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Rect an gu lar cuboid (rect an gu lar parallelepiped), i. e., brick-shape sources are not re ally com -
mon in gen eral gamma-spec trom e try prac tice with semi con duc tor de tec tors, where ax i ally
sym met ri cal sources pre vail. How ever, in some par tic u lar ap pli ca tions, like radioactivity con -
trol of food or con struc tion ma te ri als (for mon i tor ing and reg u la tory pur poses, ra dio log i cal
emer gency pre pared ness, or in the af ter math of nu clear ac ci dents), brick shapes may come to
significance. In or der to sim plify rou tine/re pet i tive low ac tiv ity mea sure ments, it is eas ier and
more prac ti cal to mea sure the ra dio ac tiv ity of these sources as such, i. e., with out trans form -
ing them into “reg u lar” (cy lin dri cal or Marinelli) shapes. This saves con sid er ably on lab o ra -
tory time, workforce and consumables – thus even tu ally cut ting the cost of anal y sis and im -
prov ing lab o ra tory per for mance. In ad di tion, the ac cu racy of the an a lyt i cal re sults is
en hanced, as the pos si bil i ties for sys tem atic er rors are re duced. To that aim, in the pres ent
work a math e mat i cal model for brick-source ef fi ciency cal i bra tion is de vel oped. The well
known, ac cu rate and widely used ef fi ciency trans fer prin ci ple is ap plied, to gether with de tec -
tor ef fi ciency cal cu la tions based on the ef fec tive solid an gle W concept. For test ing pur poses,
com par i sons are made with pre vi ously de vel oped and well es tab lished math e mat i cal mod els
for de tec tor cal i bra tion in volv ing ax i ally sym met ri cal sources (point, disc, and cyl in der).
Namely, brick sources were re garded as a sort of in ter po la tion be tween the outer and in ner
cyl in der of the same height, for which ef fi cien cies could be ac cu rately de ter mined by nu mer i -
cal cal cu la tions (soft ware AN GLE). For the sake of com plete ness, the equivoluminous cyl in -
ders were taken into ac count as well. Brick shape sources of var i ous sizes and pro por tions
were ex am ined; when ap proach ing zero di men sions, re sults were ob tained for point and disc
sources. All cal cu la tions were per formed in gamma en ergy range 50-3000 keV. The re sults are 
con sis tent and log i cal, with no dis crep an cies in di cat ing bugs or sys tem atic er rors – thus con -
vinc ingly con firm ing the fundamentality  and re li abil ity of the model. The model is about to
be in cor po rated into AN GLE soft ware as a new func tion al ity, so as to make it avail able to
gamma spec trom e try com mu nity.

Key words: gamma spec trom e try, de tec tion ef fi ciency, de tec tor cal i bra tion, rect an gu lar cuboid source,
math e mat i cal model, nu mer i cal test ing, ap pli ca bil ity

INTRODUCTION

The need for math e mat i cal mod el ling of rect an gu lar 
cuboid (rect an gu lar parallelepiped), i. e., brick-shape
sources in quan ti ta tive gamma spec trom e try with semi -
con duc tor de tec tors was rec og nized from the be gin nings
of the method in 1970s, at least as a the o ret i cal is sue. How -
ever, the com plex ity of cal cu la tions and poor com pu ta tion
ca pa bil i ties at the time (from one side), com bined with lit -

tle need/op por tu ni ties for prac ti cal ap pli ca tion (from the
other), turned out not to be a great in cen tive for pro gress -
ing in the mat ter. In a num ber of pa pers, no ta bly those
from Al ex an dria Uni ver sity group [1-5], ap prox i mate or
even ex act an a lyt i cal so lu tions were of fered, how ever
with more or less lim ited ap pli ca bil ity. The lim i ta tions
mainly con cerned the source size and the de tails of de tec -
tor de pic tion. For in stance, in the pi o neer ing model of
Nafee and Abbas [1], a brick's ver ti cal pro jec tion on the
de tec tor crys tal should (pre dom i nantly) lie within the
crys tal top sur face, as gamma rays en ter ing the crys tal
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through its side sur face are not ac counted for. Prac ti cally,
this means that the sources should not be ex ceed ing a few
cen ti li ter vol umes. Gouda et al. [2] con sider the source
slabs of larger vol umes, in clud ing re mark able ex per i men -
tal ver i fi ca tion for up to 200 ml source vol umes. Their ap -
proach is based on a very elab o rate math e mat i cal pro cess -
ing of three key com po nents when cal cu lat ing
ef fi cien cies, sep a rately: the geo met ri cal, the at ten u a tion
and the de tec tion (in the de tec tor crys tal). The de tec tor de -
scrip tion is some what sim pli fied. An ob jec tion to this ap -
proach – as Moens et al. showed [6-8] – is likely in the
range of its ap pli ca bil ity: only si mul ta neous (thus not sep -
a rate) dif fer en tial treat ment of these three pa ram e ters en -
ables un lim ited ap pli ca bil ity of an ef fi ciency cal cu la tion
model – in re spect to source di men sions, ma trix ma te ri als
and count ing ge om e tries. El Khatib et al. [3] and Badawi
et al. [4, 5] gave per haps the most ad vanced the o ret i cal
per spec tive so far, based on the con cept of the ef fec tive
solid an gle – how ever, lim it ing them selves to the scin til la -
tion NaI(Tl) de tec tors only; note that from the math e mat i -
cal mod el ing stand point, scin til la tion de tec tors ex hibit far
less com plex con struc tion/struc ture than the semi con duc -
tor ones [9].

