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The pres ent study fo cuses on the an a lyt i cal and nu mer i cal cal cu la tions of the solid an gle, ef -
fec tive solid an gle, ef fi ciency, and gamma-ray av er age path length within the de tec tor ma te ri -
als as a func tion of the source po si tion. This anal y sis is con ducted for a Romashka mod ule of
the 4 NaI(Tl) gamma-ray de tec tor ar ray (NaGRaDA). NaGRaDA com prises 2  2
gamma-ray de tec tor mod ules, with each mod ule con sist ing of six NaI(Tl) crys tals ar ranged in 
a com pact con fig u ra tion re sem bling a Daisy flower (known as Romashka in Rus sian). Each of
the twelve scin til la tors has a unique de sign, dis tin guish ing them in shape and size from con -
ven tional scin til la tion de tec tors. This type of 4 multi-de tec tor sys tem is ap pli ca ble for mea -
sur ing gamma ra di a tion from sam ples ex hib it ing very low ac tiv ity. It is em ployed in neu tron
ac ti va tion anal y sis and prompt-gamma neu tron ac ti va tion anal y sis. Fur ther more, this sys tem
can be in stru men tal in the ex per i men tal in ves ti ga tion of the char ac ter is tics of neu tron-in -
duced nu clear re ac tions. The re sults ob tained throuh di rect an a lyt i cal and nu mer i cal meth ods 
will be com pared with the up com ing com pre hen sive char ac ter iza tion of the up graded and
mod ern ized Romashka NaGRaDA. This com par i son will uti lize GEANT4 sim u la tions along -
side stan dard point-type gamma-ray sources.
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IN TRO DUC TION

The NaI(Tl) scin til la tion crys tals are avail able in
sin gle and polycrystalline forms, ex hib it ing a high light
pro duc tion. Fur ther more, they dem on strate neg li gi ble
self-ab sorp tion of scin til la tion light. The emis sion spec -
trum aligns ef fec tively with the sen si tiv ity char ac ter is -
tics of bialkali photocathodes used in photomultiplier
tubes (PMT) [1-3]. The NaI(Tl) de tec tors ex hibit ex -
cep tion ally high lu mi nes cence ef fi ciency and can be
fab ri cated in dif fer ent di men sions and ge om e tries. This
ver sa til ity makes them the most com monly used scin til -
la tors in var i ous ap pli ca tions. Thal lium-doped NaI
scintillator pro duces one of the high est sig nals in a
photomultiplier tube for a given amount of ab sorbed ra -

di a tion. Un der op ti mal con di tions, ap prox i mately 104

photoelectrons are gen er ated per 1 MeV gamma-ray
en ergy [4-6]. The NaI(Tl) ex hib its mul ti ple de cay time
con stant mech a nisms. The pri mary sin gle ex po nen tial
de cay con stant at room tem per a ture is ap prox i mately
250 ns. As tem per a ture rises, the lon ger time con stant
com po nents and the re sponse curves con verge, re duc -
ing the de cay time from 1 ms to 12 ms [7, 8].

The scin til la tion crys tal should not be sub jected to
ul tra vi o let (UV) ra di a tion from sun light or lu mi nous
lamps, as such ex po sure can sig nif i cantly im pair and di -
min ish the scin til la tion per for mance [9, 10]. The NaI(Tl)
scin til la tion crys tals are rou tinely man u fac tured with po -
tas sium con cen tra tions be low 0.5 parts per mil lion (ppm), 
which makes them par tic u larly suit able for low back -
ground ap pli ca tions. These NaI(Tl) crys tals are ex ten -
sively used in var i ous ra di a tion de tec tion ap pli ca tions.
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They are par tic u larly prev a lent in well log ging, en vi ron -
men tal mon i tor ing, nu clear med i cine, ae rial sur veys, and
nu clear phys ics, among sev eral other ap pli ca tions
[11-13]. In sum mary, pro tect ing scin til la tion crys tals
from UV ex po sure and mois ture is es sen tial. Fur ther -
more, the de vel op ment of low-po tas sium so dium io dide
doped with thal lium NaI(Tl) crys tals en hances their ef -
fec tive ness in sen si tive de tec tion ap pli ca tions. Cur rently,
polycrystalline NaI(Tl) scin til la tion de tec tors are in creas -
ingly rec og nized as vi a ble al ter na tives to sin gle-crys tal
scin til la tors in var i ous ap pli ca tions where me chan i cal and 
ther mal shocks are prev a lent, such as in gas ex plo ra tion
and oil ex trac tion. These de tec tors of fer a com bi na tion of
ro bust ness and scin til la tion per for mance com pa ra ble to
that of sin gle-crys tal NaI(Tl) de tec tors [5, 14].

