S. U. Rehman, S. M. Mirza, N. M. Mirza: A Fast, Primary-Interaction Monte Carlo Methodology for ... 195

A FAST, PRIMARY-INTERACTION MONTE CARLO METHODOLOGY
FOR DETERMINATION OF TOTAL EFFICIENCY OF CYLINDRICAL

SCINTILLATION GAMMA-RAY DETECTORS
by
Shakeel U. REHMAN, Sikander M. MIRZA, and Nasir M. MIRZA

Received on April 9, 2009, accepted in revised form on November 24, 2009

A primary-interaction based Monte Carlo algorithm has been developed for determi-
nation of the total efficiency of cylindrical scintillation y-ray detectors. This methodol-
ogy has been implemented in a Matlab based computer program BPIMC. For point
isotropic sources at axial locations with respect to the detector axis, excellent agree-
ment has been found between the predictions of the BPIMC code with the corre-
sponding results obtained by using hybrid Monte Carlo as well as by experimental
measurements over a wide range of y-ray energy values. For off-axis located point
sources, the comparison of the BPIMC predictions with the corresponding results ob-
tained by direct calculations as well as by conventional Monte Carlo schemes shows
good agreement validating the proposed algorithm.

Using the BPIMC program, the energy dependent detector efficiency has been found
to approach an asymptotic profile by increasing either thickness or diameter of
scintillator while keeping the other fixed. The variation of energy dependent total effi-
ciency of a 3" x 3" Nal(Tl) scintillator with axial distance has been studied using the
BPIMC code. About two orders of magnitude change in detector efficiency has been
observed for zero to 50 cm variation in the axial distance. For small values of axial sepa-
ration, a similar large variation has also been observed in total efficiency for 137Cs as

well as for °Co sources by increasing the axial-offset from zero to 50 cm.

Key words: scintillation detector, total efficiency, point source, Monte Carlo simulation

INTRODUCTION

Precise values of detector total efficiency are re-
quired for a variety of applications ranging from envi-
ronmental radioactivity measurements, trace element
quantification by neutron activation analysis, reactor
coolant activation studies to cosmic radiation analysis.
Normally, along with other parameters, the values of
total efficiency are also required for quantification
purposes [1].
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As standard practice, values of detector effi-
ciency are measured using various calibration sources.
This technique works well for mono-energetic
gamma-ray sources. However, it is difficult to span
any arbitrary desired energy range with such sources
adequately. Therefore, typically, suitable interpolation
procedure is required for estimation of total efficiency
at the desired values of energy [2]. In the absence of a
theoretical or well-founded empirical formula, the
limited number of calibration points, along with the
corresponding experimental uncertainties, tends to
make interpolation strategies prone to oscillation ten-
dencies and sensitive to experimental and calibration
errors [3].

In the past, efforts have been made for theoreti-
cal determination of the values of total efficiency for a
variety of situations. These efforts can be divided into
three broad categories: analytical methods, stochastic
simulation methods, and hybrid techniques. In the
case of analytical methods, there are two sub-catego-
ries: semi-empirical techniques and direct methods.
The work done by [3-14] belongs to the semi-empiri-
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cal techniques. Typically, in these techniques, a “char-
acteristic”, and a “correcting” pair of curves are used.
The parameters of both curves are determined from
experimental measurements by the least-square
method. The characteristic curve generally has a rela-
tively small number of parameters requiring only a
few points for calibration. The correction curve is con-
structed using the residuals. Due to its robustness and
precision with selectable accuracy, it is recommended
by both [15, 16]. Clearly, the semi-empirical tech-
niques are limited by the accuracy of the experimental
measurements and the calibration energy range.

In the case of the direct method for determina-
tion of total efficiency of detectors, estimates of
solid-angle in the source-detector geometry are essen-
tial. This involves rigorous mathematical treatment of
photon absorption in various directions and often
leads to quite lengthy mathematical expressions. The
work done by various researchers [17-24] belongs to
the class of direct methods for total efficiency determi-
nation. These methods represent standard techniques
against which all other methods should be
benchmarked. However, their extension and applica-
tions to situations even slightly deviating from the
standard ones pose challenge of carrying-out length
mathematical manipulations.

