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GEANT4 based Monte Carlo simulations have been carried out for the determination of effi-
ciency and conversion factors of a gas-flow ionization chamber for beta particles emitted by
86 different radioisotopes covering the average-f3 energy range of 5.69 keV-2.061 MeV. Good
agreements were found between the GEANT4 predicted values and corresponding experi-
mental data, as well as with EGS4 based calculations. For the reported set of 3-emitters, the
values of the conversion factor have been established in the range of 0.5-1013-2.5-1013
Bqcm-3/A. The computed xenon-to-air conversion factor ratios have attained the minimum
value of 0.2 in the range of 0.1-1 MeV. As the radius and/or volume of the ion chamber in-
creases, conversion factors approach a flat energy response. These simulations show a small,
but significant dependence of ionization efficiency on the type of wall material.
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INTRODUCTION

Ionization chambers are widely used for the
measurement of radiopharmaceutical activity [1-4],
external dosimetry and the assessment of radiation
hazard due to inhalation of beta emitters [5, 6], as well
as in the assurance of the quality of radioactivity stan-
dards [7, 8], environmental monitoring [9, 10], and ra-
dio-chronology [11].

These detectors are highly precise and yield a
reproducibility of results of above 0.05% for long-lived
radionuclides [12]. They are characterized by a fast re-
sponse and a wide dynamic range of activity measure-
ments. In the past, much of the research effort was cen-
tered on the calibration of ion chambers. Anderson et al.
[13] carried out a response study of the ionization
chamber to the radiation field aboard a spaceship and
compared it with that of a standard Geiger-Miiller de-
tector. Yoshida et al. [14] used short-lived radioactive
noble gases, '33Xe, 133Xe, and *' Ar for calibration pur-
poses. They concluded that the technique proposed can
be used for a reliable estimation of the activity concen-
trations of gases. According to them, the influence of
impurities present does not pose a serious problem.

Schrader [15] carried out a calibration of an ion-
ization chamber based on the secondary standard mea-
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suring system for nuclear medicinal applications. The
measurement of a signal-current from the re-entrant
4my-ionization chamber was carried out by means of a
modified Townsend balance. For nineteen radionuclide
and three ionization chambers used in the study, devia-
tions of the order of 0.5% were reported. Also, the cor-
responding calibration quality estimator of values less
than 0.2% was determined. The long-term stability of
such calibrations was then tested at regular intervals us-
ing '¥’Cs and ??°Rb sources. The efficiency curve for
thirteen different radionuclides yielded a value of over-
all uncertainty better than 1.8% [16]. A revised photon
efficiency curve, with a relative standard uncertainty
lower than 0.01 for £, > 65 keV, has been reported by
Michotte [17], along with B-efficiency curves using
seven quasi-pure beta emitters.

Fitting methods have also been used for con-
structing energy-dependent efficiency curves in ion-
ization chamber applications [18], yielding differ-
ences down to a few percents from the corresponding
experimental data. Michotte et al. [19] have devel-
oped a non-iterative approach for the determination of
the ionization chamber efficiency curve and have re-
ported that detailed calculations involving the -spec-
tra shape are not to be considered superfluous.

Typically, Monte Carlo based simulation tech-
niques have been used for the theoretical estimation of
the efficiency of various types of radiation detectors
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[20], including ionization chambers. In most of these
studies, photon-efficiency calculations have been per-
formed. Gostley et al. [12] have used the GEANT code
[21] for aresponse study of standard IG11 4my-ioniza-
tion chambers. Amiot [22] used the PENELOPE code
[23] for the determination of the calibration factor of
the ionization chamber for '8F, %™Tc, "In, and '2°I.
Visvikis et al. [24] have used the GEANT4 based
GATE package [25] for depth-dose profiling applica-
tions. The PENELOPE code has been employed by
Kryeziu et al. [26] for the determination of ionization
chamber calibration figures and volume correction
factors for Y, 12%1, 1311, and '7"Lu. Simoes et al. [27]
have utilized the MCNPX code [28] for the estimation
of ionization chamber calibration coefficients for 'F
and *™Tc. By using the EGSnrc code [29], the correc-
tion factors for non-reference conditions in ion cham-
ber photon dosimetry were also recently investigated
[30].