A lim i ta tion in size is a very se ri ous draw back
when low ac tiv ity sources (typ i cally food, en vi ron -
men tal sam ples, or con struc tion ma te ri als) – with vol -
umes rang ing in li ters – are counted. More over, these
are the most likely ones to be en coun tered in prac tice.
As is known in gamma spec trom e try, for small sam -
ples with low ac tiv ity, very long count ing times have
to be em ployed in or der to col lect a sta tis ti cally mean -
ing ful num ber of counts in full-en ergy gamma-line
peaks (FEP or ep). This is not only a waste of lab o ra -
tory time, but also leads to deg ra da tion in the (sta tis ti -
cal) qual ity of pri mary an a lyt i cal in for ma tion (gamma
spec trum), be cause of the ex ces sive back ground ac cu -
mu la tion in the spec trum. Very long count ing times
should thus be avoided, in prin ci ple, when ever pos si -
ble.

An other lim i ta tion con cerns (over)sim pli fi ca tions
in the de tec tor math e mat i cal de pic tion/de scrip tion. Semi -
con duc tor gamma de tec tors are very com plex in struc ture,
with many en gi neer ing de tails/par tic u lar i ties. A math e -
mat i cal de scrip tion/mod el ling of the de tec tor, hence, in ev -
i ta bly in volves sim pli fi ca tions, the im pact of which is
com monly not stud ied/known in much de tail. For in -
stance, crys tal edge round ing (bulletization) is not taken
into ac count in any of the re ported mod el lings. Ne glect ing
the bulletization in ef fi ciency cal cu la tions may lead to
con sid er able, even dra matic sys tem atic er rors [10]. In this
work, the bulletization is paid due re spect and dully ac -
counted for.

Hereby, we elab o rate a gen er al ized math e mat i cal
model of semi con duc tor de tec tor cal i bra tion for the
brick-shape source, one of its sides be ing plan-par al lel
with the de tec tor top sur face, while its cen tre is po si -
tioned ei ther on or off the de tec tor axis (fig. 5). The lat -
ter case (off-axis shift) is of prac ti cal sig nif i cance when

the de tec tor crys tal is ax i ally dis placed within its en cap -
su la tion (de tec tor end-cap), which hap pens
oc ca sion ally dur ing de tec tor man u fac tur ing, trans por -
ta tion or just ex ploi ta tion/age ing [11]. The crys tal shift
(which of ten co mes with the tilt  –  an gu lar dis place -
ment) can be well ob served and es ti mated/mea sured on
the de tec tor ra di og ra phy, but also by sim ple ex per i men -
tal pro ce dures. In ad di tion, many other par tic u lar de -
tails in the de tec tor con struc tion – like the pres ence of
the end-cap win dow of any ma te rial/size, pro tec tive
coat ings or shields in side or out side the end-cap, the al -
ready men tioned crys tal bulletization (both edge and
cav ity), dead-layer vari a tions be tween the crys tal top
and side wall, etc. – are duly taken into ac count.

The model im plies no lim i ta tion in source di -
men sions, pro por tions or ma te rial/ma trix com po si -
tion, thus mak ing it suit able for prac ti cal/rou tine/re -
pet i tive low ac tiv ity mea sure ments. Large sources are
rec om mended for the use in or der to re duce count ing
times and back ground com po nent in the spec trum.
Sam ples can thus be mea sured in their orig i nal pack -
ag ing (which is also ac counted for in cal cu la tions, as
coat ings of the sam ple con tain ers), thus elim i nat ing
the need for trans form ing/trans fer ring them into other
(more com mon) shapes, like cy lin dri cal or Marinelli
beak ers (as-it-co mes sam ples). This saves time,
consumables and workforce, while re duc ing both sta -
tis ti cal un cer tainty and po ten tial for sys tem atic er rors.
It is al to gether a con tri bu tion to the better per for mance 
of the laboratory – pro duc ing more re sults, with better
ac cu racy, and at a lower cost.

The model – brick source func tion al ity – is cur rently 
be ing in cor po rated into AN GLE soft ware for semi con -
duc tor de tec tor ef fi ciency cal cu la tions [12]; it will be
avail able in one of the sub se quent soft ware up grades.

THEORETICAL

The con cept of the ef fec tive solid an gle (W) for the
cal cu la tion of full-en ergy peak de tec tion ef fi ciency (ep)
has been elab o rated in de tail else where [6, 8, 10]. Since
its in tro duc tion, by the early eight ies, it has been widely
ac cepted and suc cess fully ap plied in nu mer ous ded i -
cated mod els of gamma-ef fi ciency cal cu la tions.

Given gamma source (S) and a semi con duc tor
de tec tor (D) (fig. 1), the ef fec tive solid an gle is de fined 
as

W W= ò d
V SS D,

(1)

with VS is the source vol ume, SD – de tec tor sur face ex -
posed to the source (“vis i ble” by the source), whereby

d
TP

TP

att effW =

®

®

F F n
du

r

3
s (2)

is the in fin i tes i mal ef fec tive solid an gle cor re spond ing 
to de tec tor sur face ds. Here T is the point vary ing over
VS, P – the point vary ing over SD, and 

r
n u – the ex ter nal
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unit vec tor nor mal to the in fin i tes i mal area ds at SD.
Equa tion (1) is thus a five-fold in te gral. Fac tor Fatt ac -
counts for gamma at ten u a tion of the pho ton fol low ing
the di rec tion TP

®
 out of the de tec tor ac tive zone, while

Feff de scribes the prob a bil ity of an en ergy degradable
pho ton in ter ac tion with the ac tive de tec tor body (i. e.
co her ent scat ter ing ex cluded), ini ti at ing the de tec tor
re sponse. The two fac tors in clude, there fore, geo met -
ri cal and com po si tion-re lated pa ram e ters of the ma te -
ri als tra versed by the pho ton.

