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Abstract

The badge system of personal thermoluminescence (TL) dosimeter for photon -elds using LiF:Mg,Cu,Na,Si TL mate-
rial, which was developed by Korea Atomic Energy Research Institute (KAERI) a few years ago, was developed by taking
advantage of its dosimetric properties including energy dependencies. A badge -lter system was designed by practical irra-
diation experiments supported by computational modeling using Monte Carlo simulation. Design properties and dosimetric
characteristics such as photon energy response and angular dependence of new TL dosimeter system examined through the
irradiation experiments are presented. Based on the experiments for the developed dosimeter, it is demonstrated that the deep
dose response of dosimeter provided the value between 0.78 and 1.08, which is within the design limit by ISO standard. This
multi-element TL dosimeter badge system allows the discrimination of the incident radiation type between photon and beta by
using the ratios of the four TL detectors. Personal TL dosimeter using sintered LiF:Mg,Cu,Na,Si TL detectors has the ability
to measure a personal dose equivalent Hp(d) for a wide range of photon energies.
c© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoluminescence dosimetry is the most widely used
technology for evaluating the personal and environmental
radiation exposure. Lithium ?uoride (LiF) is a well-known
thermoluminescent (TL) dosimetry material used in envi-
ronmental and personal monitoring due to its high sensitiv-
ity, stability and tissue-equivalency.

The -rst interest in the thermoluminescent phenomenon of
LiF for dosimetry was by Daniel et al. (1953) from the Uni-
versity of Wisconsin. Since then many experimental doping
agents were used with LiF. The TLD material based on LiF
that has been studied most extensively is LiF:Mg,Ti, which
is widely used in personal dosimetry and available in the
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market under trade names like TLD-100 and its variations,
TLD-600 and TLD-700 which contain diFerent concentra-
tions of lithium isotopes (Vij, 1993). Since the introduction
of LiF:Mg,Ti (TLD-100), many new types of TL materials
have been developed and used to evaluate the personal dose
equivalent in various radiation -elds. Many researches for
developing the more advanced thermoluminescence materi-
als have been accomplished. Nakajima et al. (1978) were
the -rst to describe the properties of LiF doped with Mg,
Cu and P impurities, namely, a high sensitivity and a good
tissue equivalency. This material, LiF:Mg,Cu,P, has been
improved and commercialized by Chinese (GR-200), Polish
(MCP–N) and USA (TLD-100H, TLD-600H, TLD-700H)
(Bos, 2001).

In Korea, Doh et al. (1989) developed powdered type
of LiF doped with magnesium, copper, sodium and silicon,
and undertook a study on its characteristics about a wide
range of dopants concentration in the 1980s. After Doh et
al. proposed LiF doped with four dopants, Kim et al. (1989)
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found out that the response of LiF:Mg,Cu,Na,Si: for low
energy photons was higher than that of LiF:Mg,Cu,P in
the aspect of dosimetric properity. In the 1990s, more con-
crete researches on the powder type LiF:Mg,Cu,Na,Si TL
phosphor have been accomplished by Korea Atomic Energy
Research Institute (KAERI) (Nam et al.,1998, 1999). This
powder type TL phosphor has about 2 times higher sensitiv-
ity in comparison with LiF:Mg,Cu,P. However, the powder
type TL phosphor has many disadvantages for the practical
handling of the material. Therefore, it is necessary to de-
velop a suitably shaped solid type TL detector for application
in practical dosimetry -elds. During the last few years the
LiF:Mg,Cu,Na,Si TL material has been studied for practical
pellet type TL detector by Nam Y.M. et al., the dosimetry
group of health physics department in KAERI (Nam et al.,
2000). But the sensitivity of developed pellet type TL detec-
tors did not exceed 50% of Chinese GR-200A, and had poor
reusability, that is, a decrease of 10% of the readout values
after a reuse of 8 times (Nam et al., 2001). Based on these
previous studies by Nam et al., the sensitivity and reusability
of the pellet type LiF:Mg,Cu,Na,Si TL detectors were im-
proved by modi-cation of the dopants concentration and the
parameters of the preparing procedure. The optimum con-
centration of dopants for pellet type LiF:Mg,Cu,Na,Si TL
detectors was investigated as Mg: 0:2 mol%, Cu: 0.05 mol%,
Na: 0.9 mol% and Si: 0.9 mol% (Lee et al., 2002). Now a
days, it has become possible to produce a mechanically sta-
ble and eLcient TL detector using LiF:Mg,Cu,Na,Si, which
is a newly developed TL material in a personal TL dosime-
try -eld.

The objective of this study was to design and develop
the badge system of a multi-element personal TL dosime-
ter using LiF:Mg,Cu,Na,Si TL detectors by taking ad-
vantage of its sensitivity, tissue-equivalency and energy
dependencies to allow the measurement of personal dose
equivalent Hp(d). The design of dosimeter was accom-
plished by the practical irradiation experiments that are
supported by a computational simulation with MCNP code,
and then the developed dosimeter was tested in terms of its
dosimetric characteristics such as photon energy response
and angular dependence.