Tompkins et al. [31] used bremmstrahlung mea-
surements in ionization chambers for the determina-
tion of B-activities experimentally. Direct measure-
ments of gaseous activities, by diffusion-in
proportional counters, were carried out by Yoshida et
al. [32] and Bielajew et al. [33] developed in-house
parameter reduced electron step algorithm for Monte
Carlo simulation of electron transport. Also, Torii [34]
carried out a detailed investigation of the efficiency of
the gas-flow ion chamber using the EGS4 code [35].
Reported results remained within 8% of the corre-
sponding experimental values.

In this work, we have calculated the values of ion-
ization chamber efficiency employing the GEANT4.9.2
code, referred to as GEANT4, hereafter. This spans the
dependence of ion chamber efficiency to the range of
[-energy values, radius and volume of the ion-chamber,
wall material, and type of fill gas. These calculations
have been performed using monoenergetic, as well as ac-
tual energy spectra, of 86 different types of S-emitters.
Comparisons of the GEANT4 calculated values of effi-
ciencies with the corresponding experimental data and
with the EGS4 results are also presented in this paper.

DESCRIPTION OF THE IONIZATION
CHAMBER

A commonly used detector at various nuclear fa-
cilities [34] has been selected as the standard ioniza-
tion chamber for these studies. A cross-sectional view
of the ion chamber, along with a detailed arrangement
of its various components, is shown in fig. 1. The di-
ameter of the cylindrical anode is 12.4 cm, its height is
15.1 cm, its effective volume 1500 cm?. It has a wall
thickness of 0.3 cm. The cathode has a diameter of
0.5 cm and height equal to 11.2 cm. Both electrodes
are made of 304-stainless steel. Normally, the chamber
is filled with air at a pressure of 101.3 kPa and a tem-
perature of 20 °C.
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Figure 1. Schematic diagram of the ionization chamber
highlighting its various components and dimensions [34]

MATERIALS AND METHODS

For efficiency calculations, the Monte Carlo
based GEANT4 code has been used. The simulations
start with an uniformly distributed random selection of
the location of S-particle emissions from the active
volume. The S-particles are emitted isotropically, in
all possible random directions. This process is fol-
lowed by their tracking in various regions and stops
when they either leave the detector sensitive volume or
their energy becomes smaller than the prescribed
value of the threshold cut-off energy. In the latter case,
P-particles are assumed to deposit the residual energy
locally. The total energy deposition for each S-particle
is calculated and this process, called sampling, is re-
peated a large enough number of times, so as to reduce
statistical fluctuations below the prescribed limit. In
these simulations, sampling of more than f-particles
has been carried out for each data point averaging.

Following the steps of Samei et al. [36], B-spec-
tra have been modeled by taking the product of the
shape function associated with a particular transition
with the Fermi function and [(E — V;)* — 1] factor;
where V, = 1.13 @?|Z|*3, « is the fine structure con-
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stant (1/137), and Z — the atomic number of the prog-
eny nucleus taken as input, along with the value of the
endpoint energy of each particle, percent emission,
and the state and degree of transitions. The standard
normalization procedure of dividing the computed
probabilities with their sum over the entire energy
range was applied. Furthermore, while carrying out
Monte Carlo sampling, these discrete differential
probabilities were converted to corresponding cumu-
lative values.

