover as fol lows [22, 23]

CR
R

R

E E E

E E E
E

 




bare

cd

d

d
cd

s j

s j

g

g

( ) ( )

( ) ( )

0 (9)

where Rbare and Rcd are the re ac tion rates of bare and
cad mium cov ered tar gets, sg (E) and j(E) are the neu -
tron cap ture cross sec tion and neu tron flux at en ergy E,
re spec tively, and Ecd – the cad mium cut off en ergy. This
for mula is cor rect un der the as sump tion that all neu -
trons with en er gies less than Ecd will be com pletely ab -
sorbed by the cad mium cover. It is known that the CR
can be cal cu lated if the neu tron en ergy spec trum can be
mea sured ex per i men tally or can be cal cu lated for the
tar get with and with out cad mium cover.

For cal cu la tion of CR, the MCNP sim u lated
spec trum pre sented in fig. 5 and the neu tron
self-shield ing ther mal and epi ther mal co ef fi cients
taken from tab. 2 were used. The cal cu lated re sults of 
CR  for  some  tar gets  as sum ing  that Ecd = 0.55 eV and
the thick ness of used cad mium cover of 0.5 mm are
listed in tab. 5, in which Rbare and Rcd are the re ac tion
rates of the tar gets in duced by ther mal, epi ther mal and
fast neu trons with out and with 0.5 mm cad mium
cover.

Ver i fi ca tion of ac cu racy of the char ac ter is tic
pa ram e ters cal cu lated from MCNP sim u lated
neu tron spec tra

To ver ify the ac cu racy of the char ac ter is tic pa -
ram e ters cal cu lated from MCNP sim u lated neu tron
spec tra, three ex per i ments were car ried out. The first
ex per i ment aims to check the op ti mal ir ra di a tion po si -
tion, where the neu tron flux is the high est. In this ex -
per i ment, the 10 mm  10 mm  0.5 mm thin Cu tar gets 
of high pu rity (> 99.99 %) were ac ti vated at five ir ra di -
a tion po si tions, lo cated on the out side wall of the mod -
er a tor tank with Z = 1, 3, 5, 7, 9 cm. The gamma-ray
spec tra of the ir ra di ated tar gets were mea sured us ing
our gamma-ray spec trom e ter, men tioned above. The
mea sured re ac tion rates per tar get nu cleus of 63Cu iso -
tope of the Cu tar gets, with and with out cad mium
cover, at dif fer ent ir ra di a tion po si tions, di rectly de ter -
mined from mea sured gamma-ray spec tra us ing eq. (1) 
are listed in tab. 6, where Rcd and Rbare are the re ac tion
rates of the tar get with and with out cad mium cover, re -
spec tively.

In fig. 9, the re la tion ship be tween re ac tion rate
and ir ra di a tion po si tion at dif fer ent Z is pre sented.
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Fig ure 8. The sim u lated neu tron den sity spec trum af ter
0.5 mm cad mium cover at the ir ra di a tion po si tion Z = 5
cm and the fit ting curves

Ta ble 4. The char ac ter is tic pa ram e ters of the neu tron spec trum at the ir ra di a tion po si tion z = 5 cm for
the case with the cad mium cover of 0.5 mm thick ness

Z [cm] F1
cd (108 cm–2 s–1) F2

cd (108 cm–2 s–1) F3
cd (108 cm–2 s–1) kTth

cd meV[ ] a kTth
cd meV[ ]

5 0.106 1.614 7.797 39.310 –0.058 0.194



The re sults listed in tab. 6 and shown in fig. 9 in -
di cate that the ir ra di a tion po si tion at Z = 5cm gives the
high est re ac tion rate. This ex per i men tal con clu sion is
com pletely con sis tent with the re sults ob tained by the
sim u la tion pre sented above. In ad di tion, the agree -
ment be tween the sim u la tion and ex per i men tal re sults
al lows us to con clude that the MCNP code can ac cu -
rately sim u late the neu tron spec tra at dif fer ent ir ra di a -
tion po si tions.