ep is sub se quently found as

e p =
æ

è
ç

ö

ø
÷

P

T
W (3)

where P/T is vir tual peak-to-to tal ra tio (vir tual
mean ing it is valid for a bare iso lated de tec tor crys tal 
in a vac uum) [6]. Fairly as sum ing that P/T is an in -
trin sic char ac ter is tic of the de tec tor crys tal (de pend -
ing on gamma en ergy only) [13-15], im plies that ep

is pro por tional to W. This pro por tion al ity en ables
sim ple con ver sion from the cho sen (say known – ac -
cu rate and re li ably de ter mined) ref er ence ge om e try
(in dex ref) – to that of the ac tual sam ple (un known
ef fi ciency)

e ep p, ref
ref

=
W

W
(4)

Note that with such con ver sion (ef fi ciency trans fer – 
ET), as sump tion of P/T con stancy is prac ti cally ex tended
(for ef fi ciency de ter mi na tion) be yond its lit eral mean ing –
thanks to par tial er ror com pen sa tion in W W/ ref  ra tio. The 
more the ac tual sam ple and count ing ge om e try re sem ble
the ref er ence ones, the more this stands.

When ap ply ing eqs. (1) and (2) to a point source
T po si tioned above the de tec tor (fig. 2), and a
bulletized closed-end co ax ial HPGe de tec tor, we ob -
tain

W = +
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with SD = S1 + S3 + S2 and T(xT, yT, zT).
Since for bulletized de tec tors parts of sur faces,

S1 and S2 are vir tual (dashed lines in fig. 2), func tions 
F1and F2  can be ex pressed as
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with PS R R R R
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Fig ure 1. To the def i ni tion of the ef fec tive solid an gle (
r
W),

eq. (1); source, de tec tor, and their po si tion ing are
il lus trated, em pha siz ing de tec tor sur face SD “vis i ble” by
the source 

Fig ure 2. Point source and bulletized co ax ial closed-end
HPGe de tec tor; the point is ar bi trarily po si tioned
(mean ing it can vary) above the de tec tor, while the sur -
face of the de tec tor is di vided into por tions ap pro pri ate
for W cal cu la tions 
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For co ax ial brick ge om e try (fig. 4), we con se -
quently ob tain a gen er ally ap pli ca ble for mula
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with T (x0 + x, y0 + y, d + l ), where x0 and y0 are ax ial
dis place ments of the source (fig. 5).

NUMERICAL TESTING

So as to get a pre lim i nary idea about the re li abil -
ity and ac cu racy of the model, we com pared it to pre vi -
ously/in de pend ently de vel oped and well es tab -
lished/tested model of cy lin dri cal sources. Namely, a
brick-shape source can be un der stood as in ter po la tion
be tween the cor re spond ing outer and in ner cyl in ders
(fig. 6). By suit ably vary ing di men sions and pro por -
tions of these, one can ob tain a fair idea about the re li -
abil ity (ab sence of sys tem atic er rors) and ac cu racy of

the model. Also, by set ting the source height to zero, it
can be com pared with pre vi ous mod els of disk-shape
and point sources, as fol lows.

For the sake of com plete ness, we also tested
brick-shape source vs. a cy lin dri cal source, its axis be -
ing po si tioned with an ax ial shift vs. the de tec tor axis
(ax ial dis place ment, fig. 5).

N. N. Mihaljevic, et al.: A Math e mat i cal Model of Semi con duc tor Detector ...
142 Nu clear Tech nol ogy & Ra di a tion Pro tec tion: Year 2018, Vol. 33, No. 2, pp. 139-149

Fig ure 3. Integration lim its for an -
gles q0 and q1, en com pass ing the de -
tec tor, as ap plied in eq. (8)

Fig ure 4. Brick ge om e try; cy lin dri cal
de tec tor and brick source are co ax i ally po si tioned, their

Figure 5. Axial dis place ment of the brick source, as seen
from z-axis; bases of the de tec tor and the source are still
plane-par al lel, but are not co ax ial (full line de notes the
base of the dis placed source, while the dashed line is of
the co ax ial one) 



Pa ram e ters of the semi con duc tor de tec tor cho -
sen for nu mer i cal test ing are given in tab. 1, and il lus -
trated in fig. 7.

Source pa ram e ters are set to vary as fol lows:
    width: b = 1 cm, 2.5 cm, 5 cm and 7 cm,
    length: a = b, 1.5 b, 2 b,
    height: L = 0 cm, 0.1 cm, 1 cm and 5 cm,
(L = 0 ac counts for the in fi nitely thin slab),

with gamma en er gies of in ter est: 50, 100, 500, 1000,
and 3000 keV.

Re sults are pre sented in both nu mer i cal form (tab. 
2) and graph i cally (fig. 8). Ta ble 2 shows the ef fec tive
solid an gles for each cho sen brick source and cor re -
spond ing in ner, outer and equivoluminous cyl in der
(with ra dii ri, ro, and re, re spec tively), and for 5 gamma
en er gies from the spec i fied range. In fig. 8 the same is
shown in graph i cal form, so as to more eas ily per ceive
the re sults and make con clu sions. Also, the char ac ter is -
tic de pend ence of the ef fec tive solid an gles (and hence,
con se quently to eq. (3), of the de tec tion ef fi cien cies as
well) on gamma en er gies can be ob served.

Two sets of re sults are shown: for b = 2.5 cm and
b = 7 cm. Note that for given value of b (brick width),
the ra dius of in ner cyl in der is ri = b/2 for ev ery brick

length; ri is there fore given in the first col umn of the ta -
ble (shaded). The other 3 groups of 3 col umns each
show re sults for a = b, a = 1.5 b and a = 2 b, re spec -
tively. For vi sual clar ity, the mid dle ones (for a = 1.5 b)
are shaded.