Ionization efficiency is defined as a ratio of the
measured current (/,) to the expected current for total
energy deposition (Z,). This has been calculated using
the Monte Carlo summation [34] as

J

dep
20,y
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nN==——— (1)

zay;
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where, u/je” =Y/ Ef and y!' =3JL E; are the val-

ues of the total deposited energy and the total incident

energy, respectively; withj=1, ...,J, Jis the total num-

ber of radiation emission modes including 5* decay,

internal conversion and the Auger electron emission.
Since the ionization current depends on the con-

centration (C) of radioactive gas as in [34]

I, =1602-10" CVE,,, % 2)

with V being the active volume of the ionization cham-
ber, E,,. the average energy of electron per disintegra-
tion, and W — the average energy required for the ion-
ization of the fill-gas. Therefore, the conversion factor
(K), defined as the ratio of the ionization current to the
concentration of radioactive gas, is given by the ex-
pression
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where H represents the total number of incident parti-
cles used in the simulations [34]. The location of the
disintegration at the cylindrical polar co-ordinates (7,
0, z) has been sampled using standard relations

\/aRom, Zl <z<[L
" )
\/él (Rjut _R; )+Ri2" , 0<z< z,

where z) is the height of the cathode, L — the height of
the ionization chamber, and R;, and R, are the inner
and outer radii, as shown in fig. 1. The polar angle and
the axial height are randomly sampled, using the equa-
tion

0 =2n¢&, (5)
z=L¢, (6)

where &1, &>, and &; are uniform random numbers in
the [0, 1] range.

RESULTS AND DISCUSSION

The computed values for ionization chamber
efficiency of 86 different radionuclides using the
GEANT4 code are listed in tab. 1, along with the cor-
responding values of average f-energies. The ioniza-
tion chamber wall has been considered as stainless
steel with air employed as the fill gas with the value
of ionization energy equal to 33.97 eV per ion-pair.
Comparisons of the GEANT4 computed variation of
ionization chamber efficiency with energy, with the
corresponding experimental data and EGS4 results,
are shown in fig. 2. GEANT4 simulations have been
carried out in two different instances for each
radionuclide. In the first one, all B-particles have
been considered to be monoenergetic, with energy
equal to the corresponding average -energy. In the
second case, detailed B-spectra were employed.

From fig. 2, it is clear that monoenergetic parti-
cles tend to give overestimated values of computed ef-
ficiencies. The detailed S-spectra-based GEANT4
simulated values of efficiencies show good agreement
with the corresponding experimental measurements
throughout the energy range. It should be noted that
the GEANT4 computed values exhibit a smaller devi-
ation from the corresponding experimental data, espe-
cially in the medium energy range, whereas EGS4 re-
sults by Torii [34] show considerable deviations. It
may also be noted that the **Xe measured value exhib-
its a large discrepancy with the corresponding
GEANT4 computed value, which may possibly be at-
tributed to the influence of conversion electrons, as
pointed out earlier by Torii [34].

The energy-dependent variation of ionization
chamber efficiency for four different fill gases has
been computed using GEANT4 and the corresponding
results are shown in fig. 3. As expected, with the high-
est Z-number, xenon has the dominating value of effi-
ciency throughout the energy range. This is followed
by argon and, then, by air mixed with methane, yield-
ing the smallest values of efficiency. These results are
based on employing detailed -spectra in GEANT4
simulations. In all cases, the low average energy
[-spectra yield larger values of ionization efficiency,
since they have a higher probability of local deposition
of their entire energy. The value of efficiency de-
creases rapidly as the average energy increases.

A good agreement is found while comparing the
GEANT4 computed values of the conversion factor
using detailed B-spectra with the corresponding exper-
imental measurements, as shown in fig. 4. The com-
puted values of the conversion factor show broad min-
ima in the range of 0.07 MeV-0.3 MeV, whereas small
variations in radionuclide concentrations yield large
variations in the corresponding current. Therefore, the
sensitivity of the ionization chamber towards the cor-
responding set of radionuclides is higher.