The sec ond ex per i ment aims to com pare the cad -
mium ra tio ob tained by sim u la tion and by mea sure -
ment. In this ex per i ment, the high pu rity (>99.9 %)
thin nat u ral metal foils of gold and cop per were used as 
the tar gets for neu tron ir ra di a tion. The two sets of tar -
gets, with out and with 0.5 mm thick ness cad mium
cover, were pre pared for si mul ta neous ir ra di a tion at
the op ti mal ir ra di a tion po si tions Z = 5 cm lo cated on
the outer wall of the mod er a tor. The tar gets were si -
mul ta neously ac ti vated by neu tron at the op ti mal ir ra -

di a tion po si tion with Z = 5 cm. The gamma spec tra
emit ted by the tar gets af ter ir ra di a tion were re corded
us ing the gamma spec trom e ter de scribed in sec tion 2.3 
and an a lyzed us ing Ge nie-2000 soft ware. The count -
ing rates at char ac ter is tic peaks (at 411.8 keV for 198Au 
and 1345.37 keV for 64Cu), af ter tak ing into ac count
all the nec es sary cor rec tions, were used to cal cu late
the CR of 197Au and 63Cu iso topes. The re ac tion rates
per tar get nu cleus of the iso topes 197Au and 63Cu were
de ter mined ex per i men tally by the ac ti va tion method.
The CR were de ter mined from the mea sured re ac tion
rates and are given in tab. 7, where CRexp and CRcal are
the ex per i men tal and cal cu lated CR, re spec tively. The
val ues of CRcal are taken from tab. 5.

The cal cu lated CR listed in tab. 5, that were de -
duced from MCNP sim u lated spec tra are also given in
this ta ble for com par i son. The re sults in tab. 7 show
that the CR cal cu lated by sim u la tion and mea sured by
ex per i ment are rel a tively con sis tent. This once again
al lows us to con clude that the method of de ter min ing
the CR us ing MCNP sim u la tion is rel a tively ac cu rate
and ac cept able in stead of time-con sum ing ex per i men -
tal mea sure ments.

The third ex per i ment is for com par i son of ex per -
i men tal a-shape pa ram e ter with that de duced from
MCNP sim u lated neu tron spec trum.

The value of a-shape pa ram e ter can be ex per i -
men tally de ter mined by the CR for multimonitor
method [21, 24]. For de ter mi na tion the value of a shape 
pa ram e ter, the  CR method has been used us ing the ob -
tained ex per i men tal val ues of CRexp listed in tab. 7.

The de ter mi na tion of the a-shape pa ram e ter is
based on the ra tio of epi ther mal neu tron-in duced re ac -
tion rates mea sured in two dif fer ent mon i tor foils. To
elim i nate de pend ence on ab so lute nu clear data, De
Corte et al. [21] re for mu lated the a-de ter mi na tion
equa tion by dual mon i tor method us ing CR  How ever,
their ini tial for mu la tion did not ac count for sev eral
cor rec tions, such as the cor rec tion of cad mium trans -
mis sion and cor rec tion of the ther mal and epi ther mal
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Ta ble 5. The cal cu lated re sults of CR for some tar gets as sum ing the cad mium cut-off en ergy is 0.55 eV
and the thick ness of used cad mium cover is 0.5 mm

Nu clide Re ac tion rate of bare tar get (Rbare) [s–1] Re ac tion rate of cad mium cov ered tar get (Rcd) [s–1] CR
197Au 6.6610–14 2.4910–14 2.675
94Zr 7.4510–17 5.4910–17 1.357
96Zr 5.2810–16 5.5810–16 0.946
63Cu 2.4810–15 4.0810–15 6.086
186W 2.6610–14 1.0210–14 2.600
184W 1.7910–15 1.1410–15 1.564

Ta ble 6. The mea sured re ac tion rate per tar get nu cleus of
63Cu iso tope at dif fer ent ir ra di a tion po si tions

Z [cm] Rbare [s–1] Rcd [s–1]

1 3.7810–16 2.4910–18 8.4510–17 7.2810–19

3 7.7210–16 4.9310–18 1.1910–16 1.0210–18

5 1.0310–15 6.5810–18 1.3410–16 1.2310–18

7 9.4410–16 6.1910–18 1.3910–16 1.3110–18

9 7.1610–16 4.8810–18 1.0910–16 1.2010–18

Fig ure 9. Re la tion ship be tween re ac tion rate per nu cleus
of 63Cu and ir ra di a tion po si tion at dif fer ent z

Ta ble 7. The CR de ter mined ex per i men tally for diferent
tar gets and com pared with the val ues ob tained by
 sim u la tion

Nu clide CRexp CRcal Dif fer ence [%]
197Au 2.58 0.06 2.675 3.72
63Cu 6.33 0.08 6.086 3.91



neu tron selfshielding. Sub se quent stud ies [25, 26] in -
cor po rated these cor rec tions, lead ing to a more com -
pre hen sive ex pres sion of the form
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where CR is cad mium ra tio, Fcd – the cad mium trans -
mit tance co ef fi cient, Ecd = 0.55 eV – the ef fec tive cad -
mium cut-off en ergy, Gth and Gepi are cor rec tions for
ther mal and epi ther mal self-shield ing ef fects, s0 – the
cross- sec tion of the ther mal neu tron cap ture re ac tion
at a speed of 2200 ms–1, I0 – the in te gral cross-sec tion
of the res o nance neu tron cap ture re ac tion, and Er  – the 
av er age en ergy of all the neu tron res o nances. The sub -
scripts Au and W re fer to gold and tung sten mon i tors,
re spec tively.