The polycrystalline con fig u ra tion of NaI(Tl) is
pro duced through a well-de fined pro cess in which sin -
gle-crys tal bricks are recrystallized un der ap plied pres -
sure and heat. The re sult ing ma te rial can be char ac ter ized 
as a polycrystalline sub stance com pris ing ran domly ori -
ented crys tal par ti cles within a mixed struc tural frame -
work [5, 15]. The den sity of NaI re mains un changed dur -
ing the de vel op ment pro cess. This char ac ter is tic
en hances the me chan i cal strength of the ma te rial with out
im pact ing the per for mance of the scin til la tion pro cess, as 
the op ti cal prop er ties of NaI(Tl) in polycrystalline form
are com pa ra ble to those of sin gle-crys tal NaI(Tl) [5, 16].
Cracks that oc cur due to me chan i cal or ther mal shock in
NaI(Tl) polycrystals are typ i cally con fined to small lo cal
re gions known as grains. Since the cleav age planes of the 
grains are ran domly ori ented, it is un likely that a small
crack would prop a gate across the grain bound aries. This
char ac ter is tic makes NaI(Tl) polycrystalline ma te rial a
pre ferred choice in ap pli ca tions where du ra bil ity is crit i -
cal, such as aero space and well-log ging [5, 17-19].

In con trast, sin gle crys tals can frac ture along spe -
cific planes un der stress. In a de tec tor as sem bly com -
posed of sin gle crys tal ma te rial, even a mi nor crack can
prop a gate through out the en tire crys tal, ad versely af fect -
ing sig nal height res o lu tion and the light col lec tion pro -
cess [5, 20, 21]. In nu clear phys ics, the prompt gamma
neu tron ac ti va tion anal y sis (PGNAA) tech nique is rec -
og nized as a highly ef fec tive method for si mul ta neously
de ter min ing the quan tity and pres ence of mul ti ple el e -
ments in sam ples with masses rang ing from mi cro grams
to sev eral grams. This non-de struc tive tech nique is min i -
mally af fected by the sam ple's phys i cal shape and chem i -
cal com po si tion. Clas sic mea sure ments were ob tained
over du ra tions rang ing from sev eral min utes to a few
hours for each sam ple un der in ves ti ga tion [22-24]. The
tech nique can be de scribed as the sam ple is ir ra di ated
with a nar row beam of neu trons. The con stit u ent el e -
ments within the sam ple cap ture a por tion of these neu -
trons, re sult ing in the emis sion of prompt gamma rays,
which are pre cisely mea sured us ing a gamma-ray
NaI(Tl) or HPGe spec trom e ter.