In contrast with the direct methods, the stochas-
tic methods offer easy extendibility for handling very
complex geometries [25, 26]. Many researchers have
contributed to determination of total efficiency of
gamma-ray detectors using Monte Carlo methods. The
efforts of [ 1] and of [27-30] show the effectiveness of
Monte Carlo methods in this area.

A lot of work has been done to develop general
purpose Monte Carlo simulation codes and currently,
many such sophisticated codes are available. These in-
clude EGS [31], MCNP [32], GEANT [33], and
PENELOPE [34]. The general purpose codes gener-
ally require detailed knowledge of the code itself in or-
der to use it for a specific application. Also, they are
sometimes tested only on a specific platform which
tends to limit their applicability to practical cases. Re-
cently, Yalcin et al. [35] have proposed a hybrid Monte
Carlo technique which is based on analytical geometry
details in conjunction with Monte Carlo procedure in
order to improve computational efficiency. However,
the extension of this technique to a variety of practical
cases remains difficult since it requires elaborate ana-
lytical calculations for new geometries.

In this paper, we present the details of a fast, pri-
mary-interaction Monte Carlo algorithm for determi-
nation of total efficiency of cylindrical scintillation
gamma-ray detectors. The computation cost of Monte
Carlo simulations is minimized by employing pri-
mary-interaction based scoring technique, which re-
quires photon tracking up-to first interaction point
only. Additionally, the biasing of photon histories to-
ward scintillation detector has been used to attain fast

convergence rates. The proposed algorithm offers
easy extendibility while maintaining fast convergence
rates for determination of total efficiency of y-ray de-
tectors.

SIMULATION PROCEDURE

In this work, a cylindrical scintillation detector is
considered along with a point isotropic source as shown
in fig. 1. The front face of the detector is at distance D
from the origin along the z-axis in the axial direction.
The detector has radius R and length L while the source
is located at point Q having coordinates (x,, y,, z,). It is
clear from fig. 1 that the path of photons, emitted only
within the range of angle: ¢ €[¢ i, Py ] and
0 €0 in >0 max J n€€ds to be tested for intersection with
the detector surface. It may be noted that both axi-
ally-located as well as off-axial positioned sources are
treated in this approach. In these simulations, scattering
of photons from surroundings to the detector has been
neglected. Also, attenuation of incident photon in the
detector “window” is also ignored since it is expected to
have negligible affect of total efficiency for the energy
range considered here.

Mathematical framework

In these simulations, photons emitted by the
pointisotropic source have energy E and carry random
direction (8, ¢) which is biased towards the detector.
The polar angle 6 has random cosine-sampling in the
range [0 i, Omax] With 7 as random number in [0, 1]
range

max.

Figure 1. Details of the geometry of a cylindrical
scintillator gamma-ray detector and point isotropic
source at off-axial location



S. U. Rehman, S. M. Mirza, N. M. Mirza: A Fast, Primary-Interaction Monte Carlo Methodology for ... 197

0 =cos ' [(1-r)cos(8 ;, )+7cos(0 0 )] (1)

where with reference to fig. 1, the range of polar angle
6 is found by using

-1 s
emjn _ tg [(p_R)/ (D+L)]91fp >R (2)
0; otherwise

and

0y =tg " [(p+R)/ D] (3)
where p = (xs2 + y_f )2 is the radial distance of the
source point from the origin. The azimuthal angle has
uniform random sampling from [ ,in, Pmax] range with
r as random number in [0, 1] range

¢:(1_r)¢n’1in +r¢max (4)

where [@min, dmax | are found by using the following set
of equations

b = tg ' (y,/x,) —sin "'(Rlp); if p>R (5)
m 0; otherwise

¢max =

and {tg1 (3 %) -+sin” (RIp): if p>R g

0; otherwise

Now, we track the photon and compute its point
intersection (x, y, z) with z = D plane which contains
the detector upper flat surface. If (xs2 + ys2 YW2<R,it
implies that a photon has entered the detector from the
upper flat surface; otherwise, it has passed through the
side curved surface (see points P1 and P2 in fig. 1).
The coordinates of the point where photon crosses the
detector surface are given by (x4, ¥4, Z4). At this stage,
the free-flight distance £ covered by the photon is
computed using |
E=——Inr (7)

u
where p is the attenuation coefficient of Nal(T1) detec-
tor at energy £ and » is random number in (0, 1] range.
Then, the coordinates (x,, yp, z,) of the primary inter-
action point are computed using