The dependence of the conversion factor on the
radius of the ionization chamber has also been studied
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Table 1. GEANT4 calculated values of ionization chamber efficiency for various radionuclides, for air at standard

pressure and temperature (STP)

Radionuclide Eg[MeV] Efficiency Radionuclide Eg [MeV] Efficiency

3H 0.00569 0.99241 %8 Au 0.313 0.09869
210pp 0.0063 0.98873 1261 0.315 0.09732
%Ry 0.01 0.9759 PR 0.326 0.09545
Nj 0.0172 0.94524 S2Fe 0.34 0.0935

12 0.0359 0.75033 “ICa 0.344 0.08426
*Nb 0.0434 0.73067 8K 0.348 0.09044
B4Th 0.046 0.69276 1331 0.375 0.08006
g 0.0488 0.68254 c 0.386 0.07502
¢ 0.0495 0.6943 Mo 0.392 0.07654
Hg 0.0577 0.60919 "As 0.407 0.06979
“Pm 0.062 0.57279 13 0.409 0.07158
132Te 0.063 0.56527 8Rb 0.445 0.06531
18Ry 0.0716 0.54593 “Ar 0.464 0.06155
3p 0.0769 0.49925 BN 0.492 0.05588
$Ca 0.0772 0.481 1321 0.496 0.05503
4Ce 0.0822 0.45482 %Rb 0.527 0.04879
OCo 0.0958 0.38961 0 a 0.528 0.05231
$Xe 0.1004 0.36774 *Na 0.554 0.04855
212pp 0.101 0.37469 Se 0.564 0.04622
*Fe 0.116 0.32255 20871 0.567 0.04575
S7r 0.116 0.32157 83y 0.583 0.04527
2By 0.135 0.2997 K 0.593 0.04441
7n 0.143 0.28283 oy 0.603 0.04287
41Ce 0.145 0.24603 %Rb 0.668 0.03865
Mg 0.151 0.24617 2p 0.695 0.03618
34cg 0.157 0.19332 o) 0.735 0.03359
3¢ 0.162 0.23353 3¢ 0.824 0.02873
92 0.18 0.19697 1241 0.824 0.0288

13 0.183 0.18541 %G 0.829 0.02737
s 0.196 0.17845 24pgm 0.831 0.02828
Co 0.201 0.18426 *Mn 0.832 0.02912
Na 0.216 0.16794 “Ca 0.875 0.02692
#Cu 0.219 0.15532 0y 0.934 0.02565
2047 0.238 0.14176 Cu 1.076 0.02001
>Mn 0.242 0.14251 S2Mp™ 1.172 0.01814

18E 0.25 0.13394 144pr 1217 0.01764
5K 0.251 0.12489 Al 1.243 0.01704
27n 0.259 0.13077 2Cu 1.314 0.01567
140Ba 0.277 0.11623 2K 1.425 0.01550
5pm 0.279 0.1139 1Rh 1.425 0.01437
Xe 0.303 0.10668 82Rb 1.475 0.01310
210g; 0.307 0.10154 3l 1.554 0.01479
¢C1 0312 0.10013 %Rb 2.061 0.00923

for said 86 different radionuclides. In these simula-
tions, the total volume of the detector has been kept
at a constant of 1.5 liter. The corresponding results, as
shown in fig. 5, indicatea strong dependency of
the conversion factor on detector radius in the 3 cm
to 5 cm range values. For larger values of detector ra-
dii, the sensitivity towards the detector radius de-
creases and the values of the conversion factor ap-
proach a flat limiting response.

Keeping the ratio of detector radius-to-height at
a constant value of 6.2/15.1, the dependence of the

conversion factor on detector volume has been stud-
ied. The corresponding GEANT4 computed variation
of the conversion factor with the average-energy for
detector volume in the range of 1-10 liter is shown in
fig. 6. By increasing the detector volume, the en-
ergy-dependent values of the conversion factor ap-
proach a limiting flat response and detector sensitivity
approaches a maximum value over nearly the entire
average f3-energy range.