The en er gies of the emit ted gamma-rays iden tify
the neu tron-cap tur ing el e ments, while the in ten si ties of

the gamma-ray peaks at these en er gies in di cate their con -
cen tra tions. The quan tity of the el e ments un der
in ves ti ga tion is de ter mined by the ra tio of the count rate
of the peak of in ter est in the sam ple to the count rate of a
known mass of an ap pro pri ate el e men tal stan dard ir ra di -
ated un der iden ti cal con di tions [25-27]. Typ i cally, the
sam ple will not ac quire sig nif i cant long-lived ra dio ac tiv -
ity, al low ing for its po ten tial re moval from the ir ra di ated
fa cil ity for ad di tional ap pli ca tions. One of the pri mary
uses of PGNAA is as a mass ma te rial an a lyzer in the coal, 
min eral, and ce ment in dus tries [28-30]. At the In sti tute
for Nu clear Re search and Nu clear En ergy of the Bul gar -
ian Acad emy of Sci ences, a NaI(Tl) scintillator crys tal
sys tem, de signed in the shape of a daisy flower (re ferred
to as Romashka), has been con structed and tested [31,
32]. This sys tem can in ves ti gate ra di a tive neu tron cap -
ture and fis sion re ac tions [33, 34] in volv ing var i ous
mono-iso topes that are im por tant to nu clear sci ence and
its ap pli ca tions. The in cor po ra tion of high-qual ity lead
shield ing ren ders the sys tem suit able for op er a tion as a
low-back ground ra di a tion de tec tor, fa cil i tat ing the mea -
sure ment of nat u ral ra dio ac tiv ity in en vi ron men tal ma te -
rial sam ples [35]. Ad di tion ally, it can be uti lized for el e -
men tal anal y sis of sam ples in con junc tion with the
res o nance neu tron time-of-flight spec trom e ter IREN at
the Frank Lab o ra tory of Neu tron Phys ics of the Joint In -
sti tute for Nu clear Re search [36]. In both types of in ves -
ti ga tions, the po ten tial ap pli ca tion of the gamma- -mul ti -
plic ity method war rants ex plo ra tion [37].

In all the afore men tioned ap pli ca tions, ac cu rate
val ues of gamma-ray de tec tion ef fi ciency for NaI(Tl)
or HPGe spec trom e ters at spe cific gamma en er gies are 
es sen tial. Mit i gat ing in ter fer ence from dif fer ent
gamma en er gies re quires a thor ough un der stand ing of
the de tec tor's res o lu tion cor re spond ing to these en er -
gies [18, 19]. Res o lu tion and de tec tion ef fi ciency val -
ues vary de pend ing on the de tec tor size and other pa -
ram e ters. There fore, it is im per a tive to as cer tain these
val ues for a spe cific de tec tor be fore its ap pli ca tion in
quan ti ta tive in ves ti ga tions [20, 21]. This study fo -
cuses on the cal cu la tion of the solid an gle, ef fec tive
solid an gle, and ef fi ciency of a Romashka mod ule us -
ing an an a lyt i cal nu mer i cal tech nique. Ad di tion ally, it
in ves ti gates the av er age path length within the de tec -
tor ma te ri als as a func tion of the source po si tion. The
12 NaI(Tl) scintillator gamma de tec tors form a spe -
cial ized 4 multi-de tec tor ar ray sys tem (NaGRaDA)
that dif fers from con ven tional and well-known
multi-de tec tor gamma-ray spec trom e ters in both
shape and size. This 4 sys tem en ables the mea sure -
ment of sam ples with ex tremely low gamma ac tiv ity
and is ap pli ca ble in con ven tional in stru men tal neu tron 
ac ti va tion anal y sis (INAA) and prompt-gamma neu -
tron ac ti va tion anal y sis. The re sults may pro vide valu -
able in sights for ap pli ca tions in ra di a tion de tec tion
and nu clear phys ics. Ad di tion ally, they can in form sci -
en tists re gard ing the op ti mi za tion and de sign of de tec -
tion set ups tai lored to spe cific ex per i men tal con di -
tions.
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MATH E MAT I CAL VIEW POINT

The an a lyt i cal nu mer i cal tech nique has been em -
ployed to es ti mate the solid an gle, ef fec tive solid an -
gle, ef fi ciency of the Romashka NaI(Tl) mod ule, and
the av er age gamma-ray path length within the ma te ri -
als of the de tec tor, con tin gent upon the po si tion of the
source. The gen eral ex pres sion for the geo met ric solid
an gle, de noted as WG, formed be tween a ra dio ac tive
source and a Romashka NaI(Tl) gamma-ray de tec tor
mod ule, in a spher i cal co or di nate sys tem, is rep re -
sented by the fol low ing eq.

