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Rectangular cuboid (rectangular parallelepiped), i. ., brick-shape sources are not really com-
mon in general gamma-spectrometry practice with semiconductor detectors, where axially
symmetrical sources prevail. However, in some particular applications, like radioactivity con-
trol of food or construction materials (for monitoring and regulatory purposes, radiological
emergency preparedness, or in the aftermath of nuclear accidents), brick shapes may come to
significance. In order to simplify routine/repetitive low activity measurements, it is easier and
more practical to measure the radioactivity of these sources as such, 4. ., without transform-
ing them into “regular” (cylindrical or Marinelli) shapes. This saves considerably on labora-
tory time, workforce and consumables - thus eventually cutting the cost of analysis and im-
proving laboratory performance. In addition, the accuracy of the analytical results is
enhanced, as the possibilities for systematic errors are reduced. To that aim, in the present
work a mathematical model for brick-source efficiency calibration is developed. The well
known, accurate and widely used efficiency transfer principle is applied, together with detec-
tor efficiency calculations based on the effective so]ig angle 2 concept. For testing purposes,
comparisons are made with previously developed and well established mathematical models
for detector calibration involving axially symmetrical sources (point, disc, and cylinder).
Namely, brick sources were regarded as a sort of interpolation between the outer and inner
cylinder of the same height, for which efficiencies could be accurately determined by numeri-
cal calculations (software ANGLE). For the sake of completeness, the equivoluminous cylin-
ders were taken into account as well. Brick shape sources of various sizes and proportions
were examined; when approaching zero dimensions, results were obtained for point and disc
sources. All calculations were performed in gamma energy range 50-3000 keV. The results are
consistent and logical, with no discrepancies indicating bugs or systematic errors - thus con-
vincingly confirming the fundamentality and reliability of the model. The model is about to
be incorporated into ANGLE software as a new functionality, so as to make it available to
gamma spectrometry community.

Key words: gamma spectrometry, detection efficiency, detector calibration, rectangular cuboid source,
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INTRODUCTION

The need for mathematical modelling of rectangular
cuboid (rectangular parallelepiped), 7. e., brick-shape
sources in quantitative gamma spectrometry with semi-
conductor detectors was recognized from the beginnings
of the method in 1970s, at least as a theoretical issue. How-
ever, the complexity of calculations and poor computation
capabilities at the time (from one side), combined with lit-
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tle need/opportunities for practical application (from the
other), turned out not to be a great incentive for progress-
ing in the matter. In a number of papers, notably those
from Alexandria University group [1-5], approximate or
even exact analytical solutions were offered, however
with more or less limited applicability. The limitations
mainly concerned the source size and the details of detec-
tor depiction. For instance, in the pioneering model of
Nafee and Abbas [1], a brick's vertical projection on the
detector crystal should (predominantly) lie within the
crystal top surface, as gamma rays entering the crystal
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through its side surface are not accounted for. Practically,
this means that the sources should not be exceeding a few
centiliter volumes. Gouda ez al. [2] consider the source
slabs of larger volumes, including remarkable experimen-
tal verification for up to 200 ml source volumes. Their ap-
proach is based on a very elaborate mathematical process-
ing of three key components when calculating
efficiencies, separately: the geometrical, the attenuation
and the detection (in the detector crystal). The detector de-
scription is somewhat simplified. An objection to this ap-
proach — as Moens ef al. showed [6-8] — is likely in the
range of its applicability: only simultaneous (thus rot sep-
arate) differential treatment of these three parameters en-
ables unlimited applicability of an efficiency calculation
model — in respect to source dimensions, matrix materials
and counting geometries. El Khatib et al. [3] and Badawi
et al. [4, 5] gave perhaps the most advanced theoretical
perspective so far, based on the concept of the effective
solid angle — however, limiting themselves to the scintilla-
tion Nal(Tl) detectors only; note that from the mathemati-
cal modeling standpoint, scintillation detectors exhibit far
less complex construction/structure than the semiconduc-
tor ones [9].

A limitation in size is a very serious drawback
when low activity sources (typically food, environ-
mental samples, or construction materials) — with vol-
umes ranging in liters — are counted. Moreover, these
are the most likely ones to be encountered in practice.
As is known in gamma spectrometry, for small sam-
ples with low activity, very long counting times have
to be employed in order to collect a statistically mean-
ingful number of counts in full-energy gamma-line
peaks (FEP or ¢,). This is not only a waste of labora-
tory time, but also leads to degradation in the (statisti-
cal) quality of primary analytical information (gamma
spectrum), because of the excessive background accu-
mulation in the spectrum. Very long counting times
should thus be avoided, in principle, whenever possi-
ble.

