Y.-U. Kye,, et al.: Measurement of Absorbed Doe Rate in Water Phantom ...
Nuclear Technology & Radiation Protection: Year 2021, Vol. 36, No. 3, pp. 289-293

289

MEASUREMENT OF ABSORBED DOSE RATE IN WATER
PHANTOM MAINTAINED AT BODY TEMPERATURE BY
60Co IRRADIATOR - COMPARISON OF EXPERIMENTAL

RESULTS AND MONTE CARLO SIMULATION

by

Yong-Uk KYE !, Hyo-Jin KIM ', Ji-Eun LEE ', Yun-Jae SEO', Jung-Ki KIM',
Wol-Soon JO !, Dong-Yeon LEE 2, and Yeong-Rok KANG '*

1Dongnam Institute of Radiological and Medical Sciences, Busan, Republic of Korea

2Department of Radiological Science, College of Nursing, Healthcare Sciences and Human Ecology,

Dong-eui University, Busan, Republic of Korea

Scientific paper
https://doi.org/10.2298/NTRP2103289K

To analyze the biological effects of radiation, it is important that the conditions of in vitro ex-
periments match closely with those of in vivo experiments. In this study, we constructed an ir-
radiation system to conduct irradiation experiments under conditions similar to those of in
vivo experiments. The Dongnam Institute of Radiological and Medial Sciences has a gamma
irradiator including %°Co radioisotope for research purposes and accreditation for standard
calibration of the ion chamber. The temperature of the water phantom was maintained the
same as that of the normal human body, and the physical dosimetry was carried out accurately
using the ion chamber with traceability. We report the measurement of lateral profiles, depth
profiles, and absorbed dose rate in water, D, at the irradiation location of the blood samples
using a farmer-type ion chamber. We simulated the source, collimator, irradiator, phantom,
and extra structure of the gamma irradiation system using the Monte Carlo code and com-
pared the simulated and the experimental results. The experimentally and theoretically evalu-
ated dose rates were 0.2975 +0.0055 Gymin-! (at coverage factor 2 = 2) and 0.2978 £0.0052
Gymin! (at coverage factor k£ = 2) at source-to-surface distance of 100 cm and 5 gem-2 depth
in the water phantom, respectively. Blood irradiation will be conducted in vitro, under condi-
tions similar to in vivo conditions, to provide the dose-response curve based on dosimetry
with traceability.
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INTRODUCTION

The %°Co radioactive isotope-based irradiator is
widely used in medical science, radiation measure-
ment, radionuclide analysis, industry applications, bi-
ological experiments, and standard irradiation [1-7].
Dongnam Institute of Radiological and Medical Sci-
ences (DIRAMS) has a %°Co irradiator (Gammabeam
X-200, BEST Theratronics) for research purposes.

Korea Research Institute of Standards and Sci-
ence (KRISS), as the primary standard dosimetry labo-
ratory [8] in Korea, has primary standards for determin-
ing the air kerma and absorbed dose to water at %°Co
beam quality. The DIRAMS, an internationally accred-
ited calibration, and testing laboratory belong to the Ko-
rea Laboratory Accreditation Scheme (KOLAS).

* Corresponding author; e-mail: yeongrok@dirams.re.kr

Ion chambers, calibrated with ®°Co gamma-rays,
are used at DIRAMS for absolute dosimetry of high en-
ergy electron (6, 10 MV) and photon (6, 10 MeV)
beams using appropriate beam quality corrections fol-
lowing the International Atomic Energy Agency
(IAEA) Technical Report Series (TRS) 398 [9, 10]. The
DIRAMS has provided standard calibration of ion
chamber for air kerma and absorbed dose to water, with
traceability using °°Co beam quality, which was used in
various research fields with high reliability using cali-
brated ion chambers following the IAEA TRS-398 and
Korean standard [11].

Chromosome aberrations in lymphocytes are
used to assess absorbed dose to overexposed persons.
The number of abnormalities in the lymphocytes are
demonstrated in terms of absorbed dose by reference
to a dose-response calibration curve. The curve should
be offered by exposure of blood in vitro to doses of the
proper radiation quality. The doses given to the sam-
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ples should be evaluated through physical equipment
such as an ionization chamber, to a primary or second-
ary standard with traceability [ 12-14]. We will provide
dose-response calibration curve of biological effect
assessment based on physical irradiation system that
has standard dose rate using ®°Co beam quality with
traceability.

