Functional Materials 11, No.1 (2004) © 2004 — Institute for Single Crystals

Analysis of design characteristics
of the prototype ionization chamber
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To investigate the design characteristics of the newly designed and fabricated prototype
ionization chamber, which was made by cooperation with KAERI (Korea Atomic Energy
Research Institute), the absorbed dose of inner gas was calculated and measured. The
variations of the electric current of the above chambers were investigated at incident
energies between 40 keV and 1 MeV using Monte Carlo codes such as EGSnrc (DOSRZnrc)
and MCNP4C. Some calculations and measurements were performed to investigate their
current variations as the incident angle of gamma-rays was changed from 0° to 90° and as
the length of collecting electrode was changed from 10 mm to 20 mm. Some calculations
were carried out to improve the collection efficiency of the ionization chamber for the
beam loss monitor through replacement of wall (collecting electrode) material and inner
gas. The influence due to improvement features of EGSnrc and MCNP4C was investigated
through calculations of the depth dose distributions for broad beams of monoenergetic
electrons with energies of 25 keV to 4 MeV, incident normally on water.

Jns mcciefoBaHUsS XapaKTEPUCTUK KOHCTPYKIIUM BHOBBL Pas3pa0OTAHHOTO M M3TOTOBJIEH-
HOTO IIPOTOTHUIIA MOHM3AIIMOHHOM KaMephl, BBIIOJHEeHHOro B corpynumndectBe ¢ KAERI (Ko-
petickum HWccrenoBarenbckuM VHCTUTYTOM ATOMHONM JHEPTHU), PACCUUTBHIBAJINUCHL U H3MEP:I-
JINCh [O3Bl pajuWaIuy, IOIJIOIeHHON BHYTPEHHell ras3oBoil cpejnoli kKamepsl. l3meHeHUs
9JIEKTPUYECKOI0 TOKA B BBIMIEYIOMAHYTBHIX KaMepaxX HCCIEIOBAINCH IPU 3HAUEHUAX HHEPTUU
nagatoniero udaydenua or 40 ksB go 1 MsB ¢ npumenenuem KomoB Monte-Kapio, mampu-
mep, EGSnrc (DOSRZnrc) u MCNP4C. IIpoBeneHBl HEKOTOPBIE PACUEThl M U3MEPEHUA IJId
WCCJIeOBaHUA M3MEHEeHHWH TOKa IpYW M3MeHEeHWH yrJa majeHusa ramma-iayueii ot 0° mo 90° u
M3MeHeHUU MAJUHBI KOJIJIEKTOpHOTO ajekTpoxa oT 10 mo 20 mMm. BoImosHeHBI HEKOTOpBIE
pPacueTHI C IeJIBI0 TOBHINIEHUA MOKasaTesxsd d(PheKTUBHOCTH cO60pa MOHU3AITMOHHON KaMephl I
MOHHUTOpPA IOTEPHh IMyYKa IIyTEeM 3aMeHbl MaTepuaja CTeHKH (KOJJIEKTOPHOTO 3JIE€KTPOoJa) U raso-
Boii cpexnbl. MccenemoBano BiausHue ycosepiieHcTBoBanusa EGSnrc u MCNP4C myrem pacueToB
pacmpefieleHUs J03bl IO TUIyOMHE AJIS IMUPOKUX IMIYUYKOB MOHOIHEPTeTUUYECKUX JJIEKTPOHOB C
sHepruamu oT 25 ksB mo 4 M»B, mazaioux HOPMAJIbHO HA IIOBEPXHOCTH BOJHI.

Much attention has been paid to the ra- uring the absorbed dose of inner gas. The
diation detector technology in Korea. In re- newly designed ionization chamber is neces -
cent years, some investigations also have sary to be reviewed whether the electric
been performed to develop the technologies current linearly increases with incident ra-
in relation to the radiation detector such as diation energy or not and whether it is de-
design, fabrication, analysis and et al. pendent on the incident source angle or not.