WG   sin q q j
qj

d d (1)

The geo met ri cal ef fi ciency of a Romashka
gamma-ray de tec tor mod ule, eG, is de fined as

e
pG
G

W
4

(2)

The to tal ef fi ciency, de noted as  of a Romashka
NaI(Tl) gamma-ray de tec tor mod ule in re la tion to ra -
dio ac tive sources, is rep re sented by the fol low ing eq.

e
pT(axial)
eff

W
4

(3)

where Weff a de notes the ef fec tive solid an gle be tween
the source and the de tec tor, ac count ing for all ma te ri -
als be tween the source and the de tec tor, as well as the
de tec tor ma te rial it self. To cal cu late the ef fi ciency of
the Romashka NaI(Tl) gamma-ray de tec tor model,
one must con sider the po si tion ing of the ra dio ac tive

source con cern ing the de tec tor. Fur ther more, this
anal y sis will ad dress all po ten tial sce nar ios in volv ing
the uti li za tion of a ra dio ac tive point source, which will
be dis cussed in next sections.

Case I: (h  L)

 The ra dio ac tive point source is po si tioned above
the de tec tor sur face at a height (h  L), where L rep re sents 
the side length of the de tec tor, as il lus trated in fig. 1.

The ef fec tive solid an gle, de noted as Weff, will
take one of the fol low ing ex pres sions, rang ing from
(a) to (e), de pend ing on the val ues of the po lar an gle.
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Fig ure 1.
Ra dio ac tive point
source at ax ial
po si tion (h  L)
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The pa ram e ter fi can be rep re sented as fol lows

f e fi
di  ( )1 m

att (9)

The fi val ues de pend on the path length of the
pho ton, as shown in fig. 2, through the de tec tor ma te -
rial di. This re la tion ship takes on ten dis tinct ex pres -
sions, which are as fol lows
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The fac tor m rep re sents the to tal at ten u a tion co -
ef fi cient of the de tec tor ma te rial. Ad di tion ally, fatt de -
notes the at ten u a tion ef fect of all ab sorb ers lo cated be -
tween the source and the de tec tor ma te rial. The
re la tion ship can be ex pressed as fol lows
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The terms mi and ti rep re sent the to tal at ten u a tion
co ef fi cient and the thick ness of the i th ab sorber, re -
spec tively. The BC and BC' pa ram e ters are shown in
fig. 3, and they can be ob tained us ing the fol low ing ex -
pres sions
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All path lengths are in flu enced by the po lar an -
gles q which are rep re sented by seven dis tinct ex pres -
sions de lin eated in the sub se quent equa tions
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Case II: (L > h  L1 + L2)

The ra dio ac tive point source is placed be low the
de tec tor sur face at po si tion (L > h  L1 + L2), where, L1, 
and, L2, are il lus trated as shown in fig. 4.

The ef fec tive solid an gle Weff will take one of the
fol low ing ex pres sions, from (a) to (d), based on the
po lar an gle val ues
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Fig ure 3. Sche matic view of the pa ram e ters BC and BC

Fig ure 4. The four pos si ble cases of a ra dio ac tive point source placed at an ax ial po si tion (L > h  L1 + L2)
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The pa ram e ter fi can be ob tained as pre vi ously
de fined in eq. (9). The fi val ues de pend on the path
length of a pho ton through the de tec tor ma te rial, di,
which will take nine dif fer ent ex pres sions as fol lows
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The po lar an gles q in these cases will be re de -
fined to align with the new source-to-de tec tor po si -
tion. Seven ex pres sions are pre sented in the fol low ing
equa tions
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Case III: (L1 + L2 > h  L1)