Ob vi ously, the re sults are ex actly as ex pected:
ef fec tive solid an gles (thus, de tec tion ef fi cien cies as
well) for brick sources lay con sis tently, with no ex cep -
tion, be tween those of cor re spond ing in ner and outer
cyl in ders, while close to equivoluminous cyl in ders.
This clearly and con clu sively in di cates that the brick
model is free of sys tem atic er rors (bugs), thus be ing
ac cu rate and re li able.
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Fig ure 6. To the nu mer i cal
test ing of the model: brick
source with in ner (ri), outer
(r0), and equivoluminous (re)
cyl in ders (left: per spec tive
view, right: ver ti cal pro jec -
tion)

Table 1. The parameters of the semiconductor detector
chosen for numerical testing

Detector parameter Value [mm]

Crystal radius 25

Crystal height 60

Crystal hole radius 4

Crystal hole heigh 40

Crystal bulletization radius 4

Al cap thickness (top) 0.5

Al cap thickness (side) 1

Vacuum (top and side) 3

Dead layer (top and side) 0.6

Contact 0.001

Fig ure 7. Parameters of the
semi con duc tor de tec tor cho sen for
nu mer i cal test ing, il lus tra tion to
tab. 1; screenshot from
soft ware [12]
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Table 2. Effective solid angles for brick sources with the dimensions a [cm], b [cm], and L [cm], compared to inner
cylinders (radius ri), outer cylinders (radius ro), and equivoluminous cylinders (radius re) (fig. 6); all for coaxial positioning 
and with axial displacement (fig. 5); gamma energy range 50-3000 keV

  Source width: b = 2.5 cm
 Source and detector are coaxial: x0 = 0, y0 = 0

Eg ri = 1.25 a = 2.5 re = 1.4105 ro = 1.7678 a = 3.75 re = 1.7275 ro = 2.2535 a = 5 re = 1.9947 ro = 2.7951

 
L

mc 
5 

=

50 0.30864 0.29793 0.29768 0.27421 0.27343 0.27680 0.24190 0.24590 0.25932 0.20478

100 0.98608 0.95572 0.95583 0.89017 0.88704 0.89747 0.79915 0.80980 0.84824 0.69564

500 0.84148 0.82349 0.82431 0.78566 0.78246 0.79018 0.72965 0.73294 0.76030 0.66174

1000 0.73993 0.72593 0.72694 0.69685 0.69370 0.70051 0.65200 0.65336 0.67672 0.59617

3000 0.57905 0.56974 0.57080 0.55073 0.54796 0.55333 0.51958 0.51925 0.53692 0.47938

L
mc 

1 
= 

50 0.68651 0.67235 0.67443 0.63849 0.62707 0.64330 0.56161 0.55399 0.60678 0.45713

100 2.40306 2.34558 2.35361 2.21966 2.18696 2.23662 1.97252 1.96023 2.11362 1.65843

500 1.96996 1.92912 1.93560 1.84509 1.82558 1.85700 1.68909 1.67978 1.77727 1.48640

1000 1.68418 1.65122 1.65677 1.58407 1.56856 1.59403 1.45945 1.45073 1.52988 1.29491

3000 1.27085 1.24772 1.25190 1.20111 1.19044 1.20850 1.11469 1.10736 1.16352 0.99798

 
L

mc 
1.

0 
=

50 0.83305 0.82803 0.82899 0.80904 0.79127 0.81250 0.72345 0.69644 0.77980 0.57872

100 3.25670 3.20224 3.21291 3.07353 3.01488 3.09294 2.73366 2.67621 2.93938 2.24677

500 2.73098 2.67709 2.68831 2.56467 2.53062 2.58146 2.33052 2.30180 2.46651 2.00537

1000 2.31101 2.26677 2.27674 2.17558 2.14847 2.18966 1.98740 1.96440 2.09622 1.72321

3000 1.72023 1.68879 1.69671 1.62485 1.60580 1.63523 1.49313 1.47701 1.56887 1.30509

 
L

0 
=

50 0.84861 0.84542 0.84555 0.82901 0.81100 0.83202 0.74494 0.71380 0.80196 0.59488

100 3.37770 3.32615 3.33577 3.19967 3.13790 3.21883 2.85048 2.78152 3.06526 2.33382

500 2.85229 2.79792 2.80940 2.67961 2.64288 2.69834 2.43220 2.40070 2.57751 2.08846

1000 2.41056 2.36583 2.37651 2.26888 2.23976 2.28500 2.06896 2.04557 2.18605 1.79135

3000 1.79123 1.75932 1.76833 1.69034 1.67012 1.70261 1.54918 1.53485 1.63162 1.35333

  Source axially displaced: x0 = 0.8, y0 = 0.6

Eg ri = 1.25 a = 2.5 re = 1.4105 ro = 1.7678 a = 3.75 re = 1.7275 ro = 2.2535 a = 5 re = 1.9947 ro = 2.7951

 
L

mc 
5 

=

50 0.28276 0.27198 0.27196 0.24914 0.24924 0.25162 0.22121 0.22810 0.23570 0.19263

100 0.91041 0.88080 0.88118 0.81870 0.81893 0.82548 0.74216 0.76176 0.78185 0.66421

500 0.79189 0.77432 0.77512 0.73795 0.73693 0.74211 0.69122 0.70140 0.71568 0.64129

1000 0.69889 0.68517 0.68613 0.65716 0.65571 0.66048 0.61989 0.62707 0.63953 0.57919

3000 0.54915 0.53997 0.54098 0.52168 0.52002 0.52398 0.49596 0.49995 0.50966 0.46701

L
mc 

1 
= 

50 0.62145 0.60005 0.60253 0.55645 0.55157 0.56167 0.49614 0.50368 0.52780 0.42801

100 2.17407 2.10665 2.11461 1.97164 1.95842 1.98772 1.78364 1.81085 1.88262 1.57442

500 1.81509 1.77315 1.77784 1.68823 1.67972 1.69844 1.56982 1.58458 1.63264 1.43170

1000 1.55888 1.52550 1.52912 1.45770 1.45054 1.46591 1.36258 1.37378 1.41333 1.24997

3000 1.18253 1.15947 1.16185 1.11244 1.10711 1.11819 1.04582 1.05312 1.08167 0.96548

 
L

mc 
1.