MATERIALS AND METHODS
Gamma-ray irradiation conditions

A Gammabeam X-200 irradiator was loaded with
6197.3 Ci (approximately 6200 Ci) of ®*Co radionuclide
which had a reference date of June 1%, 2012. The source
assembly consists of a set of sleeves, plugs, cases, efc. in
the drawer and it is located at the center of the irradiator
during the irradiation by the pneumatic system. The
square-shaped beam can be adjusted in the beam field us-
ing a tungsten collimator and it is surrounded by a lead
shield on the outside, around the source.

The water phantom had the dimensions of 30 cm
(length), 50 cm (width), and 25 cm (height). It was
covered with tissue-equivalent Poly Methyl
Methacrylate (PMMA) materials. To prevent the
blood coagulation, and platelets, and to reproduce the
in vivo conditions, heaters were installed inside the
phantom to maintain the temperature at 37. Lympho-
cytes should be irradiated in vitro approximately as
closely as possible to the in vivo situation, due to pro-
tect chromosome aberrations unrelated to irradiation.
When this is done, the equivalent dose-response curve
will be obtained [13, 14].

The beam field size was setto 10 cm (vertical)
x 25 cm (lateral) for irradiating the sample and the
measurements were conducted at a source-to-surface
distance (SSD) of 100 cm with a 5 gem 2 depth in wa-
ter phantom, considering the total irradiation time per
sample to be less than 15 minutes [13]. The lateral
beam profiles and depth profiles were also measured.

The lateral beam profiles were measured at intervals of
1.5 cm, and the depth profiles were measured at 1
gem 2 intervals, from 2 gem 2 to 15 gem 2 in the beam
direction, with the ion chamber fixed at a
source-to-chamber distance (SCD) of 105 cm, as
shown fig. 1. Figure 1 presents experimental set-up for
the lateral beam profiles and geometric structure of the
irradiation system [15]. Measurements at one position
were conducted 10 times per minute. The irradiation
dose rate is evaluated by averaging those 10 measure-
ments for each position and a total of 10 background
measurements. The position of absorbed dose to wa-
ter, in simulation, was located at source-to-sample dis-
tance of 105 cm, same as with the ion chamber mea-
surement.

The ion chamber, which was calibrated by the
standard method for calibration factor in water, Ny, ,, to
maintain traceability, was used as a farmer-type ion
chamber (TM300013, PTW) with a waterproof coating
and no build-up cap. The ion chamber, which was used
in the experiment, was calibrated using the farmer-type
ion chamber (TM30011-1, PTW) that was calibrated at
SCD 105 cm with calibration coefficient of 0.05286
GynC™'. An electrometer (6517B, KEITHLEY), ther-
mometer (LABCAL PRO, LABFACILITY), barome-
ter (CPG2500, MENSOR), and humidity meter
(RN300, DEKIST) with traceability, were used for
standard calibration of the ion chamber [9-11].

The calibration factor of farmer type TM300013 in
water, Np ,, by standard calibration was 0.05400 GynC™!
at SCD 105 cm. The uncertainty contained systematic
uncertainties such as beam homogeneity, positional
reproducibility, electrometer, temperature, pressure, and
humidity, as well as statistical uncertainty [9-11].

Biological effects of radiation

The dose-response curves are essential for bio-
logical dose assessment, as the number of chromo-
some aberrations is correlated with the irradiation

Figure 1. Irradiation system of “’Co isotope for (a) experimental set-up for absorbed dose in water and

(b) geometric structure of water phantom
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dose [12]. Accurate dose delivery should be accompa-
nied to obtain an accurate dose-response curve and the
lymphocytes should be irradiated in vitro to replicate
the in vivo experimental conditions. Furthermore, the
blood should be exposed at least 1 m away from the
source, to reduce the difference in uniformity of irradi-
ation to less than 2 % [13]. Sinking and coagulation of
blood were also considered. The blood samples were
rotated during the irradiation to prevent sinking, and a
water phantom, maintained at the normal human body
temperature, was produced and used for the assess-
ment of absorbed dose in this experiment. In addition,
the sample mount was rotated at a constant speed for
uniform irradiation. The measured absorbed dose rate
to water was compared with simulated dose rate to wa-
ter by using Monte Carlo simulation. Blood is made up
of more than 96 % water and 4 % of other low atomic
substance, so the absorbed dose of blood can be esti-
mated measuring the absorbed dose to water.