X, =Xq +&cos¢sin 6

Vp =Yq +&singsin (8)
z,=z4 +&cosb

The primary interaction point is inside the detec-
tor if(x,z, + yf) YW2<Rand D< z,<(D+L); and in this
case, the photon “score” is incremented by one. This
procedure is repeated for N number of photon histories
as shownin fig. 2. The total efficiency €, (E) of the de-
tector is found by using

score

et (E)=FyF} )

where,

_ cos 0 1in —€080 s
2

Fy (10)

and .
/m;if p> R
F, :{"5% e (11)

1; otherwise

The values of incoherent total linear attenuation
coefficient at various values of y-ray energies for
Nal(TI) detector were obtained using the XCOM soft-
ware [36]. A brieflist of the values of attenuation coef-
ficient and the corresponding values of mean free
paths for these photons obtained from XCOM for
Nal(T1) detector is provided in tab. 1. It is clear from
this table that the values of mean free paths are much
smaller than the detector dimensions over the gamma
ray energy range of interest.

RESULTS AND DISCUSSION

The primary-interaction based Monte Carlo pro-
gram (BPIMC) with biasing has been used in this work
for the calculation of total detection efficiency of cy-
lindrical scintillation detectors with point isotropic
y-ray sources. This program has fast convergence rate
and as compared with other standard as well as hybrid
Monte Carlo programs which require tracing of 10°
photon histories, PBIMC program yield converged re-
sults typically in 10* histories with the standard devia-
tion below 0.4 percent.

The predictions of BPIMC code have been com-
pared with various cases reported in literature. For a
3"x 3" Nal(Tl) detector with point isotropic y-ray
source located at D =0.001, D=0.5,and D =10 cm,
the BPIMC computed values of the total detection effi-
ciency have been compared with the corresponding re-
sults found by [37-39] and by [17, 35].

The corresponding results show excellent agree-
ment between the prediction of BPIMC code and the
corresponding published results as depicted in fig. 3.
Numerical values for the three cases at the discrete val-
ues of energy are given in tab. 2. Again, it is noted that
there is excellent agreement between BPIMC calcu-
lated values and the corresponding values found by
other indicated researchers.

The primary-interaction based Monte Carlo ap-
proach has been used for calculating the energy de-
pendent variation of the total efficiency of 3" x 3" cy-
lindrical Nal(T1) scintillator for various values of axial
distances D and the corresponding results have been
shown in fig. 4. Many orders of magnitude change in
the total efficiency is observed for variation of D in [0,
50] range. This change may be attributed to change in
the solid angle and as well as the change in a number of
interactions possible due to oblique to nearly normal
incidence of photons.

The BPIMC code has also been used for the cal-
culation of total efficiency values for sources located
at off-axial locations at distance p from the origin in
the perpendicular direction to the detector axis.
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Figure 2. Flow chart of the biased primary-interaction Monte Carlo algorithm

These results have been compared with the calcula-
tions of Selim et al. [40] and Beam et al. [28] for Ey =
=0.662 MeV and are given in tab. 3. It is clear from
these data that BPIMC results are in good agreement
with the corresponding results found by direct calcula-
tions as well as with theoretical and experimental
methods.

The variation of total efficiency of the cylindri-
cal scintillation detector for '37Cs and ®*Co with axial
off-set distance p for various indicated values of D is
shown in fig. 5. It is observed that the value of total ef-
ficiency decreases by increasing the value of p as well
as D, which is essentially due to reduction in the
source-to-detector solid angle. Also, for the same lo-
cation, the '3’Cs source is found to have a higher value
of total efficiency as compared with the °°Co source,

which is in accordance with the expected behavior,
since '37Cs has lower value of photon energy and the
corresponding value of total attenuation coefficient
(w) for Nal(T1) is higher, which leads to a higher value
of corresponding total efficiency.