The ra dio ac tive point source is placed be low the
de tec tor sur face at the po si tion (L1 + L2 > h  L1), as
shown in fig. 5. The ef fec tive solid an gle Weff is given
by one of the fol low ing ex pres sions, from (a) to (c),
de pend ing on the po lar an gle val ues
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The pa ram e ter fi can be ob tained as pre vi ously
de fined in eq. (9). Also, the path length of a pho ton
through the de tec tor ma te rial di will take nine dif fer ent
ex pres sions as fol lows
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The new po lar an gles q in these cases will be de -
fined as pre sented in the fol low ing eq.
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The av er age path length d(axial) in the de tec tor for 
us ing an ax ial ra dio ac tive point source can be cal cu -
lated ac cord ing to the fol low ing eq.
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The pa ram e ter qmax is equal to q7 in case (I),
while it is equal to q5 in cases (II and III).

THE NaGRaDA MOD ULES DE SCRIP TION

A 4 NaGRaDA fea tur ing a Romashka-like ar -
range ment of mul ti ple scin til la tors was spe cif i cally
de signed to fa cil i tate sen si tive gamma-ray mea sure -
ments of low-ac tiv ity en vi ron men tal sam ples and neu -
tron-in duced nu clear re ac tions. This con fig u ra tion of -
fers a high-ef fi ciency de tec tion so lu tion tai lored for
re search ap pli ca tions [31, 32]. The sys tem com prises
12 NaI(Tl) scin til la tors, ar ranged in two halves. Each
half con tains six uniquely shaped crys tals that re sem -
ble the pet als of a Romashka, as il lus trated in fig. 6.
The to tal vol ume of the NaI(Tl) crys tals is 16.6 L, con -
tained within a cy lin dri cal cas ing with an outer di am e -
ter of 30 cm. The Romashka crys tal con fig u ra tion
serves ef fec tively as a full ab sorp tion de tec tor for
gamma quanta. The scin til la tions pro duced by each
crys tal are trans mit ted through a light guide to a
photomultiplier tube for de tec tion. The pulses are
trans mit ted to a charge preamplifier, where the am pli -

fied sig nals un dergo fur ther pro cess ing. These sig nals
can be ei ther summed to pro duce an am pli tude or di -
rected to a mul ti chan nel an a lyzer. At this stage, they
can be an a lyzed di rectly or pro cessed by an ac com pa -
ny ing anal y sis com puter.

The sig nal pro cess ing and data col lec tion ca pa bil i -
ties of the up graded ver sion of the pre vi ous Romashka
sys tem will fea ture a com put er ized 32 chan nel dig i tal
read out sys tem. This sys tem will uti lize two
ADCM16-LTC (16-chan nel, 14-bit, 100 MHz) ADC
boards from AFI Elec tron ics© [38], sim i lar to those em -
ployed in the TANGRA-NaI(Tl) setup [39]. The dig i -
tized sig nals will be trans mit ted through the PCI-E bus
into the com puter's mem ory, where data pro cess ing and
stor age will oc cur. The sys tem's max i mum ca pac ity is
ap prox i mately 105 events per sec ond [39, 40]. Some
draw ings of a Romashka scin til la tion unit are shown in
fig.  7. The NaGRaDA main mod ules are shown as the
col lage pic ture in fig. 8, where: 1 –  six NaI(Tl) crys tals in 
a sin gle Al cyl in der wrapped with Al arc-seals, 2 – photo
mul ti plier tubes FEU-110 and high-volt age di vider, 3 – 
Pb shield ing-collimator, 4 and 5 –  lower and up per Pb
shield ing arcs, 6 – adjustable rigid iron sup port, 7 –
movable iron trol ley, 8 – 16 chan nels HVSys power sup -
ply, 9 –  Parsek Desk top 4k MCA [41], 10 – fast PC with
two ADCM-16 boards, 11 – 16-chan nel, 14-bit, 100
MHz ADC-board [42], and 12 – lap top with op er a tional
soft ware of PMTs' power sup ply.