0 
=

50 0.77925 0.75285 0.75605 0.69496 0.69075 0.70154 0.62938 0.63494 0.66200 0.54891

100 2.97468 2.87881 2.89245 2.68358 2.66495 2.70638 2.43321 2.46207 2.56229 2.14073

500 2.50646 2.44195 2.44941 2.30640 2.30131 2.32198 2.14836 2.15983 2.23012 1.94276

1000 2.12905 2.07736 2.08249 1.96625 1.96455 1.97896 1.84369 1.85043 1.90735 1.67664

3000 1.59221 1.55620 1.55894 1.47625 1.47745 1.48535 1.39495 1.39738 1.43751 1.27658

 
L

0 
=

50 0.79907 0.77179 0.77501 0.70981 0.70807 0.71666 0.64685 0.65162 0.67705 0.56617

100 3.09522 2.99399 3.00834 2.78438 2.76909 2.80846 2.53019 2.55850 2.65919 2.22745

500 2.61852 2.54930 2.55798 2.40092 2.40004 2.41668 2.24098 2.25082 2.32205 2.02570

1000 2.22083 2.16534 2.17173 2.04328 2.04557 2.05589 1.92035 1.92517 1.98254 1.74559

3000 1.65750 1.61883 1.62281 1.53067 1.53515 1.53948 1.45020 1.45065 1.49080 1.32654

  Source axially displaced: x0 = 0.5, y0 = 0

Eg ri = 1.25 a = 2.5 re = 1.4105 ro = 1.7678 a = 3.75 re = 1.7275 ro = 2.2535 a = 5 re = 1.9947 ro = 2.7951

 
L

mc 
5 

=

50 0.30230 0.29150 0.29129 0.24914 0.26689 0.27022 0.23510 0.24183 0.25244 0.20036

100 0.96727 0.93697 0.93712 0.81870 0.86858 0.87877 0.78105 0.79945 0.82926 0.68569

500 0.82875 0.81125 0.81182 0.73795 0.76991 0.77796 0.71702 0.72643 0.74759 0.65544

1000 0.72931 0.71580 0.71655 0.65716 0.68318 0.69039 0.64143 0.64797 0.66617 0.59098

3000 0.57124 0.56236 0.56319 0.52168 0.54019 0.54596 0.51181 0.51533 0.52923 0.47565 

L
mc 

1 
= 

50 0.67228 0.65499 0.65806 0.61582 0.60535 0.62137 0.53749 0.54348 0.58128 0.44599

100 2.34874 2.28635 2.29591 2.15264 2.12328 2.17067 1.90760 1.93148 2.04293 1.63248

500 1.92920 1.89010 1.89530 1.80409 1.78494 1.81589 1.64477 1.66229 1.73334 1.47072

1000 1.65008 1.61982 1.62349 1.55141 1.53542 1.56093 1.42293 1.43657 1.49472 1.28247

3000 1.24574 1.22575 1.22776 1.17856 1.16680 1.18527 1.08837 1.09734 1.13914 0.98947

 
L

mc 
1.

0 
=

50 0.82689 0.81234 0.81883 0.77509 0.75928 0.78200 0.66878 0.68393 0.72883 0.54990

100 3.19929 3.12631 3.14646 2.96311 2.91076 2.98866 2.59250 2.63727 2.79957 2.18312

500 2.67426 2.61722 2.63317 2.49335 2.46506 2.51368 2.22147 2.27749 2.37292 1.94908

1000 2.26309 2.21776 2.23130 2.11791 2.09557 2.13515 1.89282 1.94428 2.01839 1.67272

3000 1.68476 1.65379 1.66394 1.58399 1.56848 1.59692 1.42007 1.46215 1.51164 1.26482

 
L

0 
=

50 0.84515 0.83021 0.83845 0.79259 0.77791 0.80010 0.67870 0.70109 0.74232 0.55802

100 3.32332 3.24833 3.27206 3.07993 3.02696 3.10739 2.68121 2.74083 2.90313 2.25290

500 2.79721 2.73346 2.75586 2.60133 2.57508 2.62484 2.30236 2.37420 2.46789 2.01253

1000 2.36475 2.31260 2.33317 2.20599 2.18579 2.22637 1.95786 2.02329 2.09528 1.72363

3000 1.75802 1.72082 1.73783 1.64632 1.63268 1.66204 1.46520 1.51808 1.56547 1.30018



Re sults for the point sources, com pared to those
of very small (quasi point) vo lu mi nous ones are given
in tab. 3, il lus trat ing the con ver gence. Note that the re -
sults for the point sources are ex actly the same when ob -
tained by two dif fer ent cal cu la tion ap proaches  –  as in -

fi nitely small bricks (a = 0, b = 0, L = 0) or in fi nitely
small cyl in ders (r = 0, L = 0). Again, sources both co ax i -
ally po si tioned and with ax ial dis place ment were con -
sid ered.
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 Source width: b = 7 cm
 Source axially displaced: x0 = 0, y0 = 0

Eg ri = 3.5 a = 7 re = 3.9493 ro = 4.9497 a = 10.5 re = 4.8369 ro = 6.3097 a = 14 re = 5.5852 ro = 7.8262

 
L

mc 
5 

=

50 0.16465 0.14327 0.14436 0.11143 0.11200 0.11445 0.08403 0.09277 0.09681 0.06557

100 0.58820 0.52957 0.53327 0.43880 0.43757 0.44793 0.34972 0.37210 0.39295 0.28071