Gas-flow ionization chambers are generally
filled with air. However, methane (CH,)- and ar-



A. Hussain, et al.: Beta-Efficiency of a Typical Gas-Flow lonization

Nuclear Technology & Radiation Protection: Year 2011, Vol. 26, No. 3, pp. 193-200

Chamber ...
197

10 —TT T —TT T T
oy -
3
208 i
5
S Figure 2. Variation of the standard
2 06 - . R
[ air-filled ionization chamber
‘c 133X NSRA4 [37] - . .
<l O— Monoeneretic (this work) P e ( ) ] efficiency VV.lth the energy for
: e apeneciraiihiswork) monoenergetic and continuous-
@  Experimental data 1 -particle spectra calculated by the
02 | N o EANT4 mpar ith
—— EGS4 (Tori,m 1995) (Zoomed below) GEANT4 code, compared wit
- i 4 corresponding experimental data
0.0 L NP | PRSPPI | — and EGS4 simulations
@  10° 102 107" 10°
0.20 T y — T
=y F .
- . (NSRA, [37])
[ =
T i —&— Monoenergetic (this work) i
_§ o2 L ¥  f-spectra (this work) i
g ' Y @ Experimental data
5 L .
0.08 |- -
004 1= voshide et al) [32] 7
3 1!*!, m * -
0.00 i i " i i i i 1 "
0.2 0.3 04 05 06 07 08 10° 2.0
(0) Average energy [MeV]

gon-filled chambers are also commonly used as stan-
dard for efficiency measurements [32]. In this work,
GEANT4 simulations have been carried out for as-
sessing the ratio of conversion factors of CH, and ar-
gon relative to that of air. The results are shown in fig.
7. The values of methane-to-air ratio of conversion
factors Ry /=Koy /K, show good agreement
with the corresponding experimental data by Yoshida
et al. [32], as well as with the EGS4 results found by
Torii [34]. The values for Ry ,, start around 0.8 at
low energies (~5-10 MeV) and rise to around 1.2
near the 2 MeV range. For average3-energies of ap-
proximately 0.1 MeV, this ratio becomes an unity
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Figure 3. A continuous S spectra-based GEANT4 calcu-
lated variation of ionization chamber efficiency with the
average energy for various indicated types of fill gases at
standard temperatures and pressure (STP)

value, implying that the conversion factors for air and
that of methane are identical in the said energy range.
The argon-to-air ratio of conversion factors
R avair= K/ Kyir also starts off with values close to 0.8 in
the 5-10° MeV range and then decreases monotonically
to 0.68 close to the 2 MeV range. This indicates that ar-
gon-filled ionization chambers have a smaller value of
the conversion factor than the air-filled ones. These val-
ues are in good agreement with the EGS4 computed
data by Torii [34]. Xenon-filled chambers have an even
smaller value of the conversion factor in comparison
with that of argon, with the corresponding value of the
ratio of conversion factors Rxeir = Kxe/kair Starting off
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Figure 4. Comparison of the detailed spectra-based
GEANT4 computed energy dependence of conversion
factors with corresponding experimental measurements
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Figure 7. Variation of the indicated fill-gas-to-air conver-
sion factor ratios with the average -energy

from a smaller value of about 0.64 at low energies and
then dropping to about 0.2 in the 2 MeV range. These
results for xenon-to-air ratios are consistent with the
known higher sensitivity values of xenon-filled ioniza-
tion chambers.

GEANT4 simulations track S-particles even
when they interact with the detector wall material. The
backscatter of electrons is expected to increase the
ionization efficiency of these detectors. This is clearly
observed in fig. 8, when a comparison is done in the
case of no-walls. The aluminum chamber and wall ex-
hibit a higher value of ionization efficiency when com-
pared with that of a no-walls chamber, while the stain-
less steel chamber exhibits the highest value. These
results are in good agreement with the corresponding
experimental data by Yoshida et al. [32]. The figure
also shows that the backscatter effect is quite small,
but significant enough.
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Figure 8. Comparison of the variation of efficiency with
average S-energy for the indicated wall materials with
the corresponding experimental data

Table 2. Values of various fill-gas parameters used in
GEANT4 simulations

Fill gas B/I[;ﬁro?ﬁss [gzﬁfgz] [eV/ioVrI:-pair]
Air | 2896952 1204 33.97
X(ggeo)n 13130 5.495 22.1
A({fr‘;n 39.948 1.6626 264
Ngectgjl;e 16.04288 0.668 27.3
CONCLUSION

In this work, the dependence of ionization cham-
ber efficiency on f-energy, fill-gas, detector dimen-
sions, including radius and volume, and on wall mate-
rial has been studied. Detailed S-spectra have been
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used in the GEANT4 based Monte Carlo simulations
for tracking f-particles in the detector sensitive vol-
ume.