Another limitation concerns (over)simplifications
in the detector mathematical depiction/description. Semi-
conductor gamma detectors are very complex in structure,
with many engineering details/particularities. A mathe-
matical description/modelling of the detector, hence, inev-
itably involves simplifications, the impact of which is
commonly not studied/known in much detail. For in-
stance, crystal edge rounding (bulletization) is not taken
into account in any of the reported modellings. Neglecting
the bulletization in efficiency calculations may lead to
considerable, even dramatic systematic errors [10]. In this
work, the bulletization is paid due respect and dully ac-
counted for.

Hereby, we elaborate a generalized mathematical
model of semiconductor detector calibration for the
brick-shape source, one of its sides being plan-parallel
with the detector top surface, while its centre is posi-
tioned either on or off the detector axis (fig. 5). The lat-
ter case (off-axis shift) is of practical significance when

the detector crystal is axially displaced within its encap-
sulation  (detector end-cap), which happens
occasionally during detector manufacturing, transpor-
tation or just exploitation/ageing [11]. The crystal shift
(which often comes with the tilt — angular displace-
ment) can be well observed and estimated/measured on
the detector radiography, but also by simple experimen-
tal procedures. In addition, many other particular de-
tails in the detector construction — like the presence of
the end-cap window of any material/size, protective
coatings or shields inside or outside the end-cap, the al-
ready mentioned crystal bulletization (both edge and
cavity), dead-layer variations between the crystal top
and side wall, efc. — are duly taken into account.

The model implies no limitation in source di-
mensions, proportions or material/matrix composi-
tion, thus making it suitable for practical/routine/re-
petitive low activity measurements. Large sources are
recommended for the use in order to reduce counting
times and background component in the spectrum.
Samples can thus be measured in their original pack-
aging (which is also accounted for in calculations, as
coatings of the sample containers), thus eliminating
the need for transforming/transferring them into other
(more common) shapes, like cylindrical or Marinelli
beakers (as-it-comes samples). This saves time,
consumables and workforce, while reducing both sta-
tistical uncertainty and potential for systematic errors.
It is altogether a contribution to the better performance
of the laboratory — producing more results, with better
accuracy, and at a lower cost.

The model - brick source functionality —is currently
being incorporated into ANGLE software for semicon-
ductor detector efficiency calculations [12]; it will be
available in one of the subsequent software upgrades.

THEORETICAL

The concept of the effective solid angle (2) for the
calculation of full-energy peak detection efficiency (g,)
has been elaborated in detail elsewhere [6, 8, 10]. Since
its introduction, by the early eighties, it has been widely
accepted and successfully applied in numerous dedi-
cated models of gamma-efficiency calculations.

Given gamma source (S) and a semiconductor
detector (D) (fig. 1), the effective solid angle is defined
as

Q= [d2 )

with Vs is the source volume, Sp — detector surface ex-
posed to the source (“visible” by the source), whereby

= —
— FattFeff TPnu

INE

T

do do (2)

is the infinitesimal effective solid angle corresponding
to detector surface do. Here T is the point varying over
Vs, P—the point varying over Sp, and n ,— the external
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Source

Detector

Figure 1. To the definition of the effective solid angle (f)),
eq. (1); source, detector, and their positioning are
illustrated, emphasizing detector surface Sy “visible” by
the source

unit vector normal to the infinitesimal area do at Sp.
Equation (1) is thus a five-fold integral. Factor F, ac-
counts for gamma attenuation of the photon following
the direction TP out of the detector active zone, while
F.r describes the probability of an energy degradable
photon interaction with the active detector body (i. e.
coherent scattering excluded), initiating the detector
response. The two factors include, therefore, geomet-
rical and composition-related parameters of the mate-
rials traversed by the photon.
&, 1s subsequently found as

g =(1;jg 3)

where P/T is virtual peak-to-total ratio (virtual
meaning itis valid for abare isolated detector crystal
in a vacuum) [6]. Fairly assuming that P/7 is an in-
trinsic characteristic of the detector crystal (depend-
ing on gamma energy only) [13-15], implies that &,
is proportional to ©. This proportionality enables
simple conversion from the chosen (say known —ac-
curate and reliably determined) reference geometry
(index ref) — to that of the actual sample (unknown
efficiency)
Q
=¢ — 4

p p, ref Qref ( )

Note that with such conversion (efficiency transfer—
ET), assumption of P/T constancy is practically extended
(for efficiency determination) beyond its literal meaning —
thanks to partial error compensation in 2 / Q2 ratio. The
more the actual sample and counting geometry resemble
the reference ones, the more this stands.