500 0.59237 0.54887 0.55312 0.47638 0.47175 0.48366 0.39239 0.40892 0.43500 0.32230

1000 0.53913 0.50209 0.50603 0.43941 0.43474 0.44546 0.36428 0.37861 0.40284 0.30132

3000 0.43830 0.41046 0.41372 0.36249 0.35832 0.36683 0.30269 0.31378 0.33381 0.25251

L
mc 

1 
= 

50 0.35228 0.30179 0.30327 0.23063 0.23320 0.23699 0.17492 0.19428 0.20061 0.13796

100 1.35160 1.19317 1.20120 0.95488 0.95563 0.97802 0.73700 0.79873 0.84107 0.57776

500 1.28830 1.16730 1.17660 0.96891 0.96207 0.98952 0.76178 0.81124 0.86312 0.60055

1000 1.13360 1.03156 1.03960 0.86052 0.85379 0.87843 0.67855 0.72116 0.76784 0.53585

3000 0.88301 0.80724 0.81322 0.67669 0.67096 0.69046 0.53514 0.56771 0.60479 0.42340

 
L

mc 
1.

0 
=

50 0.44360 0.38150 0.38367 0.29640 0.29508 0.30423 0.22816 0.24995 0.26012 0.18165

100 1.79680 1.57326 1.58370 1.24410 1.24084 1.27620 0.95167 1.03701 1.09150 0.74274

500 1.70410 1.52139 1.53430 1.23520 1.22045 1.26460 0.95243 1.02340 1.08960 0.74134

1000 1.48000 1.32485 1.33610 1.07950 1.06445 1.10510 0.83297 0.89332 0.95261 0.64833

3000 1.13410 1.01783 1.02640 0.83207 0.81871 0.85181 0.64228 0.68755 0.73441 0.49980

 
L

0 
=

50 0.45660 0.39264 0.39521 0.30645 0.30249 0.31437 0.23650 0.25831 0.26939 0.18860

100 1.86245 1.62856 1.63951 1.28724 1.27901 1.32030 0.98406 1.07231 1.12920 0.76811

500 1.76546 1.57267 1.58774 1.27467 1.25437 1.30490 0.98037 1.05415 1.12555 0.76297

1000 1.52864 1.36607 1.37949 1.11081 1.09093 1.13760 0.85507 0.91770 0.98225 0.66534

3000 1.16655 1.04615 1.05653 0.85308 0.83609 0.87441 0.65713 0.70403 0.75545 0.51107

  Source axially displaced: x0 = 0.8 cm, y0 = 0.6 cm
Eg ri = 3.5 a = 7 re = 3.9493 ro = 4.9497 a = 10.5 re = 4.8369 ro = 6.3097 a = 14 re = 5.5852 ro = 7.8262

 
L

mc 
5 

=

50 0.15877 0.13987 0.14060 0.11023 0.11062 0.11314 0.08356 0.09208 0.09582 0.06517

100 0.57169 0.51835 0.52134 0.43300 0.43169 0.44182 0.34675 0.36851 0.38828 0.27882

500 0.57738 0.53691 0.54055 0.46935 0.46485 0.47697 0.38954 0.40450 0.42937 0.31999

1000 0.52588 0.49116 0.49467 0.43293 0.42837 0.43963 0.36202 0.37446 0.39769 0.29919

3000 0.42794 0.40156 0.40461 0.35719 0.35307 0.36240 0.30123 0.31029 0.32967 0.25078

L
mc 

1 
= 

50 0.34242 0.29675 0.29861 0.22919 0.23115 0.23547 0.17411 0.19388 0.19956 0.13746

100 1.31415 1.16797 1.17653 0.94303 0.94322 0.96555 0.73141 0.79230 0.83285 0.57493

500 1.24958 1.13645 1.14762 0.95500 0.94702 0.97510 0.75675 0.80328 0.85458 0.59900

1000 1.09930 1.00313 1.01365 0.84835 0.84016 0.86587 0.67468 0.71411 0.76077 0.53502

3000 0.85611 0.78387 0.79273 0.66737 0.66001 0.68087 0.53271 0.56222 0.59977 0.42327

 
L

mc 
1.

0 
=

50 0.43471 0.37790 0.37968 0.29482 0.29284 0.30240 0.22737 0.25276 0.25880 0.18134

100 1.75139 1.54413 1.55462 1.23080 1.22577 1.26146 0.94611 1.03528 1.08177 0.74033

500 1.65240 1.48281 1.49761 1.21979 1.20326 1.24895 0.94735 1.02208 1.08085 0.74068

1000 1.43444 1.28980 1.30377 1.06606 1.04921 1.09158 0.82914 0.89331 0.94581 0.64830

3000 1.09869 0.98967 1.00140 0.82182 0.80672 0.84157 0.63994 0.68874 0.72998 0.50026

 
L

0 
=

50 0.44749 0.39008 0.39115 0.30476 0.30062 0.31228 0.23557 0.26211 0.26793 0.18830

100 1.81593 1.60047 1.61007 1.27372 1.26442 1.30499 0.97836 1.07269 1.11910 0.76566

500 1.71233 1.53570 1.54816 1.25827 1.23763 1.28841 0.97453 1.05482 1.11393 0.76147

1000 1.48287 1.33293 1.34413 1.09663 1.07625 1.12305 0.85027 0.91937 0.97208 0.66438

3000 1.13226 1.02003 1.02887 0.84246 0.82477 0.86293 0.65372 0.70639 0.74772 0.51068

  Source axially displaced: x0 = 0.5 cm, y0 = 0
Eg ri = 3.5 a = 7 re = 3.9493 ro = 4.9497 a = 10.5 re = 4.8369 ro = 6.3097 a = 14 re = 5.5852 ro = 7.8262