The air-filled ionization chamber is re- The above two were intensively analyzed for
quired to satisfy some standards for meas- newly designed prototype ionization cham -
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Fig. 1. Broad parallel beams of monoener-
getic electrons incident normally on the sur-
face of the semi-infinite water.

bers in this study. The absorbed dose of
inner gas of the ionization chambers, that
can be directly transformed to the electric
current, was calculated to investigate the
design characteristics and to find out more
efficient and optimized chamber using
EGSnrc [1], and MCNP4C [2]. In this work,
DOSRZnrc [3], that is the one among NRC
user codes, was used for all the calculations
using EGSnrec.

An 100 MeV, 20 mA proton linear accel -
erator is being constructed in Korea. An
accelerator facility with such a high inten-
sity beam needs the beam loss monitoring
system for the primary diagnostic tool for
tuning and preventing excess activation and
equipment damage. Ionization chambers
have been mainly used as the beam loss
monitor (BLM) for an accelerator facility
because of their stability, sample uniform -
ity, flat response over a wide voltage range,
and sensitivity. But an ionization chamber
for the BLM has concerns about slow ion
collection times and low collection effi-
ciency at high loss rates.

The Monte Carlo codes such as EGSnrc
and MCNP4C are widely used for photon
and electron transport. In 2000, EGSnrc
and MCNP4C included many improvement
features in electron transport algorithms,
electron library and et al. Some compari-
sons between above Monte Carlo codes were
performed to investigate the influence due
to improvement features.
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Fig. 2. Comparison of the depth doses in
semi-infinite water calculated for a broad
parallel beam of 25 keV electrons using
EGSnrc, EGS4, MCNP4C, and MCNP4B.

1 — EGS4; 2 — EGSnrc; 3 — MCNP4C;

4 — MCNP4B.

EGSnrc (NRCC) and MCNP4C (Los
Alamos) were upgraded from EGS4 (SLAC)
and from MCNP4B in 2000, respectively.
EGSnrc adopts a new multiple scattering
theory, new elastic electron scattering cross
sections (involving relativistic and spin ef -
fects), and a new electron-step algorithm,
the PRESTA-II algorithm. MCNP4C was
also improved by replacement of the elec-
tron library and electron physics enhance -
ments such as density effect calculation for
stopping power, bremsstrahlung production,
and et al.

It was assumed the electron beams with
energies of 25 keV to 4 MeV entered a
plane water surface at normal incidence to
calculate the absorbed dose at a given depth
of water in Fig. 1. The water was equally
divided into 48 planar slices, parallel to the
surface. Slice thickness was 0.025r; (mean
range of electron). Using EGSnrc, EGS4,
MCNP4C, and MCNP4B, the absorbed dose
in each water slice was calculated for each
electron beams.

It is known that double backscattering,
from water to air to water, in principle
would have increased the dose near the sur-
face. However, double backscattering was
ignored in this work since the electrons
were assumed to come from vacuum rather
than from air.

In DOSRZnrc and MCNP4C, dose and
stoppers (IFULL) and F8*% were used for
tally option to calculate the absorbed dose
at a given depth, respectively. In all simu-
lations, photon and electron transport en-
ergy cut-off were 1 keV. The dimensionless
depth dose was introduced for convenience
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Fig. 3. Comparison of the depth doses in
semi-infinite water calculated for a broad paral-
lel beam of 1MeV electrons using EGS4 (1),
EGSnre (2), MCNP4C (3), and MCNP4B (4).

and can be easily obtained using mean
range and incident electron energy: as fol-
lows,

i(Z/ rgE) = J(Z/ rg,E) Org/E.

Fig. 2 to Fig. 4 show the dimensionless
depth dose distribution for the electron
beams with energies of 25 keV, 1 MeV, and
4 MeV. Through simulations, MCNP4C and
MCNP4B gave a higher dose compared to
EGSnrc and EGS4 inner Ry (at shallow po-
sition from source) whereas the former gave
a lower dose compared to the latter outer
Ry, in the low-energy (<1 MeV) region as
can be shown in Fig. 2. Fig. 4 shows EGS4
also gives a higher dose compared to the
others inner Ryy in high-energy (>1 MeV)
region.