When applying egs. (1) and (2) to a point source
T positioned above the detector (fig. 2), and a
bulletized closed-end coaxial HPGe detector, we ob-
tain
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Figure 2. Point source and bulletized coaxial closed-end
HPGe detector; the point is arbitrarily positioned
(meaning it can vary) above the detector, while the sur-
face of the detector is divided into portions appropriate
for (2 calculations

_ 21‘[ R() o
Q= [d0 [ Fy FF) (T,Ps )RAR +
0 0

6 0
+Ry [0 [ Fyy ForF, (T, Pg )dh (5)
6, -H
with SD = Sl + Sg + Sz and T(XT, yr, ZT).
Since for bulletized detectors parts of surfaces,
S| and S, are virtual (dashed lines in fig. 2), functions
F,and F, can be expressed as

N
TPs, 11,
I R<Ry-p
TPs,
>
— TPs, 7
Fi(T.Ps)=y———2, R>R,-pATP; NS, =D
-
TPs,
0 , R>Ry—pnATP; NS; =0
(6)

with Pg(Rcos6,Rsin 6, 0), 1, =(0,0,-1), R €[0,R, ],
0 E[O, 27’[],}’5'3 :TPSI ﬁS3 andﬁ3 :ﬁ3(PS;)’

- —
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0 .  xp+y; <R
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Tixr, 1)
3 4 Figure 3. Integration limits for an-
0, gles 6y and 0, encompassing the de-
Tyl tector, as applied in eq. (8)
P, O i
Ay
0 X 0 X

with Pg (R, cos, R, sin0,h),0 €[00,01], he[-H, 0],
i, =1, (Pg)=(-cos6,~sin 0,0), andPg =TPs NS;
andni; =15 (Pg,).

For angles 6, and 6, (fig. 3) we have

{ arccos X , Yoy 20
0,1 =

2 —arccos g Yoq <0
with

N :RO‘XTFJ’TVX% +y% _Ré

X0,1

-sgn xg
2 2

Xy +¥r
and 2 2 2
_Royr t|xr|-\x7 + y7 —R;

A~

>

X7+ V7
Note that if x; = 0 (point 7 at Oy-axis) then

[p2 2
. . Rg Ry =i,

Yo =y =— and fo,l =+
yr R
For coaxial brick geometry (fig. 4), we conse-
quently obtain a generally applicable formula

a

o 1 L % 2 2n R, -
- [difdx | dy[ [d0 [ F o F e Fy (T, Pg)RAR +
abl: a0 0

a
2 2

) -
+Ry [0 [ Fy FoF, (T, P )dh J
0, -H ®)

with T (xo + x, yo + v, d + 1), where x, and y, are axial
displacements of the source (fig. 5).

NUMERICAL TESTING

So as to get a preliminary idea about the reliabil-
ity and accuracy of the model, we compared it to previ-
ously/independently developed and well estab-
lished/tested model of cylindrical sources. Namely, a
brick-shape source can be understood as interpolation
between the corresponding outer and inner cylinders
(fig. 6). By suitably varying dimensions and propor-
tions of these, one can obtain a fair idea about the reli-
ability (absence of systematic errors) and accuracy of
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Figure 4. Brick geometry; cylindrical
detector and brick source are coaxially positioned, their

Figure 5. Axial displacement of the brick source, as seen
from z-axis; bases of the detector and the source are still
plane-parallel, but are not coaxial (full line denotes the
base of the displaced source, while the dashed line is of
the coaxial one)

the model. Also, by setting the source height to zero, it
can be compared with previous models of disk-shape
and point sources, as follows.

For the sake of completeness, we also tested
brick-shape source vs. a cylindrical source, its axis be-
ing positioned with an axial shift vs. the detector axis

(axial displacement, fig. 5).
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Parameters of the semiconductor detector cho-
sen for numerical testing are given in tab. 1, and illus-
trated in fig. 7.

Source parameters are set to vary as follows:
width: 5=1cm, 2.5 cm, 5 cm and 7 cm,
length: a=b,1.5b,2Db,
height: L=0cm, 0.1 cm, 1 cm and 5 cm,

(L = 0 accounts for the infinitely thin slab),

with gamma energies of interest: 50, 100, 500, 1000,
and 3000 keV.