 
L

mc 
5 

=

50 0.16288 0.14243 0.14327 0.11097 0.11222 0.11396 0.08381 0.09290 0.09649 0.06544

100 0.58351 0.52673 0.53003 0.43708 0.43715 0.44608 0.34878 0.37186 0.39164 0.28018

500 0.58841 0.54580 0.54985 0.47447 0.47086 0.48220 0.39198 0.40817 0.43331 0.32155

1000 0.53577 0.49928 0.50313 0.43765 0.43383 0.44442 0.36420 0.37777 0.40119 0.30054

3000 0.43583 0.40817 0.41144 0.36103 0.35749 0.36628 0.30293 0.31294 0.33235 0.25176

L
mc 

1 
= 

50 0.34793 0.30060 0.30083 0.22943 0.23500 0.23572 0.17421 0.19512 0.19963 0.13750

100 1.33867 1.18680 1.19267 0.95053 0.95688 0.97326 0.73463 0.79908 0.83771 0.57641

500 1.27656 1.15931 1.16850 0.96574 0.96194 0.98586 0.76086 0.81081 0.86112 0.60084

1000 1.12386 1.02417 1.03307 0.85842 0.85333 0.87586 0.67845 0.72074 0.76684 0.53672

3000 0.87607 0.80115 0.80887 0.67578 0.67022 0.68916 0.53581 0.56737 0.60481 0.42469

 
L

mc 
1.

0 
=

50 0.43061 0.38074 0.37432 0.29076 0.30578 0.29809 0.22477 0.25333 0.25542 0.17950

100 1.76521 1.56582 1.56080 1.23154 1.25811 1.26187 0.94429 1.04151 1.08081 0.73824

500 1.66665 1.51118 1.50917 1.22217 1.23991 1.24913 0.94509 1.03160 1.07912 0.73815

1000 1.44468 1.31568 1.31348 1.06749 1.08281 1.09079 0.82669 0.90224 0.94354 0.64575

3000 1.10437 1.01063 1.00838 0.82224 0.83401 0.84015 0.63761 0.69618 0.72748 0.49796

 
L

0 
=

50 0.43900 0.39207 0.38208 0.38238 0.31806 0.30581 0.23161 0.30581 0.26269 0.18561

100 1.82108 1.62099 1.60835 1.60927 1.30611 1.30093 0.97345 1.30093 1.11429 0.76176

500 1.71926 1.56291 1.55475 1.55527 1.28473 1.28426 0.96958 1.28426 1.10860 0.75717

1000 1.48715 1.35758 1.35044 1.35094 1.11973 1.11872 0.84572 1.11872 0.96675 0.66039

3000 1.13399 1.03976 1.03433 1.03477 0.86037 0.85914 0.65010 0.85914 0.74300 0.50743
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Fig ure 8. Graphical repre sen ta tion of results given in tab. 2; ef fec tive solid an gles vs. gamma-en er gies (in keV) for var i ous
brick source di men sions

Table 3. Effective solid angles for point sources compared to those for very small bricks and cylinders;  coaxial positioning
(shaded) and with the axial displacement, illustrating the convergence

Eg

a = 0.01 a = 0 r = 0

a = 0.01 a = 0 r = 0 b = 0.01 b = 0 L = 0

b = 0.01 b = 0 L = 0 L = 0.01 L = 0

L = 0.01 L = 0 x0 = 0.8 x0 = 0.8
x0 = 1

y0 = 0.6 y0 = 0.6

d
0 

= 

50 0.852166 0.852932 0.852932 0.847097 0.847978 0.847978

100 3.48502 3.49343 3.49343 3.33878 3.34820 3.34820

500 2.99086 3.00200 3.00200 2.79520 2.80634 2.80634

1000 2.52477 2.53398 2.53398 2.36050 2.36982 2.36982

3000 1.87252 1.87904 1.87904 1.75205 1.75880 1.75880

d
6 

= 

50 0.119950 0.120353 0.120353 0.115835 0.116220 0.116220

100 0.296510 0.297385 0.297385 0.288876 0.289722 0.289722

500 0.247922 0.248460 0.248460 0.243337 0.243863 0.243863

1000 0.215028 0.215434 0.215434 0.211302 0.211701 0.211701

3000 0.165110 0.165366 0.165366 0.162445 0.162698 0.162698

d
2

1 
= 

50 0.0361105 0.0362593 0.0362593 0.0357064 0.0358533 0.0358533

100 0.0890196 0.0893234 0.0893234 0.0882380 0.0885389 0.0885389

500 0.0815678 0.0817530 0.0817530 0.0809373 0.0811203 0.0811203

1000 0.0721044 0.0722374 0.0722374 0.0715614 0.0716925 0.0716925

3000 0.0565211 0.0565969 0.0565969 0.0561084 0.0561826 0.0561826



Be sides the above nu mer i cal test ing, in a sep a -
rate pa per to fol low, we will also re port on the ex per i -
men tal ver i fi ca tion of the model.

APPLICABILITY

It was the ap pli ca bil ity of the brick-shape count -
ing ge om e try which drove us to wards the de vel op -
ment of the above math e mat i cal model. This in cludes
i. a., low ra dio ac tiv ity mea sure ments of:
– en vi ron men tal sam ples,
– food pack ages (milk and di ary prod ucts, canned

meat, fish, ready meals, food, etc.),
– for age (e. g., hay or straw bales),
– brick-shape pack ages of gen eral consumables

(e. g. cos me tics, house hold items),
– con struc tion ma te ri als (bricks of clay, con crete or

com pos ites, stone cuts, ce ram ics, metal pro files
and in gots, etc.),

– some forms of ra dio ac tive waste (med i cal, in dus -
trial from sci en tific re search, etc.), brick-shape
com pressed, 

– whole body count ing mod els/phan toms, etc.
The brick source mea sure ments can be part of

rou tine mon i tor ing pro grams or reg u la tory con trol
pro ce dures. They can also be used for emer gency pre -
pared ness or in the af ter math of ma jor ra dio log i cal ac -
ci dents (cri sis man age ment), when huge num bers of
var i ous types of sam ples (mainly food and en vi ron -
men tal samples) need to be an a lyzed for con tam i na -
tion un der time con straints.

