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Ionization chambers were calibrated regarding absorbed dose to water in MeV X-ray fields of
amedical linear accelerator, with nominal maximum energies of 6 MeV and 15 MeV. Whereas,
absorbed doses to water at a depth of 10 cm below the water surface were measured using the
same ionization chamber (referred to as IC-1) in two different manners (z. ., applying the old
beam quality correction factor %y from the old IAEA/TRS-398 protocol, referred to as
Dj°“and using the new one, kq f(lgg)m the updated protocol, referred to as Dy "". The cali-
bration factors of IC-1, N}, w,0 were deduced (for beam qualities Q of MeV X-ray fields with
maximum energies of 6 MeV and 15 MeV). The identical procedure was applied to two other
ionization chambers (IC-i, 7 = 2, 3) to obtain absorbed doses to water at a depth of 10 cm (re-
ferred to as Df;"") using the new beam quality correction factor. A comparison between

D}y and Dfy ™" was conducted to derive the calibration factors of the IC-i, N, w0
combined standard uncertainties of Np) o (¢ =1, 2, 3) were estimated within 1.32 % and

2.30 %, respectively.

The
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INTRODUCTION

Ionizing radiation reference fields are normally
established to ensure the proper operation of ionizing
radiation measuring devices (e. g., ionization chambers,
IC). For calibrations of IC in terms of absorbed dose to
water (D,,), the %°Co beam quality has been frequently
used as the reference field. The IAEA released a practi-
cal protocol (known as the IAEA/TRS-398 protocol)
[1] guiding to determine the value of D,, caused by
teletherapy units (i. e., ®*Co and/or Megavoltage (MeV)
X-ray medical linear accelerator — LINAC). The
IAEA/TRS-398 protocol can also be applied for cali-
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brations of IC in different beam qualities (i. e., symbol-
ized as Q, for ®*Co and Q for other qualities of LINAC).
When an IC is calibrated in a ®°Co reference field
(in terms of D,, with a calibration factor denoted as
Np,y,00)> to be used in the measurement of D,,, caused by
an MeV X-ray LINAC (with a beam quality of Q), a cor-
rection factor (k o ) [1] must be applied to convert the
output reading recorded by the IC in the MeV X-ray
LINAC field to that in the ®°Co field (the reference field).
However, °Co radiotherapy units will be scarce
in the future due to the inconvenience of source re-
placement, while LINAC will become more popular
instead. Therefore, calibrating IC in °°Co fields will no
longer be convenient. Consequently, calibrating IC in
MeV X-ray fields will soon become a crucial trend.
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The TAEA also released several publications
guiding the calibration procedures for IC in radiother-
apy external beams [1, 2]. It was also noticed that the
values of k, , will soon be replaced by &, (in MeV
X-ray fields) [3] in the updated IAEA/TRS- 398 proto-
col. Those protocols may guide the calibration facili-
ties to supply their customers with values of Ny, o,
and/or Np, , (based on their available radiotherapy
reference fields).

The National Physical Laboratory (NPL), a pri-
mary standard dosimetry laboratory (PSDL) in the
UK, was the first laboratory to supply calibration ser-
vices for IC in MeV X-ray fields [4]. This means the
laboratory has been able to provide its customers with
the values of Npy , .

The values of k, were investigated through nu-
merical simulated and experimental data and are avail-
able [5] for various IC technical characteristics and the
values of beam quality index (i. e., tissue-phantom ratio,
TPRy,0, to be understood as the ratio of the absorbed
doses at depths of 20 cm and 10 cm below the water sur-
face, measured with a constant source-to- chamber dis-
tance (SCD) of 100 cm and a field size (FS) of 10 cm x
10 cm at the plane of the IC in water [1]).

