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Purpose: This study aimed to design a multipurpose dose verification phantom for external audits
to secure safe and optimal radiation therapy.

Methods: In this study, we used International Atomic Energy Agency (IAEA) LiF powder
thermoluminescence dosimeter (TLD), which is generally used in the therapeutic radiation dose
assurance project. The newly designed multipurpose phantom (MPP) consists of a container filled
with water, a TLD holder, and two water-pressing covers. The size of the phantom was designed
to be sufficient (30×30×30 cm3). The water container was filled with water and pressed with the
cover for normal incidence to be fixed. The surface of the MPP was devised to maintain the same
distance from the source at all times, even in the case of oblique incidence regardless of the water
level. The MPP was irradiated with 6, 10, and 15 MV photon beams from Varian Linear Accelerator
and measured by a 1.25 cm3 ionization chamber to get the correction factors. Monte Carlo (MC)
simulation was also used to compare the measurements.
Results: The result obtained by MC had a relatively high uncertainty of 1% at the dosimetry point,
but it showed a correction factor value of 1.3% at the 5 cm point. The energy dependence was
large at 6 MV and small at 15 MV. Various dosimetric parameters for external audits can be
performed within an hour.
Conclusions: The results allow an objective comparison of the quality assurance (QA) of individual
hospitals. Therefore, this can be employed for external audits or QA systems in radiation therapy
institutions.
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Introduction

many countries to increase radiotherapy quality. It can be
performed by visiting [1-4] participant centers or by mail-

It is fundamental to ensure the accuracy of the output

ing [5-11]. Various international organizations, such as the

of the treatment device and the basic quality of the radia-

International Atomic Energy Agency (IAEA), Radiological

tion used for treatment, and the treatment method imple-

Physics Center, and ESTRO-QUALity assurance network

mented by each treatment institution must be considered.

(EQUAL), operate mailed dosimetry services [12-14].

Therefore, it is necessary to prepare a program for securing

The goal of these programs was to check only the output

clinical dose that reflects the high-quality treatment meth-

parameters of radiotherapy units. However, accuracy is

ods implemented in domestic medical institutions.

needed in radiotherapy, and complexity is growing in the

External audit on radiotherapy program is settled in

treatment process [15,16]. Therefore, the requirement for an
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effective quality assurance (QA) program has to be empha-

2. Requirements

sized.
The concept of the multipurpose phantom (MPP) de-

The phantom was developed under the following condi-

signed in this study is to measure various parameters at

tions. First, the phantom should be water equivalent ma-

once for complex radiotherapy audit.

terials. Second, it should be possible to measure multiple
factors at once. Third, all measurements must be completed
within an hour. Fourth, it should be simple to set up and

Materials and Methods

easy to use. Fifth, it should be light in weight and convenient to deliver. Sixth, it should be possible to use the ther-

1. Parameters to be measured

moluminescence dosimeter (TLD) previously used by IAEA
Referring to the recommendation of ESTRO, AAPM, and

for postal audit.

routine QA parameters of hospitals, the essential parameters were chosen for radiotherapy audit [15]. The param-

3. Thermoluminescence dosimeter

eters were for 4 to 20 MV photon beams. The MPP was
constructed to check on- and off-axis in three irradiation

The TLDs used in the IAEA QA program were capsules

conditions in a vertical and oblique beam setup, as shown

filled with approximately 155 mg of LiF powder. The capsule

in Table 1.

was a black polyethylene cylinder of 20 mm inner length, 3
mm inner diameter, and 1 mm wall thickness (Fig. 1) [13].
The MPP designed in this study used 7 or 9 TLDs at a time.

4. Design of multipurpose phantom
Table 1. Beam setup and parameters to be measured
Beam setup
Square field
- 10×10 cm2 of field size
- Reference depth of 5 cm

Oblique field
- 10×10 cm2 of field size
- 30° rotation of gantry
Wedged field
- 30° wedge
- 10×10 cm2 of field size
- 30° rotation of gantry

Parameter

The MPP was composed of (a) a water container, (b)

Output
Symmetry
Flatness
PDD
Inhomogeneity
Profile
PDD

a TLD holder, (c) a cover for normal incidence, and (d) a

Wedge factor
Profile
PDD

[17]. The size of the phantom was designed to be sufficient

cover for oblique incidence, as shown in Fig. 2. The water
container and support rod were made of acrylic, which has
a density similar to that of water, and were designed to be
filled with water in use to reduce weight during delivery.
The AAPM TG-51 protocol recommended the use of water
(30×30×30 cm3), considering the back and side scatters.
The TLD holder was designed to be inserted into the water
phantom after the TLDs were applied, making it easy to

PDD, percent depth dose.

a

b
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Fig. 1. IAEA capsulated 155 mg of LiF
powder TLD (a) the capsule measures
20 mm inner length, 3 mm inner
diameter, and 1 mm wall thickness
and (b) TLD in TLD holder. IAEA,
International Atomic Energy Agency;
TLD, thermoluminescence dosimeter.
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a

c

b

d

Fig. 2. Component of the multipurpose phantom. (a) Water container. (b) Thermoluminescence dosimeter holder. (c) Cover for normal
incident. (d) Cover for oblique incidence.

b

a

a

b

Fig. 3. Water-pressing cover can be
selected for (a) normal incidence
setup and (b) oblique incidence setup.
Regardless of the water level, the source
to surface distance is always constant
because of the water-pressing cover.
Since the two covers are designed to
have the same volume when sub
merged in water, the water level is the
same.