The primary-interaction Monte Carlo based pro-
gram BPIMC has been used for study of the variation
of total efficiency of the cylindrical scintillation detec-
tor of various dimensions. In this study, the source has
been placed at 5 cm axial location and energy depend-
ent total efficiency values have been calculated for a
range of values of the detector thickness and radius.
The variation of the energy dependent total efficiency
for the 3" dia Nal(T1) detector with thickness in [1, 10]
range are shown in fig. 6. It is observed that total effi-
ciency is independent of detector thickness in the
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Table 1. Variation of attenuation coefficient and the corresponding values of mean free path with y-ray energy [36]

E, ulp Mean free path E, ulp Mean free path
[keV] [em’g'] [em™] [cm] [keV] [em’g'] [em™] [cm]
1.00E+00 7.76E+03 2.85E+04 3.51E-05 2.00E+02 3.30E-01 1.21E+00 8.27E-01
2.00E+00 1.92E+03 7.04E+03 1.42E-04 3.00E+02 1.67E-01 6.12E-01 1.63E+00
3.00E+00 7.00E+02 2.57TE+03 3.90E-04 4.00E+02 1.17E-01 4.29E-01 2.33E+00
4.00E+00 3.36E+02 1.23E+03 8.12E-04 5.00E+02 9.47E-02 3.47E-01 2.88E+00
5.00E+00 7.21E+02 2.64E+03 3.78E-04 6.00E+02 8.20E-02 3.01E-01 3.32E+00
6.00E+00 5.27E+02 1.93E+03 5.17E-04 7.00E+02 7.34E-02 2.69E-01 3.71E+00
7.00E+00 3.56E+02 1.31E+03 7.66E-04 8.00E+02 6.74E-02 2.47E-01 4.05E+00
8.00E+00 2.49E+02 9.13E+02 1.10E-03 9.00E+02 6.25E-02 2.29E-01 4.36E+00
9.00E+00 1.84E+02 6.74E+02 1.48E-03 1.00E+03 5.87E-02 2.15E-01 4.65E+00
1.00E+01 1.40E+02 5.13E+02 1.95E-03 2.00E+03 4.14E-02 1.52E-01 6.59E+00
2.00E+01 2.17E+01 7.94E+01 1.26E-02 3.00E+03 3.67E-02 1.35E-01 7.43E+00
3.00E+01 7.20E+00 2.64E+01 3.79E-02 4.00E+03 3.50E-02 1.28E-01 7.79E+00
4.00E+01 1.87E+01 6.85E[+01 1.46E-02 5.00E+03 3.47E-02 1.27E-01 7.87E+00
5.00E+01 1.05E+01 3.85E+01 2.60E-02 6.00E+03 3.48E-02 1.28E-01 7.84E+00
6.00E+01 6.47E+00 2.37E+01 4.21E-02 7.00E+03 3.52E-02 1.29E-01 7.75E+00
7.00E+01 4.28E+00 1.57E+01 6.37E-02 8.00E+03 3.58E-02 1.31E-01 7.63E+00
8.00E+01 3.02E+00 1.11E+01 9.04E-02 9.00E+03 3.64E-02 1.34E-01 7.48E+00
9.00E+01 2.20E+00 8.08E+00 1.24E-01 1.00E+04 3.72E-02 1.36E-01 7.33E+00

1.00E+02 1.67E+00 6.13E+00 1.63E-01

low-range of photon energies. This is due to the fact
that these y-rays have correspondingly large value of
total attenuation coefficient (1) for Nal(Tl) and there-
fore even small thickness is sufficient to absorb all of
incident photons. However, for higher values of pho-
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Figure 3. Comparison of total detection efficiency for a
3" x 3" Nal(Tl) detector with y-ray energy with
corresponding hybrid Monte Carlo, direct and
experimental results for various values of axial source to
detector distance (a) D=0.001 cm, (b) D=0.5 cm, and (¢)
D=10cm

ton energies, the corresponding value of total attenua-
tion coefficient becomes smaller and as a result there is
considerable transmission through relatively thin de-
tectors which leads to smaller values of total efficien-
cies. This factcan clearly be seen inthe 5 MeV energy
range where a 1" thick detector has the smallest total
efficiency while 10" detector has the highest value. It
is also noticeable that in the high energy range, the val-
ues of total efficiency tend to saturate to a maximum
values as the detector thickness is increased.