RE SULTS AND DIS CUS SION

The an a lyt i cal nu mer i cal tech nique is a straight -
for ward method for cal cu lat ing solid an gles, ef fec tive
solid an gles, and the ef fi ciency of the Romashka
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Fig ure 6. Sche matic draw ing
of a NaGRaDA Romashka
mod ule



NaI(Tl) multi-crys tal units. Ad di tion ally, it fa cil i tates
the de ter mi na tion of the av er age path length within the 
de tec tor's ma te ri als, con tin gent upon the po si tion ing
of the ra dio ac tive point source. The trap e zoidal rule
was em ployed as the nu mer i cal method to com pute
sys tem atic in te gra tions with high ac cu racy. This
method par ti tions the in te gra tion into a large set of in -
ter vals (n = 100) and is im ple mented us ing a pro gram -
ming lan guage. The an a lyt i cal nu mer i cal method en -
ables tech ni cians and sci en tists to as sist in the
con struc tion and test ing of gamma-ray de tec tors. Fur -
ther more, it fa cil i tates the eval u a tion of con trol pro -
cesses gov ern ing the re pro duc tion of spe cial ized
scintillator de signs and their re sponses to ra di a tion
mea sure ments.

In this study, the ra dio ac tive point source is in -
tended to cover dis tances rang ing from P1 to P10, as il -
lus trated in fig. 7. Some of these dis tances are po si -
tioned both within and out side the crys tal cav ity of the
Romashka NaI(Tl) unit. This com pre hen sive ap proach
aims to en com pass all po ten tial sce nar ios for real mea -
sure ments. The ef fec tive solid an gle,  Weff, be tween the
ra dio ac tive point source and the cav ity of the Romashka
NaI(Tl) unit for var i ous lo ca tions is de picted in fig.7
and de tailed in fig. 9. This es ti ma tion is based on cases

(I), (II), and (III) and is pre sented as a func tion of pho -
ton en ergy, rang ing from 0.05 MeV to 10 MeV. The
ef fec tive solid an gle, Weff, reaches its max i mum value at 
source po si tion P1, lo cated within the de tec tor cav ity.
As the source moves away from P1 and ap proaches
P10, which is sit u ated out side the de tec tor cav ity, the ef -
fec tive solid an gle  Weff grad u ally de creases, ul ti mately
reach ing its min i mum at this ex ter nal po si tion. In ad di -
tion,  the  ef fec tive  solid  an gle   Weff  in creases   be yond
6 MeV, while NaI(Tl) con tin ues to rise in the high-en -
ergy re gion, reach ing up to 10 MeV.

It can be ob served that at the low est source lo ca -
tions within the de tec tor cav ity, spe cif i cally P1 and P2, 
the geo met ri cal solid an gle WG ap proaches ap prox i -
mately 4 ste ra dians. Con versely, at higher source lo -
ca tions out side the de tec tor cav ity, namely P9 and P10, 
the value of the geo met ri cal solid an gle de creases sig -
nif i cantly. In fig. 10, the vari a tion of the geo met ri cal
solid an gle  WG was in ves ti gated as a func tion of the lo -
ca tion of the ra dio ac tive point source, rang ing from P1 
to P10. Ad di tion ally, the in flu ence of pho ton en ergy
was ex plored, span ning from 0.05 MeV to 10 MeV.

The to tal ef fi ciency eT(axial) of a Romashka
NaI(Tl) unit in re la tion to  ra dio ac tive sources was eval -
u ated at ten dif fer ent sep a ra tion lo ca tions, rang ing from
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Fig ure 7. The draw ings of a Romashka
scin til la tion unit in clude: A – a through cav ity
for plac ing fil ters, ab sorb ers, and.sam ples,
B – the mod ule cas ing, C – NaI(Tl) crys tals,
D – both mod ules po si tioned side-by-side. P1
to P10 in di cate pos si ble po si tions for the
ra dio ac tive point source, in side and out side
the unit cav ity
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Fig ure 8. The NaGRaDA main
mod ules, num bered from 1 to 12, 
are shown in the col lage pic ture
and are de scribed in the text.