Results are presented in both numerical form (tab.
2) and graphically (fig. 8). Table 2 shows the effective
solid angles for each chosen brick source and corre-
sponding inner, outer and equivoluminous cylinder

length; 7, is therefore given in the first column of the ta-
ble (shaded). The other 3 groups of 3 columns each
show results for a = b, a=1.5 b and a = 2 b, respec-
tively. For visual clarity, the middle ones (fora=1.5b)
are shaded.

Obviously, the results are exactly as expected:
effective solid angles (thus, detection efficiencies as
well) for brick sources lay consistently, with no excep-
tion, between those of corresponding inner and outer
cylinders, while close to equivoluminous cylinders.
This clearly and conclusively indicates that the brick
model is free of systematic errors (bugs), thus being
accurate and reliable.

Table 1. The parameters of the semiconductor detector

(with radii r, r,, and r,, respectively), and for 5 gamma chosen for numerical testing
energies from the specified range. In fig. 8 the same is Detector parameter Value [mm]
shown in graphical form, so as to more easily perceive gz:::: ;icll;ft 2(5)
the results and make conclusions. Also, the characteris- Crystal hole radius 4
tic dependence of the effective solid angles (and hence, Crystal hole heigh _ 40
consequently to eq. (3), of the detection efficiencies as Crfltila b‘lﬁf:ﬁ;:‘:tfd)'“s 045
well) on gamma energies can be observed. Al Ca:: thickness (Si:;) )
Two sets of results are shown: for 5=2.5 cm and Vacuum (top and side) 3
b =7 cm. Note that for given value of b (brick width), Dead layer (top and side) 0.6
the radius of inner cylinder is »; = b/2 for every brick Contact 0001
New detector N ==
Detector | End-cap window | Antimicrophonic shield [ End-cap [ Vacuum [ Housing |
Detector name: |Brick test P
Detector type: [Closed-end coaxial HPGe: - & a @
Detector crystal height: 60—| mm
Detector crystal radius: |25 mm —
Bulletizing radius (0 = none): [4 e |
Core top type: @ Rounded ® Flat
Core height: [40 mm
Figure 7. Parameters of the - |
semiconductor detector chosen for I
numerical testing, illustration to o iy
tab. 1; sereenshot from i) S|
software [12] Contact top thidness: m—| mm
Contact side thidkness: [0.001 | mm U
Contact material:
Contact pin radius: :l mm
Contact pin material: Copper v End-cap outer radius: 29mm
Detector description: ‘
I o J[ o [® ne
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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 r;), outer cylinders (radius r,), and equivoluminous cylinders (radius r.) (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: xo =0, yo=0
E, ri=125 a=25 re=1.4105 r,=1.7678 a=3.75 re=1.7275 r,=2.2535 a=5 re=19947 | r,=2.7951

= 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
L 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

50 0.68651 0.67235 0.67443 0.63849 0.62707 0.64330 0.56161 0.55399 0.60678 0.45713

g 100 2.40306 2.34558 2.35361 2.21966 2.18696 2.23662 1.97252 1.96023 2.11362 1.65843
n 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

50 0.83305 0.82803 0.82899 0.80904 0.79127 0.81250 0.72345 0.69644 0.77980 0.57872

g 100 3.25670 3.20224 3.21291 3.07353 3.01488 3.09294 2.73366 2.67621 2.93938 2.24677
S 500 2.73098 2.67709 2.68831 2.56467 2.53062 2.58146 2.33052 2.30180 2.46651 2.00537
L 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

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
L 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: xy = 0.8, yp = 0.6
E, ri=125 a=25 re=14105 | r,=1.7678 a=3.75 re=17275 | r,=2.2535 a=>5 re=1.9947 | r,=2.7951

50 0.28276 0.27198 0.27196 0.24914 0.24924 0.25162 0.22121 0.22810 0.23570 0.19263

g 100 0.91041 0.88080 0.88118 0.81870 0.81893 0.82548 0.74216 0.76176 0.78185 0.66421
‘ﬁ 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

g 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
L 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

50 0.77925 0.75285 0.75605 0.69496 0.69075 0.70154 0.62938 0.63494 0.66200 0.54891

g 100 2.97468 2.87881 2.89245 2.68358 2.66495 2.70638 243321 2.46207 2.56229 2.14073
S 500 2.50646 2.44195 2.44941 2.30640 2.30131 2.32198 2.14836 2.15983 2.23012 1.94276
L 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