The determination of D,, values (caused by dif-
ferent gamma and X-ray beam qualities) using IC was
implemented for three different beam qualities follow-
ing various practical protocols [6] including the
IAEA/TRS-277 in 1987 [7]; Hospital Physicists' As-
sociation — HPA, in 1983 [8]; Nordic Association of
Clinical Physics— NACP, in 1980 [9]; American Asso-
ciation of Physicists in Medicine — AAPM, in 1983
[10]; National Council on Radiation Protection and
Measurement — NCRP, in 1981 [11]; and International
Commission on Radiation Units and Measurement -
ICRU, in 1973 [12]. The differences between the val-
ues of D, determined by different protocols were
noted as not significant when compared to those from
the IAEA/TRS-398 protocol [1], which was consid-
ered as the reference in the comparison.

In this work, the MeV X-ray reference fields
with nominal maximum energies of 6 MeV and 15
MeV (generated from the Varian TrueBeam STx
LINAC) were used for calibrating three different IC in
terms of D,, following the updated IAEA/TRS-398
protocol [13] for different investigated geometries. In
particular, the following tasks were performed:

— the absorbed doses to water at a depth of 10 cm be-
low the water surface, Dy (for different investi-
gated geometries), were measured using the same
ionization chamber IC-1. This chamber was cali-
brated in a “°Co radlotherapY reference field, with
the calibration factor of Np . g,. The measure-

ments were conducted in two different manners:
(i-a) by applying the old beam quality correction
factor (BQCF) kQ (referred to as k 1n this
work), following the old IAEA/TRS-398 proto-

col, referred to as Dl °ld and (i-b) by applying the

new BQCF (ky, as provided in the updated
IAEA/TRS-398 protocol), referred to as D|y " .
The calibration factor of the IC-1, N D,W’Q(in

terms of absorbed dose to water, D,,, in the MeV
X-ray fields of the LINAC with a beam quality of
Q) was deduced by comparing D}y *and D/ ™ ,

and

— the values of D, (for different investigated geom-

etries) were also measured using two other IC
(IC-,i = 2, 3) applying the new BQCF of ko, re-
ferred to as Dj; ™. A comparison between pair
values of Dy "™ and D/, " was conducted to de-
rive the calibration factor of IC-i, N z),w,Q (in

terms of D,,, in the MeV X-ray fields of LINAC
with the beam quality of Q). The combined stan-
dard uncertainties of N zl),w, 0-andNp , o werees-

timated and presented in this work.

MATERIAL AND METHOD

Varian TrueBeam STx medical
linear accelerator

The TrueBeam STx is one of the most advanced
LINAC from Varian, and it is used for radiotherapy
and radiosurgery. It features a 120 multileaf collimator
including 32 leaf pairs each 2.5 mm thick lead at the
central beamline and 28 leaf'pairs each 5 mm wide lead
surrounding it. This design ensures exceptional preci-
sion in target conformation and minimizes the X-ray
penumbra effect. The LINAC can be used for external
radiotherapy with two operational modes of X-ray
beams (i. e., with or without the flattening filter, FF). In
this work, the LINAC was used to generate X-ray
beams with nominal maximum energies of 6 MeV and
15 MeV, operated in the FF mode.

Measuring assembly and
water phantom

In general, a measuring assembly consists of an
IC and an electrometer. In this study, measurements
were conducted using three distinct measuring assem-
blies. The first two were combinations of IC (FC65-G
and CC13) and the DOSEI1 electrometer, which were
manufactured by the IBA Dosimetry company. The
third was a combination of the PTW Semiflex IC
(model: TM31010-004086) and the PTW Unidos
(model: T10001-11831) electrometer, manufactured
by PTW-Freiburg.

The IC-1 (FC65-G), IC-2 (CC13), and IC-3
(PTW-31010) are all cylindrical ionization chambers
with respective active volumes of 0.65 cm?, 0.13 cm?,
and 0.125 cm®. The FC65-G and CC13 have inner diam-
eters of the outer electrodes of 6.2 mm and 6.0 mm, re-
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spectively. Their inner electrode diameters are 1.0 mm.
The lengths of their inner electrodes are20.5 mm and
3.3 mm, respectively.

The PTW-31010's outer electrode has an inner
diameter of 5.5 mm and the aluminum central elec-
trode has a diameter of 1.1 mm. Its sensitive volume is
6.5 mm long.

