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Abstract

The Korea Research Institute of Standards and Science (KRISS) established the standard of absorbed dose to water of high-
energy x-rays based on the graphite calorimetry. Some of the ionization chambers were directly calibrated under high-energy
x-rays. Uncertainty of the chamber calibration was 0.43% (k=1). kq o0, the beam quality correction factor, of the chambers
were determined for the chamber models of the NE2571 and PTW30013, too. Determined kg, o showed good agreement
with the literal data within the stated uncertainty. International equivalence of this KRISS standard was also confirmed, in
separate studies, by participating in international comparison studies with the National Metrology Institute of Japan and
also with the Bureau international des poids et mesures (BIPM.RI(I)-K6). Now, the KRISS is providing a direct calibration
service for user’s ionization chambers under high-energy x-rays. This service could contribute improving the quality assur-
ance of x-ray therapy at hospitals by reducing the uncertainty of dose measurement.
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1 Introduction

The Korea Research Institute of Standards and Science
(KRISS) established the standard of the absorbed dose to
water for therapeutic high-energy x-rays and developed the
direct calibration procedure for the ionization chambers
under the high-energy x-rays. So far, the absorbed dose to
water of high-energy x-rays used in domestic hospitals has
been traceable to the absorbed dose to water of **Co gamma-
rays standard of the Korea Research Institute of Standards
and Science. The effect of the difference in quality between
the high-energy x-rays and ®°Co gamma-rays is considered
by using a quality correction factor, kg o (or kq) provided
by IAEA Technical Report TRS-398 [1], an international
protocol for external beam radiotherapy, or by TG-51 [2, 3]
of the American Association of Medical Physicists. How-
ever, the kq o given in the protocol are provided only for
each model of the chamber, so the characteristic difference
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between the chambers cannot be considered. This difference
contributes to an increase in the uncertainty of the absorbed
dose to water, which affects the quality control of the radia-
tion therapy. For this reason, direct calibration under high-
energy x-rays has been carried out in the UK since 1989
[4, 5] (direct calibration of the air kerma until the 1990s).
Recently, direct calibration of water absorbed dose for high-
energy x-rays has been mandatory in Australia since 2014
[6]. In Korea, all technical preparations for direct calibration
has already been completed at KRISS.

Measurement traceability is a characteristic that connects
the measurement results to measurement standards through
an unbroken chain of the calibration [7]. Measurement trace-
ability enables the comparison of results measured by differ-
ent equipment or people at different times, places or hospi-
tals. In other words, the measurement results are equivalent
within a range of the combined uncertainty. This is the core
of the quality assurance of treatment, which allows treat-
ment policies to be maintained consistent and makes it pos-
sible to accumulate case experiences in each hospital, and to
compare and share the treatment results among the radiation
oncologists working in different hospitals [8].

One of the most important elements in the measurement
traceability is the uncertainty. It is because the uncertainty
allows the measurement results to be compared with each
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other. For this reason, until the early 2000s, countries around
the world accepted the revised protocol which was shifted
from the air kerma based [4, 9, 10] to the absorbed dose to
water based [1-3, 5].

ICRU 24 requires the uncertainty of the absorbed dose
to the target volume should be within 5% (k=1) [11]. And
there is a need for lower uncertainty for radiation-sensitive
tissues. However, it is not easy to maintain the uncertainty of
the absorbed dose to the patient below 5% [12]. Of course,
the major reason is that the dose in the patient’s body is
entirely dependent on calculation. However, the uncertainty
involved in the calibration of high-energy x-rays cannot be
ignored, yet. Following the standard protocols based on
the current °Co gamma-rays absorbed dose standard, the
expected uncertainty of the measured absorbed dose to water
under the high-energy x-rays is typically about 1.5% (k=1)
[1], where the uncertainty of 1% (k=1) is caused by kQ’QO
[1]. With the direct calibration in the high-energy x-rays, the
uncertainty in the dose measurement can be reduced down
to less than 1%. For this reason, TRS-398 recommends the
direct calibration as the top priority if it is available.