50 0.79907 0.77179 0.77501 0.70981 0.70807 0.71666 0.64685 0.65162 0.67705 0.56617

o 100 3.09522 2.99399 3.00834 2.78438 2.76909 2.80846 2.53019 2.55850 2.65919 2.22745
L 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: xo=0.5,y0=0
E, ri=1.25 a=25 re=1.4105 ro=1.7678 a=3.75 re=1.7275 | r,=2.2535 a=5 re=1.9947 | r,=2.7951

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
'T" 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

50 0.67228 0.65499 0.65806 0.61582 0.60535 0.62137 0.53749 0.54348 0.58128 0.44599

g 100 2.34874 2.28635 2.29591 2.15264 2.12328 2.17067 1.90760 1.93148 2.04293 1.63248
n 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

. 50 0.82689 0.81234 0.81883 0.77509 0.75928 0.78200 0.66878 0.68393 0.72883 0.54990
S 100 3.19929 3.12631 3.14646 2.96311 2.91076 2.98866 2.59250 2.63727 2.79957 2.18312
s 500 2.67426 2.61722 2.63317 2.49335 2.46506 2.51368 222147 2.27749 2.37292 1.94908
L 1000 2.26309 221776 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

50 0.84515 0.83021 0.83845 0.79259 0.77791 0.80010 0.67870 0.70109 0.74232 0.55802