All measuring assemblies were initially cali-
brated by a recognized international standard dosime-
try laboratory such as PSDL or IAEA-SSDL and
recalibrated annually by the Viet Nam secondary stan-
dard dosimetry laboratory (VN-SSDL), as required by
a Vietnam authority organization. In this study, these
three measuring assemblies were used to determine
the values of D|,. Their calibration factors(N Ii)’w, 0,)
in the ®Co reference field were available.

In this work, a water phantom (known as the Blue
Phantom 2) with dimensions of 48 cm % 48 cm x 48 cm
was used, accompanied by a convenient three-dimen-
sional scanning system, to facilitate the IC positioning.

Investigated geometry, measured
and derived quantity

In this work, measurements (corresponding to
investigated geometries) were conducted using three
assemblies to obtain the measured and derived quanti-
ties. More details can be seen in tab. 1.

In all measurements, the delivered Monitor Unit
(MU) values were consistently set to 600 MU (at a rate of
100 MU per minute), achieving statistical uncertainties
of less than 0.5 % for the recorded readings of the IC.

Measurement of absorbed dose
to water using ionization chamber

In general, to measure a value of Dfo (i=12,3)
per MU using an IC, one typically applies the practical
protocol guided by the IAEA (i. e., IAEA/TRS-398
[1]). The following steps were carried out:

— measuring and correcting the data from IC-i (to
obtain the corrected value of M) by following

these steps: (i-a) Converting the measured data
from IC-i, M, (at nonstandard measuring condi-

tions), to the standard conditions of temperature
and pressure by multiplying with a factor of kzp;

(i-b) Correcting that value for other influencing
factors such as the calibration factor of the
electrometer, ke.; ionization chamber polarity,
k and the recombination effect inside the IC,

k!). The corrected value of M} can be calculated

i
pol >

using eq. (1), with all correction factors derived
following the guidance from [1].

Mé :MzikT,Pkeleck;imlk; (1)

— calculating the values of D], involves correcting
the value of M Z for beam quality. This process
converts the M é value, measured by IC-i in the O

beam quality field with the calibration factor of
Np,,p in terms of D, to the reference field of O
beam quality. To obtain the reference values of
Dlio in a reference field of Qy beam quality, the

M !value must be multiplied by a correction factor

of kQ’Q0 , and the calibration factor of IC-i, Np 0
in terms of D,,.

— finally, the measured data in non-reference condi-
tions, M was converted to the value of D], in the

radiation field with the beam quality of Q under
standard conditions, such as temperature, pressure,
radiation reference field, ezc. The value of Dy, can

be calculated using eq. (2), with the unit converted
into cGy per total delivered MU to the IC.
Djy :(Mli,kT,Pk otk )

elec™ po

‘(Np w0 k0.0,) )

Calculation of ionization chamber calibration
factor in MeV X-ray reference field

Applying eq. (2) for measurements by the same
IC-1 (FC65-QG) in the field of Q beam quality (with the
assumption that the IC-1 was calibrated in the field of
0O, beam quality with a calibration factor of N ID,W,QU
accompanying with the beam correction factor of
le,QOf i e, kézo in this work). That means the first
bracket factor in eq. (2) is the same for measurements
using the same IC in the same field of Q beam quality.
For consistency with the notation in the newly updated
IAEA/TRS-398 protocol [13], Np,, o and kéz were as-
sumed to be the calibration factor and beam quality

Table 1. Investigated geometry, measured and derived quantity

Investigated geometry Available/measured quantity Derived quantity
i . Np ., o [cGymnC
E [MeV] Distance Mc N D.w,0, on ko D,w,Qo[ y/nC]
[100 cm] | [nC/MU] [cGy/nC] FC65-G CCl13 | PTW 31010
SCD X X X X
6 1 2 3
SSD X X X X ND,w,Q ND,w,Q ND,w,Q
15 SCD X X X X Eq. (4) Eq. (5) Eq. (5)
SSD X X X X
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correction factor of IC-1 in the field of Q beam quality,
respectively, achieving the relationship described in
eq. (3). From eq. (3), the value ofN}),w’Q can be de-
duced as in eq. (4). Where the beam quality values of
klg0 and kIQ (for the IC-1) can be interpolated from tab.
6-111 of [1] and tab. 16 of [13] based on the measured
value of TPR,; .