Fig. 4. The multipurpose phantom
was designed to allow computed
tomography (CT) scans. (a) Sagittal CT
image without pressing cover: moving
couch-induced slopping of water
during helical CT scan causes beat
phenomenon in CT image. (b) Sagittal
CT image water-pressing cover: waterpressing cover prevents the water from
slopping during helical CT scan.

replace the TLD during measurement. In this study, the

at all times, even in the case of oblique incidence regardless

ionization chamber can be inserted at the same locations

of the water level (Fig. 3). Additionally, the covers prevented

as the TLDs to evaluate the reliability of the MPP. The water

the water from sloshing due to the movement of the com-

container was filled with water and pressed with the cover

puted tomography (CT) table during the CT scan, and there

for normal incidence to be fixed. The surface of the MPP

was no sloshing artifact (Fig. 4). To minimize the attenua-

was devised to maintain the same distance from the source

tion of photon beams, the thickness of the acrylic window
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of the lid was designed to be the minimum thickness (2
mm) that can withstand the pressure of water.

5. Multipurpose phantom setup and measurement

125

6. Correction factors for multipurpose phantom
and water phantom
The first method used to evaluate the perturbation at
each point in an MPP was a measurement using an ioniza-

The locations of the TLDs in the phantom are shown in
Fig. 5, where one TLD is located at a depth of 5 cm from the

tion chamber in the reference water phantom used to obtain beam data in a treatment institution.

surface, and 5 TLDs are located at a depth of 10 cm to deter-

The MPP was irradiated with 6, 10, and 15 MV photon

mine the dose, flatness, and symmetry. At a depth of 20 cm,

beams from Varian Linear Accelerator and measured by a

one TLD was used for depth dose, and two TLDs were for

1.25 cm3 ionization chamber (PTW) to evaluate the MPP. All

heterogeneity measurement. The dimensions of inhomoge-

energies were measured by an ionization chamber in the

neous materials were 3×3×3 cm3, Teflon (2.35 g/cm3), which

same geometric setup as the TLD to compare it with TLD

has a density similar to that of human bone, and cork (0.32

measurements.

3

g/cm ), which has a density similar to the lungs, were used,

First, the doses were measured using the ionization

and the TLDs were designed to be inserted. The density of

chamber installed in a reference water phantom at the

thermoluminescence was 2.65 g/cm3, equivalent to 8 mm

same location where the TLDs were installed in the MPP.

depth of water.

Next, the dose was measured using the ionization chamber

When not in use, the two inhomogeneous materials can
be pushed to either end. The total number of TLDs required
for all measurements was 23 per energy.

in 9 locations in the MPP.
To convert the doses measured in the MPP into the dose
value measured in the water phantom, the following dose
correction factors are defined as follows:
CF=DMPP/DWP
where CF is the correction factor, DMPP is the dose measured

Gantry

by the ionization chamber in MPP, and DWP is the dose
measured by the ionization chamber in the reference water
phantom.
If the dose measured using the TLD in the MPP is DMPP,
the dose in the water phantom, DWP=DMPP/CF, can be obtained.

1

7. Correction factor for thermoluminescence
dosimeter vs. Monte Carlo (MC) simulation

5
3

2

4

6

The NRC (National Research Council Canada) has calcu8

Cork

7

lated and announced photon spectra from 9 machines. The

9

spectrum presented by the NRC for Varian 6, 10, and 15 MV

Teflon

and Siemens 6 and 10 MV was used in this study.
Fig. 5. Location of TLDs in multipurpose phantom. The numbers
from ① to ⑨ indicate the location of the TLD. Location of ① is
at 5 cm depth, location of ②–⑥ is at 10 cm depth, and location
of ⑦–⑨ is at 20 cm depth, and location of ⑧ and ⑨ is used for
inhomogeneity. TLD, thermoluminescence dosimeter.