The following may be concluded from this work.
In comparison with monoenergetic and EGS4
based calculations, the detailed f-spectra-based
GEANT4 simulations yield ionization efficiency
values in better agreement with the corresponding
experimental data throughout the energy range.
Consistent with experimental observations, a xe-
non-filled ionization chamber exhibits higher values
of efficiency, followed by argon-filled, air-filled, and
lastly, methane-filled chamber.

The GEANT4 code based computed values for the
conversion factors for 86 different radionuclides
follow a smooth curve and the corresponding data
show good agreement with experimental mea-
surements.

By increasing the radius of the ionization chamber
while keeping the volume constant or, by increas-
ing the volume while keeping the height-to-radius
ratio fixed, the values of the conversion factor ap-
proach a flat profile.

The GEANT4 computed ratio of conversion fac-
tors of methane to those of air (K ; /K ;) shows
excellent agreement with the corresponding ex-
perimental data, while the Ka,/K,;; conversion fac-
tor ratios are in good agreement with EGS4 data.
Additionally, this study shows that GEANT4
based Kx./K,i; conversion factor ratios approach
the smallest values for £, > 0.3 MeV.

Detailed S-spectra-based GEANT4 simulations
show that the energy-dependent efficiency profile
has a small, but significant dependence of ioniza-
tion efficiency on the type of detector wall mate-
rial.
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Aong XYCAMUH, Cukangep M. MUP3 A, Hacup M. MUP3 A, Myxaman T. CUIUK

OAPEBUBAILE BETA E®OUKACHOCTU TUIINYHE JOHU3AIIMOHE
TFACHE KOMOPE IIOMOBLY MOHTE KAPJO CUMYJIAIIMJE
GEANT4 ITPOT'PAMOM

Paniu onpebuBama eprkacHOCTH 1 KOHBEP3MOHMX (paKTOpa jOHM3ANMOHE TacHe KOMOope 3a 6eTa
yecTule, Koje Cy eMUTOBaHe Off 86 pa3nuyuTHX U30TOIA ca CPEebUM eHeprijama yectuna of 5,69 keV no
2,061 MeV, coposenene cy Monte Kapno cumynanuje 3acHoBaHe Ha GEANT4 nporpamy. Bpepnoctu
onpebene GEANT4 mporpamoMm y mo0poj Cy caryiacHOCTH ca OfiroBapajyhuM ekcrnepruMeHTaTHUM
rnojanMa, Kao u ca mpopauyHmMma 3acHoBaHuM Ha EGS4 kopy. 3a o3HavyeHu ckyn 6eTa M3BOpa,
YCTaHOBJLEHE Cy BPEJHOCTU KOHBEP3HOHMX hakTopa y pacnony 0,5-10'° - 2,5.10'3 Bg/cm>A. N3pauynatu
ofHOCH (paKTOpa KOHBEP3HUje KCEHOH-Ba3/lyX JOCTUKY MUHUMANHY BpegHocT off 0,2 y o6nactuon 0,1 MeV -
1 MeV. YKonuKo ce pajiajyc u 3aipeMuHa joHCKe KoMope noBehapajy, KoHBep3nOHH (paKTOPH /1]y paBaH
eHepreTcku o3uB. OBe cuMynanyje NoKa3yjy Masy aju 3Ha4ajHy 3aBUCHOT €(PMKACHOCTH jOHU3AIH]e Off
BpcTe MaTepujaia 3uja KoMope.

Kmwyune peuu: jonuzayuona komopa, iiok zaca, egpuxacrociu, GEANT4 iipozpam