By very care ful trans for ma tions, we have pro -
posed an other equa tion for de ter mi na tion of a-shape
pa ram e ter by the dual mon i tor method us ing CR in
which the cor rec tion fac tors Fcd, Gth, and Gepi, were in -
cluded
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To cal cu late Gepi and Gth, sev eral stud ies have
pro posed meth ods for es ti mat ing these quan ti ties [27,
28]. Trkov et al. [19] de vel oped the MATSSF code us -
ing an an a lyt i cal ap proach to ap prox i mate the so lu tion
of the neu tron dif fu sion equa tion for neu tron
self-shield ing cor rec tion cal cu la tions, in clud ing the
ther mal (Gth) and epi ther mal (Gepi) self-shield ing fac -
tors. A de tailed de scrip tion of the meth od ol ogy and the 
rel e vant com pu ta tional equa tions is pro vided in [19].
The MATSSF code of fers the ad van tage of fast com -
pu ta tion and is ca pa ble of han dling sam ples com posed 
of var i ous el e men tal con stit u ents. It sup ports sev eral
pre de fined sam ple ge om e tries, in clud ing thin foil, cy -
lin dri cal, and spher i cal shapes. The au thors em ployed
both the MATSSF code and the MCNP code to per -
form cal cu la tions, and the re sults ob tained from both
meth ods were found to be in very good agree ment.
There fore, in this study, we used the MATSSF code to
de ter mine the neu tron selfshielding fac tors for the Au
and Cu sam ples used in the pres ent study.

The a-shape pa ram e ter can be ob tained by solv -
ing eq. (11) by the it er a tive method us ing the ex per i -

men tal CR taken from tab. 7 and the rel e vant nu clear
data listed in tab. 8. We also used the equa tions pro -
posed in [25, 26, 29] to de ter mine the a-shape pa ram e -
ter. The val ues of the a-shape pa ram e ter ob tained from 
dif fer ent equa tions are pre sented in tab. 9.

Through this study, we ob served that the val ues
of the a-shape pa ram e ter vary de pend ing on the mon i -
tor pair used. In our opin ion, in ad di tion to the sys tem -
atic er rors of the in put data taken from tab. 8, there may 
also be some other causes re lated to the neu tron spec -
trum such as, the cad mium cover does not com pletely
ab sorb ther mal neu trons and the con tri bu tion of fast
neu trons in the epi ther mal re gion is quite large.

The value of the a shape pa ram e ter de ter mined
by eq. (11) de pends on many pa ram e ters. The er rors of
these quan ti ties will be prop a gated to the fi nal  a
value. In ad di tion, we found that the value of a -shape
pa ram e ter is very sen si tive to some pa ram e ters such as
Fcd (cad mium trans mis sion co ef fi cient), CR, Gth and
Gepi (ther mal and epi ther mal neu tron self-shield ing
co ef fi cients), and Q0. Even a very small change in
these pa ram e ters can lead to a large change in the value 
of the a-shape pa ram e ter.

To re duce er rors caused by the previous two phe -
nom ena, we have pro posed two new cor rec tion fac tors 
in the cal cu la tion. The first cor rec tion fac tor C f

bare is
for cor rect ing the in flu ence of fast neu trons on the re -
ac tion rate of the bare tar get. The sec ond cor rec tion
fac tor C tf

cd  takes into ac count the in flu ence of re sid ual
ther mal neu trons pass ing through the cad mium cover
and of fast neu trons, on the re ac tion rate of the cad -
mium cov ered tar get. The co ef fi cients C f

bare and C tf
cd

are de fined as fol lows

C
R

R
f
bare fast

bare

tot
bare

 (12)

C
R R

R
tf
cd th

cd
fast
cd

tot
cd




(13)

where R fast
bare and R tot

bare are the re ac tion rates in duced by 
fast neu trons and all neu trons (ther mal, epi ther mal and 
fast) for a bare tar get; R R Rth

cd
fast
cd

tot
cdand, are the re ac -
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Ta ble  8. Nu clear data used for de ter mi na tion of 
a-shape pa ram e ter

Monitor Er ( )[ ]eV 30 Q0 [30] G = Gepi/Gth
[19]

Fcd [31] g [32]

197Au 5.65 15.7 0.24  1.009 1.0054
63Cu 1040 1.14 0.72  1.000 1.0002

Ta ble 9. The val ues of the a-shape pa ram e ter ob tained
from dif fer ent equa tions

 a shape pa ram e ter
[29] [25, 26] Pres ent work

–0.0589 0.012 –0.0784 0.012 –0.0841 0.012



tion rates in duced by ther mal, fast and all neu trons re -
spec tively, for a cad mium cov ered tar get.