The MPP was modeled as shown in Fig. 6, and all points
were modeled assuming water. MC simulation was performed in Monte Carlo N‐Particle Transport Code Systemextended (MCNPX, version 2.4.0), photons and electrons
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a

Fig. 6. Modeling of multipurpose
phant om using MCNPX. (a) Front
view. (b) Lateral view.

b

Table 2. Correction factors obtained from measurements of ionization chamber in MPP and water phantom for normal incidence
Depth (cm)

Correction factor (MPP/water phantom)

Location
number

6 MV

10 MV

15 MV

1
2
3
4
5
6
7
8
9

0.9888
0.9814
0.9925
0.9896
0.9883
0.9767
0.9822
0.9895
0.9860

0.9765
0.9715
0.9746
0.9823
0.9754
0.9909
0.9828
0.9815
0.9854

0.9873
0.9911
0.9960
0.9853
0.9828
0.9799
0.9914
0.9915
0.9885

5
10

20

MPP, multipurpose phantom.

were traced to 1 keV and 100 keV, respectively, and F8 tally,

incident, Fig. 7b shows the measured value in the case of

a pulse height tally, was used to calculate energy absorp-

oblique incident, and Fig. 7c shows the measured value in

tion. In the case of the F8 tally, it can be used as a direct en-

the case of oblique incident with a 30° wedge. In Fig. 7b, po-

ergy absorption because the energy transferred within the

sitions 2 to 6 are measured values at a depth of 10 cm.

volume of the measurement point can be tracked by tracking the movement of particles.

The correction factors obtained from MC simulations are
shown in Table 3 and plotted in Fig. 8.

Results

2. Uncertainty of multipurpose phantom for setup
and energies

1. Results of correction factor for multipurpose
phantom and water phantom

The Type A standard uncertainties were taken from
the deviation of TLD measurements based on ionization

Fig. 6 shows the doses measured in the water phantom

chamber measurements in MPP. The measurements were

and the MPP at 9 points, and Table 2 shows the correction

repeated 18 for normal and 14 for oblique and wedged

factors obtained using the above equation. The geometrical

incidences. The Type A standard uncertainties of the MPP

positions of the ionization chamber in the MPP and the 3D

for each energy and setup are shown in Table 4. The Type A

water phantom are the same.

standard uncertainties were calculated as follows:

Fig. 7a shows the measured value in the case of normal
www.ksmp.or.kr
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b
1.3

6 MV MPP
10 MV MPP
15 MV MPP

1.2
1.1

6 MV Water
10 MV Water
15 MV Water

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

Relative dose (normalized at 5 cm)

Relative dose (normalized at 5 cm)

a

1.3

6 MV MPP
10 MV MPP
15 MV MPP

1.2
1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3

0

1

2

3

4

5

6

7

8

9

0

Location number

c
Relative dose (normalized at 5 cm)

6 MV Water
10 MV Water
15 MV Water

1.2

2

3

4

5

6

7

8

9

Location number

6 MV MPP
10 MV MPP
15 MV MPP

1.3

1

6 MV Water
10 MV Water
15 MV Water

1.1
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0

1

2

3

4

5

6

7

8

9

Location number

Fig. 7. Relative dose of each point measured by ionization
chamber. (a) Relative dose for normal incident. (b) Relative dose
for oblique incident. (c) Relative dose for oblique incident with a
30° wedge. MPP, multipurpose phantom.

Table 3. Correction factors calculated by MCNPX 2.4.0 at each point
Location
number

Varian 6 MV

Siemens 6 MV

Siemens 10 MV

Varian 10 MV

Varian 15 MV

1
2
3
4
5
6
7
8
9

0.9875
0.9693
0.9793
0.9875
0.9817
0.9817
0.9653
0.9825
0.9790

0.9874
0.9702
0.9783
0.9912
0.9697
0.9683
0.9679
0.9796
0.9839

0.9897
0.9846
0.9867
0.9864
0.9768
0.9806
0.9740
0.9835
0.9882

0.9828
0.9790
0.9859
0.9807
0.9809
0.9730
0.9663
0.9863
0.9943

0.9904
0.9779
0.9809
0.9834
0.9711
0.9729
0.9683
0.9785
0.9878

Uncertainty=

Discussion

SD
√N

Since the values of positions 2 to 6 in Fig. 7b were mea-

where SD is the standard deviation of the sample and N is

sured for oblique incidents, they differ depending on the

the number of samples.

depth reached. However, in Fig. 7c, since the wedge is compensated, it can be seen that the values are almost the same
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Table 4. Type A standard uncertainties according to setup and
energies

1.01

Correction factor

1.00
1.00
0.99
Varian 6 MV
Siemens 6 MV
Varian 10 MV
Siemens 10 MV
Varian 15 MV

0.99
0.98

Energy

Normal (%)

Oblique (%)

Wedged (%)

6 MV
10 MV
15 MV

0.54
0.48
0.54

0.66
0.69
0.66

0.43
0.43
0.43

tems of radiation therapy institutions.
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Fig. 8. Correction factors plotted for each machine and energy.
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as in Fig. 7a.
The result obtained by MC had a relatively high uncertainty of 1% at the dosimetry point, and it showed a correc-

All relevant data are within the paper and its Supporting
Information files.

tion factor value of 1.3% at the 5 cm point. This result was
similar to that of Mobit et al.’s experiment [18], which agrees
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