Fig ure 9. Vari a tion of the ef fec -
tive solid an gle  as a func tion of
pho ton en ergy at po si tions from
P1 to P10

Fig ure 10. Vari a tion of the geo -
met ri cal solid an gle as a func tion 
of pho ton en ergy at po si tions
from P1 to P10



P1 to P10. These re sults are tab u lated in tab. 1. The to tal
ef fi ciency eT(ax ial) mea sured within the en ergy range of
0.05 MeV to 10 MeV reached its max i mum within the
de tec tor unit cav ity, par tic u larly at po si tion P1. Con -
versely, while the min i mum to tal ef fi ciency was ob -
served out side it, spe cif i cally at po si tion P10.

The vari a tion of the geo met ri cal ef fi ciency de -
noted as   for the Romashka NaI(Tl) unit is il lus trated
in fig. 11. It is ev i dent that geo met ri cal ef fi ciency
reaches its max i mum when the source is lo cated at the
low est po si tion P1 within the de tec tor cav ity. Fur ther -
more, as the source lo ca tion in creases and ex tends be -
yond the de tec tor cav ity, geo met ri cal ef fi ciency val ues 
no tice ably de cline. This trend high lights the spa tial
de pend ence of the de tec tor's per for mance, ne ces si tat -

ing care ful con sid er ation of source place ment in ex -
per i men tal set ups.

In tab. 2 the vari a tion of the av er age path length    
d( )axial  within the Romashka NaI(Tl) de tec tor unit was
in ves ti gated as a func tion of the ra dio ac tive point
source lo ca tion. Given the large vol ume of the de tec -
tor, the ob served changes in the av er age path length
were min i mal. The av er age path length was de ter -
mined to be ap prox i mately 8.5 cm.

CON CLU SION

The re sults dem on strate that de tec tion ef fi ciency 
is sig nif i cantly af fected by both the gamma-rays'
source lo ca tion and en ergy. These find ings hold sub -
stan tial im pli ca tions for ap pli ca tions in nu clear phys -
ics and ra di a tion de tec tion. They pro vide valu able in -
sights for man u fac tur ers and re search ers re gard ing the 
de sign and op ti mi za tion of de tec tion struc tures un der
spe cific mea sure ment con di tions. Un der stand ing the
ef fi ciency and be hav ior of each de tec tor is cru cial be -
fore ap ply ing quan ti ta tive anal y sis tech niques. Apart
from the im por tance of the re sults, the an a lyt i cal nu -
mer i cal tech nique pro vides a valu able ba sis for fur ther
phenomenological stud ies of the mea sure ments con -
ducted us ing these de tec tor ar rays.
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Ta ble 1. To tal ef fi ciency vari a tion at po si tions from P1 to P10 as a func tion of pho ton en ergy
rang ing from 0.05 MeV to 10 MeV

En ergy [MeV] P1 P2 P3 P4 P5 P6 P7 P8 P9 P10
0.05 0.640 0.641 0.555 0.374 0.321 0.224 0.146 0.096 0.065 0.046
0.06 0.678 0.676 0.580 0.391 0.340 0.239 0.155 0.101 0.068 0.048
0.08 0.711 0.707 0.601 0.407 0.357 0.253 0.162 0.106 0.071 0.051
0.1 0.725 0.720 0.609 0.413 0.365 0.259 0.165 0.107 0.073 0.051