As can be shown in Fig. 5, the total ab-
sorbed dose in semi-infinite water calcu-
lated by MCNP4C/MCNP4B is a little
higher than that calculated by
EGSnrc/EGS4 in all energy region. The de-
viation of the total absorbed dose between
EGSnrc and EGS4 is about 0.58 % (Root
Mean Square). The difference between
MCNP4B and MCNP4C is smaller than that
between EGSnrc and EGS4, within
0.043 %.

These differences and tendency partially
attributed to the different multiple scatter -
ing theories and Monte Carlo models for
electron transport adopted in these codes.
MCNP4C has a small change such as elec-
tron library and some transport options
based on a Class I Monte Carlo Model
whereas EGSnrc adopted new multiple scat -
tering theory and electron step algorithm
such as PRESTA-II. It is found that there
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Fig. 4. Comparison of the depth doses in semi-
infinite water calculated for a broad parallel
beam of 4 MeV electrons using EGS4 (1),
EGSnrc (2), MCNP4C (3), and MCNP4B (4).

are some more changes in EGSnrc compared
to MCNP4C through simulations.
Three types of the ionization chambers

Dose
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Fig. 5. Comparison of the total absorbed
doses in semi-infinite water calculated for
broad parallel beams of electrons with ener-
gies of 25 keV to 4 MeV electrons using
EGSnrc (1), EGS4 (2), MCNP4C (3), and
MCNP4B (4).

were designed and fabricated as shown in
Fig. 6. These are based on the Exradin A12
Farmer type ionization chamber. The
Exradin Al12 chamber is a farmer-type
thimble chamber and is made of air-equiva -
lent plastic C552. The chamber is particu-
larly suited for calibration of therapy
beams in terms of absorbed dose in water in
accordance with established protocols such
as that published by the American Associa -
tion of Physicists in Medicine.

KAERI-F is the ionization chamber with
flat-type window. KAERI-SR and KAERI-
LR have a round-type window. The former
is short and the latter is long. The ioniza-
tion chambers with round-type window
(KAERI-SR and KAERI-LR) were intro-
duced to improve the angular dependence in
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Fig. 6. The cross-sectional view of the ioniza-
tion chamber with various window type de-
signed and simulated.

this work. All of the chambers have the
cavity diameter of 12 mm and the cavity
length of about 28 mm. The wall thickness
is 1 mm. The length and the diameter of
the collecting electrode were 15 mm and
1 mm, respectively.

Most part of the ionization chamber such
as wall, window, and collecting electrode
consist of PVDF (Polyvinylidene fluoride)
known for air-equivalent plastic. Teflon is
used as insulation material of guard region
between electrode and wall. The detector
was filled with the typical air gas. Fig. 7
shows the picture of the ionization chamber
with flat-type window.

The present investigation focused on the
angular dependence, the energy linearity of
the ionization chamber, and the influence
on length variations of collecting electrode.
241Am and 137Cs were used as the source for
simulation and experiment. The distance to
source from the rotation point of the ioniza -
tion chamber is 7 ¢cm. The rotation point is
1.77 cm under the surface of window of
flat-type ionization chamber.

The dose and stoppers (IFULL) was used
for tally option of DOSRZnrc. The maxi-
mum fractional energy loss per step
(ESTEPE) was 0.25 and photon/electron en-
ergy cut-off was 1 keV, respectively. For
MCNP4C, F8* tally, which estimates the en-
ergy deposited in the cell, was used for dose
calculation. The energy cut-off for photon
was 1 keV, which was the same as in
DOSRZnrec.

Monte Carlo codes cannot directly simu-
late the electric current. But the absorbed
dose of inner gas of ionization chamber can
be easily calculated. In this context, this
study introduced a conversion factor of W-
value, which was defined as the average en-
ergy needed for producing one ion-pair as
the radiation goes through any specific gas.
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Fig. 7. The flat-type ionization chamber fab-
ricated.
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Fig. 8. The current variations of the ioniza-
tion chamber by changing incident gamma-
ray energy from 40 keV to 1 MeV calculated
by EGSnrc, MCNP4C. 1 — flat (MCNP4C);

2 — short round (MCNP4C); 3 — flat
EGSnrc; 4 — short round (EGSnrc).