o 100 3.32332 3.24833 3.27206 3.07993 3.02696 3.10739 2.68121 2.74083 2.90313 2.25290
L 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
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Source width: b="7 cm
Source axially displaced: xo =0, yo =0
E, r=35 a=7 | r.=39493 | r,=49497 | a=105 | r.=48369 | r,=63097 | a=14 | r.=5.5852 | r,=7.8262
50 0.16465 | 0.14327 | 0.14436 0.11143 0.11200 0.11445 0.08403 0.09277 | 0.09681 0.06557
E| 100 | 058820 | 0.52957 | 0.53327 0.43880 0.43757 0.44793 034972 037210 | 0.39295 0.28071
| 500 | 059237 | 054887 | 0.55312 0.47638 047175 0.48366 039239 040892 | 043500 | 0.32230
~ | 1000 | 053913 | 050209 | 0.50603 0.43941 0.43474 0.44546 0.36428 037861 | 040284 | 030132
3000 | 0.43830 | 0.41046 | 0.41372 0.36249 0.35832 0.36683 030269 031378 | 0.33381 0.25251
50 035228 | 030179 | 0.30327 0.23063 0.23320 0.23699 0.17492 0.19428 | 0.20061 0.13796
E| 100 | 135160 | 1.19317 | 1.20120 0.95488 0.95563 0.97802 0.73700 079873 | 0.84107 | 0.57776
T 500 | 128830 | 1.16730 | 1.17660 0.96891 0.96207 0.98952 0.76178 081124 | 086312 | 0.60055
~ | 1000 | 1.13360 | 1.03156 | 1.03960 0.86052 0.85379 0.87843 0.67855 072116 | 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
50 044360 | 038150 | 0.38367 0.29640 0.29508 0.30423 0.22816 024995 | 026012 | 0.18165
5 100 | 179680 | 1.57326 | 1.58370 1.24410 1.24084 1.27620 095167 1.03701 | 1.09150 | 0.74274
S| 500 | 170410 | 1.52139 | 1.53430 1.23520 1.22045 1.26460 0.95243 1.02340 | 1.08960 | 0.74134
Y[ 1000 | 1.48000 | 132485 | 133610 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
50 045660 | 039264 | 039521 0.30645 030249 031437 0.23650 025831 | 026939 | 0.18860
o | 100 | 1.86245 | 1.62856 | 1.63951 1.28724 1.27901 1.32030 0.98406 107231 | 112920 | 0.76811
Il s00 | 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 091770 | 0.98225 0.66534
3000 | 1.16655 | 1.04615 | 1.05653 0.85308 0.83609 0.87441 0.65713 070403 | 0.75545 | 0.51107
Source axially displaced: x, = 0.8 cm, y, = 0.6 cm
E, r=35 a=7 | r.=39493 [ r,=49497 | a=105 | r.=48369 | r,=63097 | a=14 | r.=5.5852 | r,=7.8262
50 0.15877 | 0.13987 | 0.14060 0.11023 0.11062 0.11314 0.08356 0.09208 | 0.09582 | 0.06517
E| 100 | 057169 | 0.51835 | 0.52134 0.43300 0.43169 0.44182 034675 036851 | 038828 | 0.27882
] 500 | 057738 | 0.53691 | 0.54055 0.46935 0.46485 0.47697 0.38954 040450 | 0.42937 | 0.31999
~ | 1000 | 052588 | 0.49116 | 0.49467 0.43293 0.42837 0.43963 036202 037446 | 039769 | 0.29919
3000 | 042794 | 040156 | 0.40461 035719 035307 0.36240 030123 031029 | 032967 | 025078
50 034242 | 0.29675 | 0.29861 0.22919 0.23115 0.23547 0.17411 0.19388 | 0.19956 | 0.13746
E| 100 | 131415 | 1.16797 | 1.17653 0.94303 0.94322 0.96555 0.73141 0.79230 | 0.83285 0.57493
T 1500 | 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 071411 | 076077 | 0.53502
3000 | 0.85611 | 0.78387 | 0.79273 0.66737 0.66001 0.68087 0.53271 056222 | 0.59977 | 0.42327
50 043471 | 037790 | 0.37968 0.29482 0.29284 0.30240 022737 025276 | 0.25880 | 0.18134
§ 100 | 175139 | 1.54413 | 1.55462 1.23080 1.22577 1.26146 0.94611 1.03528 | 1.08177 | 0.74033
S| 500 | 1.65240 | 148281 | 1.49761 1.21979 1.20326 1.24895 0.94735 1.02208 | 1.08085 | 0.74068
Dol 1000 | 143444 | 128980 | 130377 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
50 044749 | 039008 | 039115 0.30476 0.30062 031228 0.23557 026211 | 026793 0.18830
o | 100 | 1.81593 | 1.60047 | 1.61007 1.27372 1.26442 1.30499 0.97836 1.07269 | 1.11910 | 0.76566
Jols00 | 171233 | 153570 | 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 091937 | 097208 | 0.66438
3000 | 1.13226 | 1.02003 | 1.02887 0.84246 0.82477 0.86293 0.65372 070639 | 0.74772 | 0.51068
Source axially displaced: xo = 0.5 cm, yy = 0
E, r=35 a=7 | r.=3.9493 | r,=4.9497 | a=105 | r.=4.8369 | r,=63097 | a=14 | r.=5.5852 | r,=7.8262
50 0.16288 | 0.14243 | 0.14327 0.11097 0.11222 0.11396 0.08381 0.09290 | 0.09649 | 0.06544
E | 100 | 058351 | 0.52673 | 0.53003 0.43708 0.43715 0.44608 0.34878 037186 | 039164 | 028018
1500 | 0.58841 | 0.54580 | 0.54985 0.47447 0.47086 0.48220 039198 040817 | 0.43331 032155
~ | 1000 | 053577 | 0.49928 | 0.50313 0.43765 0.43383 0.44442 036420 037777 | 040119 | 0.30054
3000 | 043583 | 0.40817 | 0.41144 036103 0.35749 0.36628 030293 031294 | 033235 025176
50 034793 | 0.30060 | 0.30083 0.22943 0.23500 0.23572 0.17421 0.19512 | 0.19963 0.13750
E | 100 | 133867 | 1.18680 | 1.19267 0.95053 0.95688 0.97326 0.73463 0.79908 | 0.83771 0.57641
T 1500 | 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 072074 | 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
50 043061 | 038074 | 0.37432 0.29076 0.30578 0.29809 0.22477 025333 | 025542 | 0.17950
5 100 | 176521 | 1.56582 | 1.56080 1.23154 1.25811 1.26187 0.94429 1.04151 | 1.08081 0.73824
S| 500 | 1.66665 | 151118 [ 1.50917 1.22217 1.23991 1.24913 0.94509 1.03160 | 1.07912 | 0.73815
U1 1000 | 144468 | 131568 | 131348 1.06749 1.08281 1.09079 0.82669 090224 | 094354 | 0.64575
3000 | 1.10437 | 1.01063 | 1.00838 0.82224 0.83401 0.84015 0.63761 0.69618 | 0.72748 | 0.49796
50 043900 | 0.39207 | 0.38208 0.38238 0.31806 0.30581 0.23161 030581 | 0.26269 | 0.18561
o | 100 | 1.82108 | 1.62099 | 1.60835 1.60927 1.30611 1.30093 0.97345 130093 | 1.11429 | 0.76176
Jls00 | 171926 | 156291 | 1.55475 1.55527 1.28473 1.28426 0.96958 1.28426 | 1.10860 | 0.75717
1000 | 1.48715 | 135758 | 135044 1.35094 1.11973 1.11872 0.84572 111872 | 096675 | 0.66039
3000 | 1.13399 | 1.03976 | 1.03433 1.03477 0.86037 0.85914 0.65010 0.85914 | 0.74300 | 0.50743
Results for the point sources, compared to those finitely small bricks (¢ = 0, b =0, L = 0) or infinitely
of very small (quasi point) voluminous ones are given small cylinders (=0, L=0). Again, sources both coaxi-
in tab. 3, illustrating the convergence. Note that the re- ally positioned and with axial displacement were con-
sults for the point sources are exactly the same when ob- sidered.