By us ing MCNP code, the val ues of 
R R R R Rfast

bare
tot
bare

th
cd

fast
cd

tot
cdand, , , can be ob tained and

there fore, it is pos si ble to de ter mine the cor rec tion fac -
tors co ef fi cients C Cf

bare
tf
cdand . The re ac tion rates and

cad mium ra tios ob tained from the ex per i ment will be
cor rected by us ing the fol low ing for mu las

R R Ccorr
bare bare

f
bare ( )1 (14)

R R Ccorr
cd cd

tf
cd ( )1 (15)
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By ap ply ing our sug gested cor rec tion fac tors,
the val ues of the a-shape pa ram e ter were re cal cu lated
us ing eq. (11), where CR was re placed by CRcorr

exp , cal -
cu lated by eq. (16). The ob tained cor rected a shape
pa ram e ter is listed in tab.10 for com par i son. It can be
seen im me di ately that the dif fer ence be tween the ex -
per i men tal and cal cu lated val ues of  a-shape pa ram e -
ter, af ter ap ply ing the cor rec tion pro posed by us, was
re duced quite a lot. This in di cates that our pro posed
cor rec tions are mean ing ful.

CON CLU SIONS

In this ar ti cle, the re sults of the de ter mi na tion of
the char ac ter is tics of the neu tron spec trum, at dif fer ent 
ir ra di a tion lo ca tions, us ing sim u la tion meth ods, have
been pre sented. The char ac ter is tics of neu tron spec -
trum at the ir ra di a tion po si tions in clud ing the flux of
ther mal, epi ther mal and fast neu tron, neu tron tem per -
a ture and a-shape pa ram e ter can be de ter mined from
the neu tron spec tra sim u lated by MCNP code. The re -
sults ob tained from the sim u la tion were com pared
with the cor re spond ing re sults de duced from the ex -
per i ment to con firm the ac cu racy of the MCNP code.
The com par i son shows that the re sults ob tained from
MCNP sim u la tion are quite con sis tent with ex per i -
men tal mea sure ments us ing the ac ti va tion method ex -
cept for a-shape pa ram e ter. The val ues of a-shape pa -
ram e ter at an ir ra di a tion po si tion mea sured by
dif fer ent mon i tor pairs are very dif fer ent when com -
par ing each other and dif fer ent from the value de duced 

from MCNP sim u la tion. A cor rec tion method has been 
for the ex per i men tal de ter mi na tion of a-shape pa ram -
e ter. Af ter ap ply ing this cor rec tion, the dif fer ence of
the val ues of co ef fi cient a-shape pa ram e ter mea sured
ex per i men tally is sig nif i cantly re duced, prov ing the
ef fec tive ness of the pro posed cor rec tion method.
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ODRE\IVAWE  PARAMETARA  NEUTRONSKOG  SPEKTRA  U  POSTROJEWU  IREN
KORI[]EWEM  MCNP  SIMULACIJE  I  EKSPERIMENTALNE  POTVRDE

Prikazano je odre|ivawe karakteristika neutronskog spektra sa razli~itim
pozicijama zra~ewa na spoqa{wem zidu moderatorske komore intenzivnog rezonantnog
neutronskog izvora, metodom simulacije MCNP kodom. Odre|ene su karakteristike neutronskog
spektra, ukqu~uju}i fluks termi~kih, epitermi~kih i brzih neutrona, temperaturu neutrona i
parametar a-oblika. Za potvrdu  simulacije, karakteristike neutronskog spektra na
optimalnoj poziciji zra~ewa odre|ene su eksperimentalno tehnikom aktivacije. Pore|ewe
pokazuje da se simulirani i eksperimentalni rezultati sla`u, {to ukazuje na visoku pouzdanost

 koda, osim za parametar a-oblika. Radi poboq{awa ta~nosti, kori{}ena je ovde revidirana 
jedna~ina za odre|ivawe parametra a-oblika metodom kadmijum odnosa za vi{e monitora, u koju su
ukqu~eni koeficijenti korekcije prenosa epitermi~kih neutrona za kadmijumski premaz,
termi~ku i epitermi~ku samoza{titu neutrona. Izra~unati i izmereni parametri a-oblika u
dobroj su saglasnosti kada se koristi ovde predlo`ena revidirana jedna~ina.

Kqu~ne re~i: intenzivni rezonantni neutronski izvor, karakterizacija neutronskog
..........................spektra, MCNP pro gram, metoda aktivacije