CONCLUSIONS

A math e mat i cal model of rect an gu lar cuboid
(brick-shape) sources for semi con duc tor de tec tor
gamma-ef fi ciency cal cu la tions is elab o rated and pre -
sented in de tail in this work. Brick-shape sources with
no lim i ta tion (full flex i bil ity) in size, pro por tion, ma -
trix com po si tion, con tainer, etc. are con sid ered. With
one of its sides plane-par al lel to the de tec tor top sur -
face, sources can be po si tioned with their cen tre ei ther
on or off the de tec tor crys tal axis. Test ing is made by
nu mer i cal cal cu la tion com par i sons to pre vi ously/in -
de pend ently de vel oped and well es tab lished mod els of 
cy lin dri cal sources. Se lected re sults of the test ing are
shown in both tab u lar and graph i cal form, con vinc -
ingly il lus trat ing the re li abil ity of the model.

Prac ti cal ap pli ca tions in clude rou tine mea sure -
ments (e. g., of food, en vi ron men tal sam ples, or con -
struc tion ma te ri als) – for reg u la tory con trol, emer -
gency pre pared ness or ra dio log i cal ac ci dent af ter math 
sit u a tions – sav ing on lab o ra tory time and reducing the 
po ten tial for sys tem atic er rors in an a lyt i cal tasks.

The model is expected to be avail able as a part of  
AN GLE soft ware for ad vanced quan ti ta tive
gamma-spec trom e try. Extension to scin til la tion de tec -
tors (NaI, LaBr3, etc.) is sim ple and straight for ward –
the scin til la tion de tec tors tech ni cally be ing re garded

as a sim pli fied vari a tion of semi con duc tor ones – thus
not deemed to be elab o rated sep a rately in this pa per;
the ex ten sion, how ever, will be avail able as a sep a rate
op tion in AN GLE as well.
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MATEMATI^KI  MODEL  KALIBRACIJE  GAMA-EFIKASNOSTI 
POLUPROVODNI^KIH  DETEKTORA  ZA  IZVORE  U  OBLIKU  KVADRA

Radioaktivni izvori u obliku kvadra (pravouglog paralelopipeda) ne sre}u se ba{ ~esto
u poluprovodni~koj gama-spektrometriji, gde se prete`no radi sa aksijalno simetri~nim izvo-
rima. Me|utim, u nekim posebnim slu~ajevima, kao {to je kontrola radioaktivnosti u hrani ili
gra|evinskim materijalima (u ciqu monitoringa ili regulatorne kontrole izvora zra~ewa, kao i
u situacijama nakon nuklearnih/radiolo{kih akcidenata), izvori u obliku kvadra mogu do}i do
izra`aja. Da bi se pojednostavila rutinska/repetitivna merewa takvih izvora niskih aktivnosti,
lak{e je i prakti~nije meriti ih u wihovom originalnom obliku (kvadar), to jest, ne pretvarati ih
u neki “pravilniji”, tj. vi{e uobi~ajen oblik (cilindri~ni ili Marineli). Ovim se zna~ajno
{tede vreme, rad i potro{ni materijal, te u kona~nom smawuje tro{ak i pove}ava u~inak labo-
ratorije. Tako|e se poboq{ava pouzdanost dobijenih analiti~kih rezultata, jer se smawuje mo-
gu}nost pravqewa sistematskih gre{aka. U tu svrhu, ovde je izlo`en matemati~ki model kali-
brisawa efikasnosti poluprovodni~kih detektora za izvore u obliku kvadra. Kori{}en je dobro
poznati, provereni i pouzdani princip transfera efikasnosti pri ~emu se efikasnost detektora
ra~una  na  osnovu  efektivnog  prostornog ugla W. U ciqu provere modela, ra|ena su pore|ewa sa
ranije razvijenim i temeqno proverenim modelima kalibracije detektora za izvore sa aksijalnom
simetrijom (ta~kasti, plo~asti i cilindri~ni). Naime, rezultati za svaki kvadar koji je ispi-
tivan  shvatani  su  (i  proveravani)  kao  interpolacija  izme|u  upisanog  i   opisanog  cilindra iste
visine,  za  koje  se  efikasnosti  mogu  pouzdano  odrediti  numeri~kim  prora~unima  (pro gram AN -
GLE). Radi celovitosti uvida, istovremeno su ra~unati i “ekvivoluminozni” cilindri. Pozi-
cionirawe izvora ura|eno je kako na osi, tako i van ose detektora (osni pomeraj), {to odgovara
realnim uslovima. Uzimani su u obzir izvori veoma razli~itih dimenzija i proporcija, pri ~emu
su grani~ni slu~ajevi predstavqali plo~aste i ta~kaste izvore. Sva ra~unawa ra|ena su u opsegu
gama energija 50-3000 keV. Rezultati su logi~ni i konzistentni, bez odstupawa koja bi ukazivala na
sistematske gre{ke ili softverske bagove, ~ime ubedqivo potvr|uju zasnovanost i pouzdanost
primewenog matemati~kog modela. Model }e biti ukqu~en u softver kao nova funkcionalnost,
~ime }e biti stavqen na raspolagawe gama-spektrometrijskoj zajednici.

Kqu~ne re~i: gama-spektrometrija, efikasnost detekcije, kalibracija detektora,
                          izvor u obliku kvadra, matemati~ki model, numeri~ka provera, primenqivost