tained by two different calculation approaches — as in-
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Figure 8. Graphical representation of results given in tab. 2; effective solid angles vs. gamma-energies (in keV) for various
brick source dimensions

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

a=0.01 a=0 r=0
a=0.01 a=0 r=0 b=10.01 b=0 L=0
E, b=10.01 b=0 L=0 L=0.01 L=0
L=0.01 L=0 x0=0.8 x=0.8 -
Xo=1
vo=0.6 v =0.6
50 0.852166 0.852932 0.852932 0.847097 0.847978 0.847978
o 100 3.48502 3.49343 3.49343 3.33878 3.34820 3.34820
lL 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
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
””c 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
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
Il 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
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Besides the above numerical testing, in a sepa-
rate paper to follow, we will also report on the experi-
mental verification of the model.

APPLICABILITY

It was the applicability of the brick-shape count-
ing geometry which drove us towards the develop-
ment of the above mathematical model. This includes
i. a., low radioactivity measurements of:

— environmental samples,

— food packages (milk and diary products, canned
meat, fish, ready meals, food, ezc.),

— forage (e. g., hay or straw bales),

— brick-shape packages of general consumables
(e. g. cosmetics, household items),

— construction materials (bricks of clay, concrete or
composites, stone cuts, ceramics, metal profiles
and ingots, etc.),

— some forms of radioactive waste (medical, indus-
trial from scientific research, efc.), brick-shape
compressed,

— whole body counting models/phantoms, efc.

The brick source measurements can be part of
routine monitoring programs or regulatory control
procedures. They can also be used for emergency pre-
paredness or in the aftermath of major radiological ac-
cidents (crisis management), when huge numbers of
various types of samples (mainly food and environ-
mental samples) need to be analyzed for contamina-
tion under time constraints.

CONCLUSIONS

A mathematical model of rectangular cuboid
(brick-shape) sources for semiconductor detector
gamma-efficiency calculations is elaborated and pre-
sented in detail in this work. Brick-shape sources with
no limitation (full flexibility) in size, proportion, ma-
trix composition, container, efc. are considered. With
one of its sides plane-parallel to the detector top sur-
face, sources can be positioned with their centre either
on or off the detector crystal axis. Testing is made by
numerical calculation comparisons to previously/in-
dependently developed and well established models of
cylindrical sources. Selected results of the testing are
shown in both tabular and graphical form, convinc-
ingly illustrating the reliability of the model.

Practical applications include routine measure-
ments (e. g., of food, environmental samples, or con-
struction materials) — for regulatory control, emer-
gency preparedness or radiological accident aftermath
situations —saving on laboratory time and reducing the
potential for systematic errors in analytical tasks.

The model is expected to be available as a part of
ANGLE software for advanced quantitative
gamma-spectrometry. Extension to scintillation detec-
tors (Nal, LaBr;, efc.) is simple and straightforward —
the scintillation detectors technically being regarded

as a simplified variation of semiconductor ones — thus
not deemed to be elaborated separately in this paper;
the extension, however, will be available as a separate
option in ANGLE as well.
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Huxoma H. MUXAJBEBUh, Cno6opan 1. JOBAHOBUh,
Anexcanmap [I. JTABAY, Moxamen C. BAJIABU