Direct calibration under the high-energy x-rays has not
yet become common, for several reasons. The first reason is
the technical difficulty. The most preferred primary method
of the measurement of absorbed dose to water under high-
energy x-rays is calorimetry using water or graphite as a
medium. The calorimetry was first developed in the 1970s
by the National Bureau of Standards (NBS) [13]. However,
due to the difficulty of implementing the technology, it did
not spread until the 2000s. Currently, about ten countries
have established their own standards for absorbed dose to
water under the high-energy x-rays and maintaining their
international equivalence of measurements through the
CIPM Mutual Recognition Arrangement (CIPM MRA),
where CIPM stands for International Committee for Weights
and Measures (Comité international des poids et mesures).
KRISS developed a graphite calorimeter in 2015 and con-
ducted international comparison studies with National
Metrology Institute of Japan (NMIJ) in 2016 [14] and with
the International Bureau of Weights and Measures (Bureau
international des poids et mesures, BIPM) in 2017 (BIPM.
RI(I)-K6) to demonstrate the international equivalence of
the new measurement standard. The degree of equivalence
of the KRISS standard is maintained in the BIPM's key com-
parison database (KCDB) [15] at http://kcdb.bipm.org.

The second reason is the argument that the direct cali-
bration is not necessary because the standard for absorbed
dose to water under %°Co gamma-rays is more consistent
among countries than in the case of the high-energy x-rays
[6]. This contributes solely to the superior stability of ®°Co
gamma-rays. The ®*Co gamma-ray field simply decays with
the half-life but the x-rays of an electron accelerator cannot
be so constant. In fact, the international comparison results

under %°Co gamma-rays are relatively better; however, this
is meaningless since the calibration under ®°Co gamma-rays
eventually increases the uncertainty of the hospital users.

The third reason is the economic burden of the second-
ary standard dosimetry laboratory (SSDL). In order to fully
implement direct calibration, the SSDLs have electronic
linear accelerators incurring a lot of cost burden. This is an
important issue because it may threaten current calibration
system, and is also the main reason for not accepting direct
calibration in North America. For this reason, TRS-398
suggests that it is not necessary to undergo direct calibra-
tion under high-energy x-rays every year and proposes to
perform a direct calibration every third calibration cycle or
when damage to the ionization chamber is suspected. How-
ever, recently, with the widespread use of the electron linear
accelerators, some studies on the feasibility of direct calibra-
tion in the SSDL have been conducted [16, 17].

Direct calibration under high-energy x-rays can also be
used for quality assurance purpose. As mentioned above, the
kg qo values provided by the protocol cannot cover the dif-
ferences between the individual ion chambers. Even within
the same model of chambers, the characteristics may differ
due to the structural differences in production or metamor-
phosis during storage. In fact, in 2010, a study conducted in
Korea reported a variation in response up to 2.4% within a
same chamber model [18]. This is a much larger difference
than the uncertainty (1%, k=1) of kg ¢ suggested in the
protocol and may degrade the treatment quality. This kind
of problem can be found and be acted upon via an external
audit as claimed by S.H. Kim et al. [18].

In this manuscript, the procedure of direct calibration
established by the KRISS and the resulting kg o values
obtained through measurement of some ion chambers are
presented.

2 Materials and methods
2.1 Graphite calorimeter

Graphite calorimeter model C1505-4 was used [19]. The
schematic structure of the model C1505-4 is as shown in
Fig. 1, which was installed and operated as shown in Fig. 2.

Model C1505-4 is a Domen type calorimeter. The core
has a diameter and thickness of 16 mm and 3 mm, respec-
tively, equipped with three thermistor thermometers and one
thermistor heater, and is covered with two layers of jackets.
The temperature change in the core was measured by a DC-
type Wheatstone bridge. The signal noise of the Wheatstone
bridge is about 0.3 pVpp, which corresponds to a tempera-
ture of 0.08 mK. More details on the model C1505-4 are
reported in Ref. [19].
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Fig.1 Schematic of the graphite
calorimeter model C1505-4.
Cross-sectional layout (a),
close-up of the core and jackets
(b), and arrangement of the core
thermistors (c¢)

Fig. 2 Picture of the graphite calorimeter model C1505-4 set up

From the signals of the graphite calorimeter core, the
water absorbed dose was determined through two steps.
First, the graphite absorbed dose was determined, and sec-
ond, multiplied by the graphite-to-water absorbed dose con-
version factor to finally determine the water absorbed dose.