The dependence of total efficiency on the detector
diameter has also been studied using BPIMC program.
The source has been considered at 5 cm axial distance
from the front face of a 3" thick cylindrical NaI(T1) de-
tector. The detector radius has been increased from one
inch to 10 inches and in each case energy dependent to-
tal efficiency profile has been calculated using BPIMC
program. These results are shown in fig. 7.

As the detector radius is increased, the solid an-
gle between source and detector increases which leads
to increase in the number of intercepted photons. As a
consequence, total efficiency should increase by in-
creasing detector radius. The calculated values of
BPIMC code are consistent with this expected behav-
ior. For a 10 inch detector radius, the maximum total
detector efficiency is found to approach 0.4. It is also
observed that the incremental rise in the values of total
efficiency for the same step increase in detector radius
becomes smaller and smaller as the detector radius in-
creases, which indicates that for detectors having very
large radii, total efficiency is expected to approach cer-
tain maximum value.

CONCLUSIONS

The proposed primary-interaction Monte Carlo
methodology has been found to yield comparable re-
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Table 2. Values of total efficiency of the 3" x 3" cylinderical Nal(Tl) detector at various y-ray energies at indicated values of

axial distances D

Energy [keV] Total efficiency
D =0.00] cm Present Yalcin et al. Nakamura Miller and Snow | Vegors et al. _
: work (2007) [35] (1972) [42] (1961) [17] (1958) [37]
661 0.3737 0.3646 0.367 0.370 0.362 -
1332 0.2974 0.2930 0.296 0.302 0.293 -
2620 0.2495 0.2476 0.249 0.250 0.248 -
D=05cm Present Yalcin et al. |Cesana and Terrani Heath _ _
' work (2007) [35] (1977) [39] (1964) [38]
80 0.4330 0.4333 0.435 0.435 - -
212 0.4078 0.4013 0.404 0.403 - -
110 0.2313 0.2281 0.229 0.228 - -
D=10cm Present Yalcin et al.  |Cesana and Terrani| Heath (1964) Belluscio et al. Nakamura
work (2007) [35] (1964) [39] [38] (1974) [41] (1972) [42]
320 0.0255 0.0249 0.0251 0.0247 0.0250 -
662 0.0207 0.0202 0.0201 0.0198 0.0190 0.0183
1332 0.0169 0.0164 0.0165 0.0162 0.0164 0.0168
2620 0.0142 0.0140 - - - 0.0132
2750 0.0140 0.0139 - - 0.0141 -
sults to those found by direct, hybrid Monte Carlo,
10° 1 AL o E standard Monte Carlo, as well as by experimental
[ 0 1 . .
= '*"H_'“‘H_,__-__-_“H i methods. It converges quickly, .reducmg itapdarfl d@-
g [ —4—10cm|] viations to less than about 0.4% in only 10* histories in
‘O [ = 1 . . .
% . ;‘2 o contrast with 10° required by a hybrid Monte Carlo
5 0 ¢ = s0cmf] method. High computational efficiency of BPIMC
g ; ] o
F : = code stems from the usage of biasing in these Monte
Pt & —h— cm 4 . . . . . .
I —a— 45¢cm| | Carlo simulations along with primary interaction
S kil | based scoring technique.
] The proposed methodology is flexible and has
o oalre ] been extended from axially to non-axially located
= /.02 cmjq . . . . . .
pointisotropic sources where, again, the predictions of
] BPIMC code have been found in good agreement with
. 3 ) ] direct, theoretical, as well as experimental methods.
107 0 B This indicates the capability of the proposed method-

Energy [keV]

Figure 4. Variation of total detection efficiency for a
3" x 3" Nal(Tl) detector with y-ray energy for various
indicated values of axial source-to-detector distance D

ology for handling complex geometries with relative
ease. Finally, this methodology has been used for the
study of the dependence of total efficiency on the de-
tector thickness and radius. The BPIMC results have
been found consistent with the expected behavior for
these cases.