Monte Carlo calculation

The MCNPX 2.7.0 code was used to evaluate the
dose rate for Monte Carlo calculations [16]. The geomet-
ric structure of the irradiator consists of source drawer,
irradiator body, head, collimator of Gammabeam X-200,
and the calibration room. The effective size of the source,
which contains stack of °Co pellets of 1 mm diameter, is
2 cmin height and 2 cm in diameter, with a 1.1 mm stain-
less steel cover in the source drawer. There is a
square-shaped tungsten collimator in the beam direction
from the center of the source, surrounded by a lead
shield, as shown in fig. 2. We used an energy deposition
tally in the MCNPX code with a directly obtained rela-
tive error from the code of less than 1 % [16]. The mate-
rial information of tungsten, PMMA, water, stainless
steel, etc. was used by compendium of material composi-
tion for the MCNPX code [17].

Figure 2 shows the vertical and lateral geometric
structure of Gammabeam X-200 for Monte Carlo sim-

(b)
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Figure 2. Geometric structure o' *°Co irradiator
for Monte Carlo simulation for (a) vertical axis and
(b) lateral axis

ulation. The values of the simulated absorbed dose rate
to water, D, ., are denoted by
DW,S :EdCfg}/ (1)

W,S?

where Ej is the energy deposition value in Monte Carlo
simulation with the unit of MeVg" per photon in the
MCNPX code [16], ¢ is the correction factor of
8.1034-10" for absorbed energy to dose rate, &,are photon
emission rates of 0.9985 and 0.9999, correlated with the
%Co source based on the response of 1.173 MeV and
1.333 MeV, respectively, on the date of the measurement
[18].

RESULTS

The measured dose rate of the ion chamber was
0.2975 + 0.0055 Gymin! (at coverage factor k = 2) with
the gamma field (10 cm x 25 cm at SSD of 100 cm) at a
depth of 5 gem 2 in the water phantom. Under similar con-
ditions as that of the experimental set-up, the calculated
dose rate from the Monte Carlo simulation was 0.2978 +
0.0052 Gymin™' (at coverage factor k = 2). Results from
the measurements agreed well with the simulated results.
Figure 3 shows differential photon fluence at sample irra-
diation location by MCNPX simulation. The high photon
fluence was generated by moderating the gamma rays of
1.173 MeV and 1.333 MeV from “Co to low energy re-
gion, at a depth of 5 gem 2 in water phantom.

Figure 4 shows that, overall, there is a good agree-
ment between different measurements and Monte Carlo
simulations, for profiles of the lateral axis. However,
there is a discrepancy in the dose rate values at the edge of
the beam field due to inability to accurately retrace the
position. But the discrepancy is negligible for irradiation
because it is conducted at the center of the beam field.

The relative bias, By, for evaluating of the dis-
parities between calculated and measured results was
expressed as

BD _Zw.m W, (2)

107 L w0 7
[ =—10cmx25cm ®Co (MCNPX 2.7.0)

Differential photon fluence [MeV~'cm™]

- -
10 Photon energy [MeV] 10
Figure 3. Differential photon fluence of “Co irradiator
by Monte Carlo simulation with gamma field

(10 cm x 25 cm at SSD of 100 ¢cm) at 5 gem™ depth in
the water phantom
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Figure 4. Comparison of lateral beam profiles for
absorbed dose between measurements and Monte Carlo
simulations with gamma field (10 cm X 25 cm field at SSD
of 100 cm) at 5 gem™ depth in the water phantom

0.35 T T T T H i
i ©  Measurement
7: \}\E\ ...... . MCNPX 2.7.0
g_ 0.30 &
5 T
\§\
2 N
g o025 g
~3
0.15 - . . ! * :
0 5 10 15

Depth in water [gem ]

Figure 5. Comparison of depth profiles for absorbed dose
between the measurements and Monte Carlo simulations
with gamma field (10 cm X 25 cm field at SCD of 105 cm)
in the water phantom

where Dy, is the measured absorbed dose rate in wa-
terand Dy, ; —the simulated absorbed dose rate in water
[18, 19]. The measured and simulated depth profiles
for the absorbed dose rate in water, D,,, are in good
agreement, as shown in fig. 5, showing a relative bias
Bp of less than —0.012. According to fig. 5, there is an
approximately 3.5 % difference between the front sur-
face (depth at 4.25 gem ) and the back surface (depth
at 5.75 gem ) of the blood tube during the irradiation
because the diameter of tube is 1.5 cm. Thus, the dis-
parity of the total amount of dose rate was reduced by
rotating the sample mount.