In order to determine the graphite absorbed dose, it was
necessary to know the energy of the radiation absorbed in
the core and the mass of the core. The mass of the core
was determined to be (1.103 47 +0.000 11) g through pre-
cise measurements when the graphite calorimeter was built.
The radiation energy absorbed by the core was determined
through an electric power calibration procedure, that is, a
process of comparing the temperature rise of the core raised
by radiation with the temperature rise of the core due to
electric heating up by the thermistor heater. The power
P, supplied from the thermistor heater was determined as
P, =V . VJ/R,, where V., V, were the voltage drops across
the thermistor heater and a constant standard resistance
(resistance value R,) connected in series to the thermistor
heater, respectively. Therefore, the graphite absorbed dose
was traceable to the unit of absorbed dose (Gy) through the
calibrations with the mass standard (kg), voltage standard
(V), and resistance standard (£2).
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Fig.3 Plot of the determined graphite-to-water conversion factor
according to the beam quality index, TPR,

The graphite-to-water absorbed dose conversion fac-
tor, kg y» was determined using a Monte Carlo simulation
technique [20]. This method was validated by previous
research groups [21-23]. EGSnrc code [24] was used in
this study. kg w was determined as kg y = Dy/Dg, where
Dy, Dg were the absorbed dose calculated at the calibra-
tion point (10 g/cm? water depth at the central axis of the
beam) in a water phantom (30 %30 x 30 cm?®) and at the
core center of the computational model of the graphite
calorimeter, respectively. kg w. includes the gap effect cor-
rection [25] and the depth correction, as well. kg v of the
model C1505-4 thus determined was as shown in Fig. 3.
Figure 3 shows the pattern of kg y against the beam quality
index of high-energy x-rays, i.e., tissue phantom ratio 20,
10 (TPRy o). Details of kg y evaluation were reported in
Ref. [20].
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2.2 High-energy x-ray standard field

High-energy x-ray standard fields are generated using a
medical linear electron accelerator model Elekta Syn-
ergy® Platform. Three types of x-ray energy sets (6, 10,
18) MV, (6, 10, 15) MV, (4, 8, 25) MV can be configured
through combination of filters of the accelerator. (6, 10,
18) MV set has been the default since 2015. The reference
irradiation direction of the x-rays was horizontal. All the
irradiations in this study were performed in horizontal set-
ting but the characterization of the x-rays. Characteristics
of the x-rays were evaluated using a large water phantom
(50 x50 x 40 cm?) in vertical setting to evaluate such as
x-ray beam quality index (TPR,, ;,), lateral profile, and
percentage depth dose.

Accelerator x-rays are not such stable as the %°Co
gamma-rays. Thus, for the sake of calibrating ionization
chambers against the water absorbed dose standard, pre-
cise monitoring of the x-rays was needed. To this end, an
external monitor chamber was prepared with two thimble-
shaped chambers (0.53 cc in volume) connected in parallel
and placed after the x-ray emission window. A high-purity,
high-density graphite cylinder (12.8 mm inner diameter
and 25 mm outer diameter) was overlaid on the monitor
chamber to obtain a sufficiently built-up signal. The two
ionization chambers were 62.5 mm apart from the center
of the beam along the cross-line direction. The ioniza-
tion current was measured with a precision electrometer,
and the temperature and pressure were also measured to
correct the effect of air density. The installed external
monitor chambers were as shown in Fig. 4. In the case of
the medical accelerator of the KRISS, the stability of the
inherent monitor chamber installed inside the accelera-
tor was within 0.3% for a day or two, and the stability of
the additionally mounted external monitor chambers was
within 0.15%.

Graphite

Thermometer cylinders

Ion

Fig.4 Picture of the external monitor chamber(s) set up on the accel-
erator

2.3 Absolute measurement of water absorbed dose

Using the graphite calorimeter, the water absorption dose
(rate) (Dw/Qy, o) (Gy/nC) of the high-energy x-ray was deter-
mined as follows:

D .
(_W) — <AT1rr)<Ceff> Hki,g (1)
Qm,g Qm,g Megg i=1
where Q,, , was the amount of charge (C) measured by the
external monitor chamber, AT, was the temperature rise
(K) of the core by irradiation, and C.4 was the effective heat
capacity of the core (J/K) [19, 26, 27], m 4 was the effective
mass of the core [19, 23, 27, 28], and ki,g were various cor-
rection factors including the graphite-to-water absorption
dose conversion factor. C 4 (J/K) was decided as follows.

E, E_cal
Cef = ( Wﬁial ) kheater (2)

where Eg ., (J) was the electric energy (J) supplied to ther-
mistor heater for electric power calibration, ATg ., (K) was
the temperature rise (K) of the core by electric heating, and
kpeater Was a correction factor for the geometric difference
between electric and radiation heating [29].

The calorimeter was positioned so that the center of the
graphite calorimeter core was located at a source-to-chamber
distance (SCD) of 100 cm. For electric power calibration,
electric heating was performed before and after irradiations.
Electric heat was supplied approximately at the same rate as
the energy absorption expected under the irradiation.

2.4 Calibration of standard ionization chamber

In the high-energy x-ray standard field where the quality was
0, the calibration factors Ny  of the standard ionization
chamber was determined as follows.