Table 3. Comparison of BPIMC calculated values of total efficiency for E,=0.662 MeV at various indicated distances with
the corresponding values obtained by using direct, theoretical and experimental methods

Eoi(10%) Normalized values
p [cm] D [em] Present Selim & Abbas Present Selim & Abbas Beam et al. (1978) [28]
work (1996) [40] work (1996) [40] | Fxperiment | Theory
0.0 45.0 5.6125 5.5500 1.0 1.0 1.0 1.0
22.5 39.0 6.0561 6.3089 1.079 1.1367 1.136 1.057
31.8 31.8 6.3048 6.6282 1.124 1.1947 1.201 1.123
39.0 22.5 6.5261 6.8356 1.163 1.2316 1.276 1.172
45.0 0.0 6.7231 7.3519 1.198 1.3247 1.320 1.220
0.0 15.0 4.3165 4.2790 1.0 1.0 1.0 1.0
7.5 13.0 4.5530 4.6980 1.055 1.0979 1.051 1.034
10.6 10.6 4.8605 4.9972 1.126 1.1679 1.151 1.099
13.0 7.5 5.2049 5.3233 1.206 1.2441 1.244 1.215
15.0 0.0 5.9802 5.9325 1.386 1.3864 1.557 1.414
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y-ray energy for indicated values of the detector radius
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IMaknn Y. PEXMAH, Cukannep M. MUP3A, Hacup M. MUP3A

JEOJAH MOHTE KAPJO MMOCTYIHAK 3A bP30 OAPEGBUBAIE YKYIIHE
E®PUKACHOCTU HTUINHAPUYIHOT CHUHTUIAIOUOHOT TAMA JTETEKTOPA

Papu oppebuBama ykynHe e(pUKacHOCTH UMIMHAPUYHOI CLHMHTHUIALMOHOI JETEKTOpa rama
3pauema, pa3BujeH je MonTe Kapro anropuraM 3acHOBaH Ha IPUMapHOj UHTepakuuju. OBaj mocrynak
yrpabes je y BPIMC pauyHapcku nporpaM Ha Matia6 ocHOBH. 3a TaUKacTe U30TPOIHE U3BOPE CMEILITEHE
aKCHUjaJIHO Y OJTHOCY Ha OCy IETeKTopa, npefasubama gooujena BPIMC kogom un ogrosapajyhu pesynratu
xuOpupgHe Monre Kapio meToe, Kao u eKcliepiuMeHTajlIHa MEpPEeka y IIUPOKOM PaCIOHy eHepruja rama
3pauema, CIoXuna cy ce BeomMa JoOpo. 3a Taukacre U3BOpe yAalbeHe Off aKCHjallHe oce, nopebeme
npeasubama BPIMC kopa ca oproBapajyhum pesynaratuma JOOHjeHUM AMPEKTHUM IpOpadyHHMa WX
yobuuajenum MonTte Kapio mpouegypama, 1o0po ce cinaxy —noTBpbyjyhu TuMe npeaiokeHu aJropuTaMm.
Kopumthemem BPIMC kopa yTBpheHO je a eHepreTcka 3aBUCHOCT IETEKTOPCKE e(PUKACHOCTH HobOmja
ACUMIITOTCKU OONMK ca moBehameM feO/bUHE WM NMPEeYHUKa CUMHTUIATOpA NpHU (PUKCHUM OCTAJUM
BpenHOocTuMa. [Tporpamom BPIMC npoyuapasa je mpoMeHa eHepreTCKe 3aBICHOCTH YKYITHE €(PUKACHOCTH
3" x 3" Nal(Tl) cuuatunaropa y akcujanHoM npasiy. [Ipu Bapujanuju akcujansor pactojama o 0 cm o 50
cm, mpuMeheHa je MpoMeHa OKO [iBa Pejia BEIMUKMHE Y AeTeKTOpcKoj ecpukacHoctu. 3a 1¥’Cs u °°Co uzsope
IpY MaJlUM BPEAHOCTUMA AaKCHjalTHOT OJCTyllalka, Takobe je youeHa BejuKa I[pOMEeHa YKYIHe
e(puKacHOCTH ca IOPacTOM aKCHjalIHOT pacTojama off 0 cm go 50 cm.

Kmwyune peuu: cyuniiuaayuonu oeiliexiniop, yKyiHa epukacHocit, imauxkaciuu uzgop, Mownitie Kap.ao
cumyaauyuja