MATEMATHUYKHN MOJEJI KA/INMBPAIIMIJE TAMA-EOPUKACHOCTHU
NOAYINMPOBOJHNYKUX JETEKTOPA 3A M3BOPE Y OBJIUKY KBAJIPA

PapmoakTiBHM N3BOpH y 06NIMKY KBajpa (IipaBoyIIIor napaienonumesa) He cpehy ce 6a yecto
y TOJIYNPOBOJHUYKO] TaMa-CIIEKTPOMETPHjH, Iie ce MPETEKHO pagyl ca aKCHjaTHO CUMETPHUYHUM H3BO-
puma. MebyTum, y HeKMM IOCEOHUM cilydajeBUMa, Kao LITO je KOHTpOoJsla paJuoaKTUBHOCTU Y XpaHU UIIU
rpabeBUHCKIM MaTepujanuMa (y IubY MOHHTOPHHTA HITH PETyJIaTOpHE KOHTPOJIE H3BOpa 3payerha, Kao 1
y CHTyanyjaMa HaKOH HYKJIeapHUX/PafinoJIOMIKNX aKIujieHaTa), U3BOpH y OOJIMKY KBajipa MOTy fohn J10
u3paxaja. [a 6u ce mojegHOCTaBIIIA PyTUHCKA/PEIIETUTHBHA MEPEHha TAKBUX N3BOPA HUCKUX AKTUBHOCTH,
JIaKIIe je ¥ IPaKTHYHHje MEPUTHU UX Y bUXOBOM OPUTHHAIIHOM 00NUKY (KBajap), TO jecT, He IpeTBapaTH uxX
y HEKW “TIpaBWIIHHjU”, Tj. BUIE yoOM4YajeH oOauK (umnuHapudHu wim Mapuhnenu). OBUM ce 3HA4YajHO
LITefie BpeMe, paj] U NOTPOIIHKA MaTepujal, Te y KOHAUHOM CMamyje Tpolllak U nosehasa yunHak jga6o-
paropuje. Takobe ce mobospIIaBa NOy31aHOCT AOOUjEHUX AaHATUTHUKUX PEe3ylTaTa, jep ce cMamyje Mo-
ryYhHOCT mpaBibemha CHCTEMAaTCKUX Tpelnaka. Y Ty CBPXY, OBJIE je M3JIOXKEH MaTeMaTHIKN MOJEJ Kaji-
Opucama e(pUKaCHOCTHU MOJIYTPOBOAHUYKUX IETEKTOpPA 3a U3BOpe y 00auKy KBajgpa. KopuirheH je no6po
MO3HATU, IPOBEPEHU U IOY3/jaHK IPUHIUI TpaHcgepa e(pUKACHOCTH IPU 4eMyY ce e(pUKACHOCT IeTeKTopa
padyHa Ha OCHOBY e€(PeKTHMBHOT MPOCTOPHOT yria (2. Y uuiby npoBepe Mojielna, pabena cy nopebema ca
paHuje pa3BUjeHUM U TEMEIJHHO MPOBEPEHUM MOJIeNIMA KajlnOpanuje AeTEKTOpa 3a U3BOPE ca aKCHjaTHOM
crMeTpujoM (TadyKacTH, IUI0YacT! U NWIMHApHYHN). HamMe, pe3ynTaTu 3a cBaku KBajiap KOjH je UCIH-
THBAH cXBaTaHH cy (M MpoBepaBaHM) Kao MHTepHojanyja n3Meby ynucaHor u onmcaHor OWINHApA HCTE
BUCHHE, 32 KOje ce e(pMKACHOCTH MOT'Y MOY3JaHO OJIpeUTH HyMEPUUYKUM NpopadyHuMma (mporpam AN-
GLE). Pajnt 1[eTOBUTOCTH YBHJIa, HCTOBPEMEHO CYy pavyHATH W “€KBHBONYMWHO3HH MWIHHAPH. [103u-
IMOHMpamke N3Bopa ypabeHo je KaKo Ha OCH, TaKO M BaH OCe AETEKTOpa (OCHH MOMepaj), ITO OfiroBapa
peaHuM ycI0BUMA. Y 3UMaHU Cy Y 003Mp U3BOPH BeOMa pa3InUUTUX AUMEH3Hja U IPONOpLYja, IpU YeMy
Cy TPaHUYHH CITy4YajeBU MpeJiCTaBiballl II0vacTe U TaukacTe n3Bope. CBa pauyHamwa pabeHa cy y oncery
rama erepruja 50-3000 keV. PesynraTu cy 10ruyHu 1 KOH3UCTEHTHH, 0€3 OJCTyIaka Koja 01 yKa3uBasa Ha
CHCTEMAaTCKe IpelllKe UK copTBepcke 6arose, yuMe yoe[/buBO NOTBPhYjy 3aCHOBAHOCT U NMOY3AaHOCT
IPUMEHEHOT MaTeMAaTUYKOT Mofena. Mopien he 6UTH yKJbyueH Y copTBep Kao HOBA (PyHKIIMOHAIHOCT,
ynMe he OUTH cTaBJbeH Ha pacnoliarambe raMa-CrieKTPOMETPH]jCKOj 3ajeTHHUIIH.

Kmwyune pequ: Zama-ciieKiipomeitipuja, ecpuxacHocitl Oeitiekuyuje, kaaubpauuja oeitieKiiopa,
U380p y 004uUKy K8a0pa, MAMLEMATUUUKU MOOeA, HYMepULKa Uposepa, UpUMEeHbUBOCIHL