Dy, M, >
Npwo = | —~
pwQ < Qm,g > / < Qm,ch (3)

where M, was the amount of charge (C) measured by the
standard ionization chamber and Q,, ., was the amount of
charge (C) measured by the external monitor ionization
chamber. M, was given as follows:

MQ = Mrawkskpolknr,chksleevekdepth,chkSCD,ch (4)

where M,,,, was the reading of the standard ionization cham-
ber after the correction for the temperature and pressure was
applied, k; was the recombination correction factor, &, was
the polarity effect correction factor, k. ;, was the radial non-
uniformity correction factor for the x-ray standard field, and

kgepm Was the water depth correction factor, Kee e, Was the
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Table 1 The i01.1izat.i0n Model Serial number Chamber type Nominal volume,  Np y 0. Gy/pC
chambers used in this study em’ o
PTW TN30013 8979 Farmer 0.60 53.59+0.17
PTW TN30013 9304 Farmer 0.60 53.79+0.20
PTW TN30013 9305 Farmer 0.60 53.73+0.20
NE2571 3744 Farmer 0.60 44.95+0.15
NE2571 3745 Farmer 0.60 45.12+0.15

sleeve effect correction factor, and kg, was the SCD cor-
rection factor. The reference temperature and pressure were
20 °C and 101.325 kPa, respectively, when correcting the
environmental factors of temperature and pressure.

Five farmer type chambers were calibrated against the
graphite calorimeter. Table 1 shows the basic information
of the chambers used for the measurement.

The chambers were irradiated in a waterproof sleeve in a
water phantom (30x30x 30 cm?). The reference point of the
chamber was the geometric center of the chamber, and the
reference point was placed at a water depth of 10 g/cm? on the
beam central axis. Since the irradiation direction was horizon-
tal, the phantom window thickness (4.36 mm water equivalent)
was included in the water depth. The sleeve was not necessary
in the case of a waterproof chamber but had the advantage of
improving the positioning reproducibility of the chamber dur-
ing calibration. When measuring the ionization chamber, the
laboratory temperature and humidity were maintained at in the
range 20-24 °C and 30-70% of relative humidity, respectively,
according to the KRISS calibration procedure.

The beam quality correction factors kg, o, of the chambers
also were determined as follows from Np, y o

ND,W,Q

koo = S

Np.w.qo
where Np y oo Was the calibration factor for the water
absorbed dose of the corresponding ionization chamber in
the standard ®°Co gamma-ray field.

2.5 Calibration of user ionization chambers

In this study, user ionization chamber calibration was not car-
ried out. However, when a user chamber is submitted for cali-
bration, then it is calibrated against the standard chambers in
the same quality of x-rays in the same water phantom, in the
same sleeve at the same location and at the same depth. And
calibration factor of the user chamber N**¢' _is determined as

D,W.Q
follows:
N = —MQ/QmYCh D,W 6)
D.W.Q M(lzl)ser /Q?nsirh W.Q

Here, Np, y q is the calibration factors of the standard
chamber, and MQ, Onmch and ME‘;“, Q‘;fecrh are the amount of
the charges measured with the user chamber and the exter-
nal monitor chamber, respectively, under the calibration.

3 Results and discussion

The typical temperature curve obtained with the graph-
ite calorimeter was as shown in Fig. 5. It was obtained
under the irradiation of 6 MV x-rays. Here, AT, ATg .,

was obtained by extrapolating the pre- and post-drift of

Table 2 Determined absorbed

Value Uncertainty

dose (rate) to water and the

associated uncertainty at 10 MV Type A (%) Type B (%)

(TPRy; 10=0.734)
(AT;/Qp, ), core temperature rise (rate), K/pC 0.6323 0.05 0.06
C,, effective heat capacity of the core, J/K 0.8001 0.05 0.24
me, effective mass of the core, g 1.1042 0 0.05
kg w» graphite-to-water conversion factor 1.0608 0 0.19
kgs, backscattering to the monitor by the calorimeter 0.9997 0 0.05
k., ¢> radial non-uniformity correction of the beam 0.9980 0 0.10
kpos,» correction for the lateral positioning 1 0 0.03
kyq,g> correction for SCD 1 0 0.06
(DW/Qm,g), absorbed dose (rate) to water, Gy/nC 0.4849 0.07 0.34
Uy, standard uncertainty, Gy/nC 0.0013 0.35