0.15 0.736 0.730 0.614 0.421 0.374 0.264 0.167 0.108 0.073 0.051
0.2 0.736 0.730 0.612 0.425 0.379 0.264 0.165 0.106 0.072 0.050
0.3 0.722 0.716 0.600 0.427 0.381 0.259 0.159 0.102 0.069 0.049
0.4 0.704 0.697 0.583 0.421 0.377 0.253 0.154 0.099 0.067 0.048
0.6 0.672 0.663 0.551 0.405 0.363 0.242 0.146 0.095 0.064 0.046
0.8 0.646 0.636 0.527 0.390 0.351 0.233 0.141 0.090 0.062 0.044
1 0.624 0.612 0.506 0.377 0.340 0.225 0.136 0.087 0.060 0.043

1.5 0.582 0.569 0.467 0.351 0.317 0.210 0.127 0.082 0.056 0.040
2 0.555 0.542 0.443 0.335 0.303 0.201 0.121 0.078 0.054 0.039
3 0.529 0.515 0.420 0.318 0.289 0.192 0.116 0.075 0.051 0.037
4 0.520 0.506 0.412 0.313 0.284 0.189 0.114 0.074 0.051 0.037
5 0.519 0.504 0.410 0.312 0.284 0.188 0.114 0.073 0.051 0.037
6 0.521 0.506 0.412 0.313 0.285 0.189 0.114 0.074 0.051 0.037
7 0.525 0.510 0.415 0.315 0.287 0.190 0.115 0.074 0.051 0.037
8 0.530 0.515 0.419 0.318 0.290 0.192 0.116 0.075 0.052 0.037
9 0.535 0.520 0.423 0.322 0.293 0.194 0.117 0.076 0.052 0.038
10 0.541 0.526 0.428 0.325 0.296 0.196 0.119 0.076 0.053 0.038

Fig ure 11. De pend ence of geo met ri cal ef fi ciency as
a func tion of the ra di a tion source ax ial po si tion

Ta ble 2. Av er age path length at dif fer ent ax ial po si tions

Source ax ial
po si tion d( )axial

P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

Av er age path length 
d( )axial [cm] 8.3 8.1 7.8 8.9 8.8 8.3 8.2 8.5 9.0 9.4
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DIREKTNA  ANALITI^KA  PROCENA  EFIKASNOSTI
NaI(Tl)  DETEKTORA  GAMA  ZRAKA  (ROMA[KA)

Rad se fokusira na analiti~ke i numeri~ke prora~une prostornog ugla, efektivnog
prostornog ugla, efikasnosti i prose~ne du`ine puta gama zraka unutar materijala detektora kao
funkcije polo`aja izvora. Analiza je sprovedena za modul Roma{ka 4p NaI(Tl) gama-zra~nog
detektorskog niza (NaGRaDA). NaGRaDA se sastoji od 2  2p mod ula detektora gama zraka, pri ~emu se
svaki modul sastoji od {est NaI(Tl) kristala raspore|enih u kompaktnoj konfiguraciji koja podse}a na
cvet tratin~ice (poznat kao Roma{ka na ruskom). Svaki od dvanaest scintilatora ima jedinstven dizajn,
{to ih razlikuje po obliku i veli~ini od konvencionalnih scintilacionih detektora. Ovaj tip 4
multidetektorskog sistema je primenqiv za merewe gama zra~ewa iz uzoraka koji pokazuju veoma nisku
aktivnost. Koristi se u analizi aktivacije neutrona i analizi aktivacije brzog gama neutrona.
[tavi{e, ovaj sistem mo`e biti instrumentalizovan u eksperimentalnom istra`ivawu
karakteristika nuklearnih reakcija izazvanih neutronima. Rezultati dobijeni direktnim analiti~kim 
i numeri~kim metodama bi}e upore|eni sa predstoje}om sveobuhvatnom karakterizacijom nadogra|ene i 
modernizovane Roma{ka NaGRaDA. Ovo pore|ewe koristi}e GEANT4 simulacije pored standardnih
ta~kastih izvora gama zraka.

Kqu~ne re~i: 4p multidetektorski niz, geometrijski prostorni ugao, ukupna efikasnost,
..........................sredwa du`ina puta