Finally, the electric current of the ioniza-
tion chamber can be easily obtained by the
calculated absorbed dose and W-value, as
follows:

Absorbed dose

Electric current =
W - value

The electric current of the designed ioni -
zation chamber was computed to review the
energy linearity with the incident gamma-
ray energy. The gamma-ray energy changed
from 40 keV to 1 MeV, and current vari-
ations are shown in Fig. 8. The results of
simulation show that the electric current of
KAERI-F and KAERI-SR linearly increases
with the incident gamma-ray energy. The
solid and the dotted line linearly fit the
results of the MCNP4C and EGSnrc for the
flat-type window, respectively.

The electric current calculated by
MCNP4C tends to be greater than that by
DOSRZnrc. The current of MCNP4C was
greater than that of EGSnrc in KAERI-F,
about 7.2 % and in KAERI-SR, about
31.7 %. Most statistical error was within

Functional materials, 11, 1, 2004
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Fig. 9. The variation of the source angle inci-
dent on the ionization chamber.

5 % . However, the error reached 15 % in
the calculation of the electric current of the
ionization chamber with round-type win-
dow. It is attributed to the fact that the
inner gas was modeled by the air-filled and
very small cell in DOSRZnrc calculation for
the ionization chamber with round-type
window.

For the analysis of angular dependence
of the ionization chamber, the source angle
was changed from zero degree to 90 degree.
The source in the reference case was located
vertically above the window of the ioniza-
tion chamber in Fig. 9. The electric current
was normalized to the value in the refer-
ence case of zero degree. Therefore, the nor -
malized electric current is obtained by

Normalized electric current =
- Current at a given angle
Current at the reference angle

When 24'Am was used for an isotropic
point photon source and the type of an ioni-
zation chamber was KAERI-F, the maximum
current difference calculated by DOSRZnrc
and MCNP4C was 7 % and 10 %, respec-
tively. Experimental measurements were
6.5 %. In case of KAERI-SR, the maximum
current difference calculated by MCNP4C was
3 % and measurements was 2.6 % . In case of
KAERI-LR, the former was 22 % and the
latter was 18 %, respectively.

As a whole, the current variation by
changing source angle tends to increase
with the incident source energy as can be
shown in Fig. 11. When '37Cs was used and
the type was KAERI-F, the maximum cur-
rent difference obtained by DOSRZnrec,
MCNP4C, and measurements was 12 %,
9 %, and 7.4 %, respectively. The statisti-
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Fig. 10. The comparison of the doses of
KAERI-F, KAERI-SR, and KAERI-LR pro-
duced by 2*'Am. 1 — flat (Exp); 2 — flat
(MCNP4C); 3 —flat (EGSnrc); 4 — short
round (Exp); 5 — short round (MCNP4C);
6 — long round (Exp); 7 — long round
(MCNP4C).

Dose
1.00

0.95

0.90
=1
085F 2

x 3
080} -4

a5 \
075F 6

—
0.70 (IJ

L L
Source Angle,®

i

1I5 3I0 4I5 6IO
Fig. 11. The comparison of the doses of
KAERI-F, KAERI-SR, and KAERI-LR pro-
duced by '¥7Cs. I — flat (Exp); 2 — flat
(MCNP4C); 3 — flat (EGSnrc); 4 — short
round (Exp); 5 — short round (MCNP4C);
6 — long round (MCNP4C).

cal error was similar to that by the calcula-
tion for energy linearity of the ionization
chamber. In case of KAERI-SR, the maxi-
mum current difference calculated by
MCNP4C was 2 % and measurements was
5.9 %. In case of KAERI-LR, the maximum
difference obtained by MCNP4C was 28 %.

Through simulations and measurements,
it is found that KAERI-SR with short and
round-type window is less dependent on in-
cident source angle compared to the others.
Fig. 12 shows the experiment to obtain the
measurements in relation to the angular de-
pendence of KAERI-SR. The experiments of
KAERI-F and KAERI-LR were also imple-
mented in the same condition.

Through DOSRZnrc calculations, the in-
fluence on length variations of collecting
electrode was investigated on the KAERI-F.

179



Jae Cheon Kim et al. / Analysis of design ...

Fig. 12. The experiment for analysis of angu-
lar dependence using short round-type ioniza-
tion chamber.