D Springer KESYAEAY
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Fig.5 Temperature rise of the core along the time (a), the temperature drift pre- and post-heating regions (b)
Table 3 Determined Ny g of Value Uncertainty
a farmer type chamber (PTW
TN30013, SN9304) and the Type A (%) Type B (%)
associated uncertainty at 10 MV
(TPR,q 10=0.734) (DW/Qm’g), absorbed dose (rate) to water, Gy/nC 0.4849 0 0.35
(M,/ Oy, n)» 10nized charge (rate) obtained, C/C -9.167 0.02 0.06
k,, recombination correction 1.0029 0 0.05
kyo1» polarity correction —-0.9997 0 0.04
k. ch» radial non-uniformity correction of the beam 0.9980 0 0.15
keeves correction for the sleeve effect 1.0018 0 0.15
K geptn,cn» correction for the depth of water 1 0 0.05
kyed e correction for SCD 1 0 0.06
Np - calibration factor of the ion chamber, Gy/nC 0.5277 0.02 0.43
Uy, standard uncertainty, Gy/nC 0.0023 0.43
Table 4 Experimentally Beam energy Beam quality PTW TN30013 NE2571
determined kg g of the farmer
type chambers TPRy 1o %dd(10), kq.q0 Ugq kq.qo Ugq
6 MV 0.684 68.2 0.9884 0.0032 0.9905 0.0031
EMV 0.714 71.3 0.9859 0.0032 - -
10 MV 0.734 73.8 0.9798 0.0032 0.9833 0.0031
15MV 0.766 78.6 0.9723 0.0032 - -
18 MV 0.778 80.9 0.9684 0.0032 0.9715 0.0031
25 MV 0.799 85.2 0.9582 0.0036 - -

the temperature to the midpoint of the heating [30, 31] as

shown in Fig. 5b.

Using Eq. (1), the water absorbed dose (rate) of the
x-rays was determined as shown in Table 2, which is given
as an example of the absolute measurement results of
water absorbed dose (rate) at 10 MV x-rays. The relative

standard uncertainty of the determined water absorbed

dose (rate) was about 0.26%, and the uncertainty due to

statistical nature was small, 0.07%. Most of the type B
uncertainty originated from the measurement of the effec-
tive heat capacity and the determination of the graphite-
to-water conversion factor.
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Fig.6 Plot of kq g from this study and the literature. a, ¢ for the NE2571 chamber against the beam quality index TPRy ;o and %dd(10),. b, d
for the PTW TN30013 chamber against the beam quality index TPR, ; and %dd(10),
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Using Eqs. (3) and (4), the calibration coefficient for the
water absorbed dose of the standard ionization chamber
were determined as shown in Table 3 where the calibra-
tion results of the PTW TN30013 (SN9304) ionization
chamber at 10 MV are given.

Tables 4 shows kq o for each model of the PTW
TN30013 and NE2571 chambers determined from the meas-
urements. In Fig. 6, the quality factor is shown as a function
of TPRy ;o and %dd(10),. %dd(10), was converted from the
measured TPRy, ;, according to the empirical formula of N.
I. Kalach and D. W. O. Rogers [32]. It can be seen that the
tendency for the quality of kg o is close to linear when the
quality factor is plotted along %dd(10), [33].

kq qo determined in this study agreed well with the val-
ues obtained by other groups. It is expected that the cham-
bers being used in domestic hospitals could be confirmed
their kg oo values.

4 Conclusion

The KRISS established the standard for absorbed dose to
water of high-energy x-rays with the standard uncertainty
of 0.35% (k=1) using the graphite calorimetry. The degree
of equivalence of the KRISS standard was also confirmed,
although it was conducted in a separate study, it is still
accessible via the BIPM’s key comparison database (KCDB)
[15] at http://kcdb.bipm.org. Now, the KRISS is providing a
calibration service for user's ionization chambers.

The KRISS also has established direct calibration pro-
cedure of ionization chambers against the new standard. In
this study, some ionization chambers have been calibrated
and their calibration coefficients were determined with a
small standard uncertainty at 0.43% (k=1). kQ,QO’ the beam
quality correction factor, of the ionization chambers were
also obtained, and they were in good agreement with the
values reported in the existing literature within the stated
uncertainty.

Now, the KRISS is ready to disseminate their high-energy
x-ray water absorbed dose standard to users and providing
direct calibration services. The calibration uncertainty of
user’s chamber would be 0.5% (k=1). This uncertainty
is small enough to reduce the uncertainty of the absolute
dose measurement of user x-rays down to 1% or less (k=1).
These services would contribute to improving the quality
of x-ray treatment in hospitals by reducing the uncertainty
in dosimetry.
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