1 1 1 1
Npow.o,%0, =Npwoko ®)
N! k!
| p,w.0,%o,
ND,W,Q = kl (4)
0

Consequently, applying eq. (2) for measure-
ments by the IC-1 and by the IC-1 (i =2, 3) in the same
MeV X-ray beam quality of LINAC (that means: all
parameters in eq. (2) were known for the IC-1). Then,
the unique unknown parameter of N, ., for the IC-1
could be derived as follows

NE,W,Q =
_ (MiikT,PkeleckIlek; )(NID,W,leQ )

i i i i (5)
(MukT,Pk kpulks)'kQ

elec

RESULT AND DISCUSSION

Calibration factor of ionization chamber
in MeV X-ray reference field

Table 2 shows the existing calibration factors
(N D .0, in ©°Co field, available from calibration cer-
tificates, performed by internationally recognized
standard dosimetry laboratory) and measured values
of beam quality index (i. e., TPR,,, k¢, , and k) for
different IC and different MeV X-ray energies. The
values of beam quality (k. kp) decrease as the MeV
X-ray LINAC energies increase.

Table 3 presents the values of N E,W’Q (the cali-
bration factors for three different IC in various MeV
X-ray beam qualities, calculated using two different
methods as described in eq. (4) and eq. (5)) and for two
different investigated geometries.

Table 2. Calibration factors of different ionization
chambers in terms of absorbed dose to water in **Co field
and measured values of beam quality index for different
ionization chambers

. Ionization chamber
Evevy| QAU Teees G [ ot [PTW31010
Npwoo[cGymC]|  4.83 | 264 |  30.1

TPRyono 0.6680

6 ko 0.9942 109948 | 0.0917

kQU 0.9930 | 0.9925 0.9920
TPR>o10 0.7630

15 ko 0.9800 | 0.9788 | 0.9740

kQu 0.9730 | 09718 | 0.9720

E: the nominal maximum energy of MeV X-ray LINAC

From tab. 3, it can be observed that the values of
N E,W’Q for the same IC show negligible differences,
even across two different beam qualities of the MeV
X-ray LINAC, with the largest difference being ap-
proximately 0.7 %. This reveals that the energy re-
sponses of IC are identical in a wide range of spec-
trum-averaged energies of MeV X-ray LINAC.

Combined standard uncertainty of
ionization chamber calibration factor

Table 4 shows the uncertainty budgets and the
combined standard uncertainties of N L’W, o values cal-
culated using two different methods, i. e., following
egs. (4) and (5). The uncertainty budget values were
taken as the largest values ever encountered. The max-
imum combined standard uncertainty of N B,W’Q was
estimated to be as less than 2.30 %, which is consid-
ered acceptable.

CONCLUSION

The MeV X-ray reference fields of a Varian
TrueBeam STx medical linear accelerator (with the
maximum X-ray energies of 6 MeV and 15 MeV) were
used to calibrate different radiotherapy ionization
chambers in different MeV X-ray beam qualities fol-
lowing the IAEA updated practical protocol known as
the updated TAEA/TRS-398 [13]. The different ion-
ization chamber calibration factors in terms of ab-

Table 3. Calibration factors of different ionization chambers in terms of absorbed dose to water for
various MeV X-ray beam qualities, calculated based on two distinct models, i. e., eqs. (4) and (5)

Investigated geometry Calculated calibration factor in MeV X-ray [cGy/nC]
£ MeV] SSD [on] SCD [em] FC65-G (N, 0) CC13 (N} . 0) PTW 31010 (N}, o)
Eq. 4) Eq. (5) Eq. (5)
6 100 4.83 26.4 30.2
100 4.83 26.4 30.1
15 100 4.86 26.6 30.3
100 4.86 26.6 30.3