The designed original length of collecting
electrode of KAERI-F is 15 mm. The length
was changed from 10 mm to 20 mm by
2.5 mm. In this work, two methods were
used to estimate the efficiency of the ioni-
zation chamber. First, the total volume of
air gas producing current was fixed and the
inner wall diameter was changed. Second, the
volume was changed and the inner diameter
was fixed with the length variations.

As shown in Fig. 13, the maximum cur-
rent was at 12.5 mm. But the difference of
the current was calculated within 1 %,
which was found to be negligible.

A prototype ion chamber for the BLM
was designed of two concentric cylinders
filled with air as shown in Fig. 14. The cyl-
inder was 210 mm long and made of 2 mm
thick aluminum. The diameter of outer elec-
trode was 38 mm. The inner electrode was
hollow and filled with air inside. Guard
electrode was made of copper, and it was
placed in the middle of the inner electrode
and the outer electrode. Teflon insulators
were placed between electrodes. The ion
chamber was housed inside the 2 mm thick
aluminum cylinder [4].

In general, an ion chambers for the BLM
are needed to overcome concerns about slow
ion collection times and low collection effi-
ciency at high loss rates although there are
many advantageous features. Both are con-
siderably related to the electrical parame -
ters such as applying voltage, electrode gap,
ionization charge density, and so on. The
collection efficiency f of an ion chamber at
a given bias voltage V can be defined as the
ratio of the measured current to the ideal
saturation current. The equations for de-
scribing f have been known since Thomson
described them in 1899 [5]: as follows,
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Fig. 13. The variation of the electric current
according to changing the length of collecting
electrode. 1 — Gas Volume Fixed; 2 — Wall
Fixed.
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Fig. 14. Prototype ion chamber for beam loss
monitor.
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Lky:ion mobility
[¢:ionization charge density

Instead of changing electrical parame-
ters, replacement of wall (outer electrode)
material or inner gas of the BLM was tried
to improve the collection efficiency of ioni-
zation chamber. The absorbed dose of inner
gas was calculated to obtain the ionization
charge density ¢ of a given wall material.
The energy deposited in the gas volume of
an ionization chamber is proportional to the
ionization charge density. And the former

is proportional to 1/¢2.
The relative collection efficiency is calcu -

lated from the absorbed dose of inner gas.
The collection efficiency at incident photon
energy was normalized to that at 60 keV.
Therefore, the relative collection efficiency
is obtained by

(D gOkeV)2
(D2
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Fig. 15. The variation of relative collection

efficiency of the ion chamber for the beam

loss monitor by replacement of wall material.

1 — PMMA; 2 — PVDF; 3 — Aluminum;

4 — Copper.
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Here, k is the wall material used, e is the
photon source energy, and D is the absorbed
energy of inner gas. PMMA, PVDF, alumi-
num, and copper were used for wall mate-
rial of BLM. To investigate the influence of
replacement of inner gas used for BLM, Ne,
air, Ar, and Xe were considered, respec-
tively. Table shows the density of wall ma-
terials and inner gases.

Using DOSRZnrc, the absorbed doses for
an isotropic photon source with energies of
60 keV to 10 MeV were calculated and were
transformed to the value of the relative col -
lection efficiency. In the DOSRZnrc results,
it was found that the wall material made by
aluminum was more efficient than the oth-
ers as shown in Fig. 15.

To investigate the influence due to re-
placement of inner gas, the absorbed dose of
the BLM with PVDF outer electrode wall
was calculated when the incident photon en -
ergy was 1 MeV. The collection efficiency
of a given inner gas was also normalized to
that of Ne-gas. Fig. 16 shows that the col-
lection efficiency decreases as the density of
inner gas and Z number increases.