DISCUSSION

It is essential to accurately evaluate the amount
of radiation dose delivered to the sample for assessing
the biological effects of radiation. Here, we measured
the dose rate of the lateral profile and the depth profile
ofthe beam field in a water phantom. We compared the
measured values with the Monte Carlo simulation, us-

other.

CONCLUSION

The objective of this study was to provide a stan-
dard method of irradiation to construct a dose-re-
sponse curve of biological effect by irradiation,
through precise measurement of absorbed dose to wa-
ter in comparison with Monte Carlo simulation. Dose
response curves, produced by precise irradiated dose,
can improve the accuracy of retrospective dosimetry
of radiation workers, or the public, in radiation emer-
gencies. Based on our measured dose rate results and
irradiation system, the blood samples will be irradi-
ated with a precise dose with physical traceability. Fi-
nally, the dose-response calibration curve will be pro-
vided through further studies that additionally
analyzes chromosome aberrations in lymphocytes by
standard irradiation.
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Jynr-Yk KJE, Xjo-bun KM, bu-Eyn JIU, Jyen-bhae CEO, Byenr-Ku KM,
Boa-Cyn bo, dynr-Jeon JIN, Jeonr-XKoyk KAHT

MEPEIBE JAYUHE AIICOPBOBAHE NO3E Y BOJEHOM ®AHTOMY OJPXKAHOM
HA TEJECHOJ TEMIIEPATYPU MOMORY ¢Co O3PAYUBAYA - [IOPEBEILE
EKCIIEPUMEHTA/ITHUX PE3YJITATA U MOHTE KAPJO CUMYJAIINJE

3a aHanu3y GHOJIOMIKKX eheKaTa 3padetha, BasKHO je fja Ce YCIIOBH i1 Vitro eKcIlepuMeHaTa OIIcKo
HOKJIaNajy ca YCJIOBMMA i1 ViVO €KCIEpUMEHaTa. Y OBOM pajy KOHCTpyHCAlld CMO CHCTEM O3paudBama 3a
CIIPOBObEmE eKCIEpUMEHATa 3pauemheM T0f YCIOBUMA CIIMYHIM OHMMA Y €KCIEPHMEHTHMA i1 Vivo. JIoHrHaM
VHCTHTYT PaJMONONIKAX U MEAMIMHCKMX HAayKa MMa rama o3paumBad Koju ykibyayje “Co pammonsoron 3a
UCTpaKUBAyKe CBpXE U aKpefuTauyjy cTaHfgapfHe KanuOpauuje joHcke kKomope. Temmeparypa BopeHOT
¢panTOMA Ofp:KaBaHA je HAa TEMIEPaTypu HOPMAJHOT JbYACKOL Tela, a (hu3nuKa JO3UMETPHja CIPOBE/CHA je
Ipenus3Ho KopuithemeM joHcKe Komope ca mpahemeM mponeca. OBe U3BEIITaBaMO O Mepery OOYHUX
npocuia, npousa no AyOUHU U jaurHM arncopOoBaHe 103€ Y BOAM, a HA JIOKALWjH 3payera, y30opaka KpBU
nomohy joHcke KoMope apMmep-tuna. CUMyIupanu cMO U3BOP, KOIUMATOP, 03paunBay, (haHTOM U NMOCEOHY
CTPYKTYpY CHCTEMa rama 3payera Koprcrehu Monte Kapsio Koj 1 ynmopeaunu cuMyupase 1 eKCliepIMEHTAITHE
pesynTaTe. EXCiepMMEHTaTHO U TEOPHjCKM TIPOLEHheHe jaunne fo3e oune cy 02975 + 0,0055 Gy min~! (nmpu
(bakTopy nokpuseHocTr K =2) 1 0,2978 + 0,0052 Gy min™' (mpu (hakTOpy MOKPUBEHOCTH K =2), Ha YJIAJbEHOCTH
op u3Bopa fio nospumre off 100 cm u 5 gem™ yGuHe y BOIEHOM (haHTOMY, PECIIEKTUBHO. 3pavethe KpBu Ounhe
CIIPOBEJICHO 7 Vifro, OJ yCIIOBUMA CIIMYHUM YCIIOBUMa i1 Vivo, ia 61 ce 00e30e/j1na KpuBa 03a-0/13UB 3aCHOBaHA
Ha JJO3UMETPUjU ca npahewmeM npoleca.

Kmwyune pequ: aiicopbosaria 003a, 800eHuU (hanitiom, 3payerbe Kpsu, citiandapora kaaubpayuja, MCNPX ko0