E: the nominal maximum energy of MeV X-ray LINAC
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Table 4. The combined standard uncertainty of
ionization chamber calibration factor in MeV X-ray
reference fields with different beam qualities, calculated
based on two different models, i. e., eqs. (4) and (5)

Quantity NID,W,Q NE,W,Q
Model eq. (5) eq. (6)
. Uncertainty budget is taken

Influenced quantity into account [%]*
N D.w.,Q, 1.00
ko, 0.50
ko 0.50

M, 0.50

krp 0.10

kelec 0.20

kipol 0.70

k 1.00

N lD,w,Q 1.66

Combined standard uncertainty 1.22 2.30

*the value was estimated based on the maximum standard
uncertainty ever encountered

sorbed dose to water, Ny, ,,  (for different MeV X-ray
beam qualities) were obtained with negligible differ-
ences between calculation models and varying dis-
tance geometries. The combined standard uncertainty
of Np,, o was also estimated as low as less than 2.30 %
(with the uncertainty budgets being taken as the
ever-encountered maximum ones).
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Xonr-JIam @AM, Tanx-®u-Xyur XOAHI, Jun CYHJYH, [lyj-/lunx bYJ, Tyan-Kaj HI'YJEH,
Ban-Jloat BYJ, Tyan-Anx JIE, Xy-Kyjer HI'YJEH, [lyk-Ke ®AM, Bujer-Kyonr ®AH,
Tuen-Ayur ®AH, Kyanr-Tpyar @AM, Xoaun-Ham TPAH, Hrok-Tujem JIE

KAIMBPAIINJA JOHU3AIIMOHE KOMOPE Y MET'AHAINIOHCKOM
PEHATEHCKOM IIO/bY MEMUMIMNHCKOI JUHEAPHOI AKIEJIEPATOPA

JoHuzanuoHe KkoMope KanuOpucaHe Cy y MOTJefy arcopOboBaHe 703€ y BOIU Y METaHAIOHCKUAM
PEHAMEHCKUM IOJbMMa MEJUIMHCKOr JIMHEapHOr akllejepaTopa ca HOMUHAJIHMM MaKCUMAaJTHUM
eHeprujama o 6 MeV u 15 MeV. ,HOK cy ancopboBaHe jio3e y Boju Ha fyownn off 10 cm ucnoj moBpimae
BOJIe MepeHe KopulthemeM nere jomszanuone Komope IC-1 Ha iBa pa3nuuuTa HAUMHA: TPUMEHOM cTapor
hakTOopa KOpeKLHje KBaIUTETa CHOMA k (p 13 crapor IAEA/TRS-398 TIPOTOKONa, Koju ]e o3HauencaD1, 10 old.
u KopuitheweM HOBOT (pakTopa kQ 13 aXXypHUPAHOT MPOTOKOJIA, KOjH je o3HaueH ca D ;™" . Onpebenn cy
KanubpaluyroHu (baKTOpI/I IC-1, N} Dw,0 38 KBamureT cHoma () MeraHalOHCKHX PEHATCHCKUX MOba ca
MaKCUMaJHUM eHeprujama oy 6 MeV u 15 MeV. Unenruman MOCTyNaK NPUMEHEH je Ha JIBe Apyre
jonmsanmone komope (I1C-i,i =2,3) na 6u ce go6use ancopboBane o3e y BoiAn Ha AyOuHn off 10 M O3HACHE
caD ™" , KopuuIheeM HOBOT (PaKTOpa KOPEKIHje KBaTUTETa CHOMA. HopebeH,e msmeby D 1" u DI
cpoBefieHo je na O6m ce m3Bemm cpakropu Kammbpammje IC-i, Np,, o- KombOuHoBaHe craHgapjHe
HecurypHocTu N py, o (i = 1 u 2, 3) npouemene cy Ha 1.22 % 1 2.30 %, pecreKTHBHO.

Kwyune peuu: aticopbosana 003a, kaauitieiti CHOUA, HOMUHAAHA MAKCUMAAHA eHePZUja