In conclusions, in this study, three types
of the ionization chamber were designed

Table. The density of wall material and
inner gas used for beam loss monitor

Gas Density Wall Density

(g/cm?) Material (g/cm?)
Ne 0.0008 PMMA 1.1900
Air 0.0013 PVDF 1.7600
Ar 0.0017 Aluminum 2.7020
Xe 0.0025 Copper 8.9333
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Fig. 16. The absorbed dose variation of the
ion chamber for the beam loss monitor by
replacement of inner gas.

and fabricated to investigate the design
characteristics. All the designed ionization
chambers showed the electric current was
linearly increased with the incident gamma-
ray energy. KAERI-SR was less dependent
on the source angle than the others. Its
maximum difference was 3.0 % in case of
241Am, 5.9 % in case of 137Cs. It was found
that the angular dependence of the ioniza -
tion chamber was reduced as the length of
the chamber was decreased and a round-
type window was adopted. The difference of
the electric current due to the length vari-
ation of collecting electrode was negligible,
within 1 %.

To improve the collection efficiency of
the ionization chamber for the BLM, we re-
placed either the wall materials or inner gas
of the BLM. It was shown that the use of
aluminum as the wall material could obtain a
higher collection efficiency than the others.
In case of replacing the inner gas, the collec-
tion efficiency was increased as the inner gas
density and its Z number were decreased.

Additionally, the influence due to im-
provement features of EGSnrc and MCNP4C
was investigated through calculations of the
depth dose distributions at the water.
MCNP4C and MCNP4B tends to give a
higher dose compared to EGSnrc and EGS4
inner R50 whereas the former give a lower
dose compared to the latter outer Ry, in the
low energy (<1 MeV) region. The total ab-
sorbed dose calculated by MCNP4C and
MCNP4B has a tendency to be a little higher
than that calculated by EGSnrc and EGS4 at
incident energies between 25 keV and 4 MeV.
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AHani3 XxapaKTepUMCTHK KOHCTPYKI[il IPOTOTHIIY
ioHizamiiiHOI KaMepH Ta MOHITOpa BTpAT IIy4YKa
oJisi MpuCKopoBauiB nmpotoHiB y Kopei

Ysxca Yonz Kim, Yswcon Kynz Kim, Howne Kyn Kim, Ce Xe6an Ilak

s gocaimKeHHA XapaKTEePUCTUK KOHCTPYKIII HOBOPO3POOGJIEHOTO Ta BUTOTOBJIEHOTO
mpoToTHIy ioHizamiiiHol kamepu, BukoHauoro cuinbHo 3 KAERI (Kopeiickkum Iocaigaum
Iacturyrom Artomuoi Eneprii), pospaxoByBanucsa Ta BUMipIOBajJucs A03W pamiamii, moriaume-
HOI BHYTDilIHIiM TrasoBUM cepefoBUINEM KaMepu. 3MiHU €JeKTPUUYHOTO CTPYMY y BHIIEe3raza-
HUX KaMmepax [JTOCJIiJyKeHO IIpM 3HAaUYeHHAX eHepril mamarouoro mpomimas Big 40 keB 1o
1 MeB 3 szacrocyBanuam kKoxis Moure-Kapio, manpukiaan, EGSnrec (DOSRZnrc) ra MCNP4C.
BukonaHo meski pospaXyHKHM Ta BUMiIPIOBaAaHHS OJIS AOCHIIKeHHSA 3MiH CTPyMy NOpH 3MiHi
KyTa maginasa ramMma-npoMeHiB Bix 0° mo 90° i 3sMiHiI HOBKMHU KOJIEKTOPHOTO €JIEKTPOAa Bif
10 1o 20 mM. BukoHaHo AesaKi po3paxyHKM 3 MeTOIO IiJBUINEHHS MOKa3HUKA e(EeKTUBHOCTI
300py ioHisamiliHoi Kamepu [Jid MOHiTOpa BTparT IyYKa IIJIAXOM 3aMiHM MaTepiasy CTiHKH
(KOJIEKTOPHOTO €eJIeKTPOJa) Ta TrasoBOrO cepemoBuina. JociaimKeHO BIJINB YIOCKOHAJEHHS
EGSnrc ta MCNP4C mnaxoM po3paxyHKiB posmomisy mo3u 3a TIJIHUOUHOIO AJSA IIUPOKUX
Iy4YKiB MOHOEHEPTeTHYHUX €JIEKTPOHIB 3 eHepriamm Bixm 25 xeB mo 4 MeB, mo magamors
HOPMAJILHO HA IIOBEPXHIO BOIMU.
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