2. Sintered LiF:Mg,Cu,Na,Si TL detector

The TL detectors used in this study are sintered pellets
made of LiF:Mg,Cu,Na,Si powder prepared by the KAERI.
The detector is in the shape of a disk having a diameter of
4:5 mm and a thickness of 0:8 mm and white in color. It was
made from LiF:Mg,Cu,Na,Si powder with concentration of
dopants: Mg: 0:2 mol%, Cu: 0:05 mol%, Na: 0:9 mol% and
Si: 0:9 mol% through cold pressing and sintering the powder
at 825◦C (Lee et al., 2002).

The typical glow-curve of this TL detector and of the
Chinese GR-200A (LiF:Mg,Cu,P) presented in Fig. 1 show
that the TL intensity of LiF:Mg,Cu,Na,Si is about 15%
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Fig. 1. Glow-curve and comparison TL intensity of LiF:Mg,Cu,
Na,Si detector and Chinese GR-200A (LiF:Mg,Cu,P). The TL de-
tectors were irradiated to 10 mGy with 137Cs �-rays at KAERI.
The measurements were carried out with a linear heating rate of
10◦C=s using a commercial TLD reader (System 310, Teledyne
Brown Engineering).
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Fig. 2. Energy response of LiF:Mg,Cu,Na,Si TL detector,
LiF:Mg,Ti (TLD-100) and LiF:Mg,Cu,P (MCP–N, Poland) free in
air. Responses are normalized to 662 keV photons from a 137Cs
source.

higher than that of GR-200A which is widely used in the
world. The energy dependence of new LiF:Mg,Cu,Na,Si
detector and of other common TL materials are shown in
Fig. 2. The energy dependence of TL material, as described
previously, is a key factor and plays an important role in
designing the TL dosimeter -lter system. Relative photon
energy response of TL detector was measured in the free air
conditions. Six TL detectors were placed at 200 cm away
from the radiation source (-ve X-ray beams and the 137Cs),
mounted on a polyethylmethacrylate plate with a density of
1:19 g=cm3 with a front face area of 10 cm × 10 cm and
a thickness of 2 mm. TL detectors were covered with a
polyethylene -lm (with a density thickness of 1:9 mg=cm2)
for -ve X-ray beams and with a polyethylmethacrylate



H. Jung et al. / Radiation Measurements 38 (2004) 71–80 73

plate with a thickness of 2 mm for 137Cs to consider the
electron equilibrium. The measured relative response to
662 keV photons of 137Cs for LiF:Mg,Cu,Na,Si TL de-
tector and other common TL detectors in bare condition
are presented as a function of the mean photon energies.
The energy dependence of LiF:Mg,Ti (TLD-100) detector
and that of LiF:Mg,Cu,P (MCP–N) detectors are pre-
sented together to compare the results of LiF:Mg,Cu,Na,Si
TL detector. The data of LiF:Mg,Cu,P (MCP–N) detec-
tors are contained in the research by Budzanowski et al.
(2001). The research by Budzanowski et al. (2001) pre-
sented the energy response of LiF:Mg,Cu,Na,Si detector
and that of LiF:Mg,Cu,P (MCP–N). LiF:Mg,Cu,Na,Si de-
tector in the research by Budzanowski et al. diFers from
the detector by Lee et al. (2002) who modi-ed and set
the optimum dopants concentration and the parameters of
preparing procedure to improve the sensitivity and reusabil-
ity of the detector. Therefore, the energy dependence of
LiF:Mg,Cu,Na,Si detector in this study diFers from the
result of Budzanowski. While the energy response of
LiF:Mg,Ti is diFerent from two others, the energy response
between LiF:Mg,Cu,P and LiF:Mg,Cu,Na,Si has a similar
curve. However, the LiF:Mg,Cu,Na,Si TL detector shows
that it can reduce the variation of response between 30 and
662 keV, compared with MCP–N. The energy response
curve of LiF:Mg,Cu,Na,Si detector is almost ?at and this is
a good characteristic for designing the dosimeter.

3. Computational modeling with Monte Carlo simulation

The data for the dosimetric properties and energy de-
pendence of TL material are essential to develop the
TL badge system, but it is diLcult to get enough data
because of time-consuming and limited experiments.
Computational modeling with Monte Carlo simulation is
suitable for solving the problem resulting from limited
experiments through pre-estimation of energy dependence
of TL material in various conditions. In general, it is --
nally based on the irradiation experiments to choose -lter

Fig. 3. Geometrical con-guration of MCNP modeling of TLD response calculation.

material and to determine the geometric -gures of dosime-
ter by considering the information on the current practical
TL dosimeter and the requirement to measure the personal
dose equivalent. The main objective of computational mod-
eling is to pre-estimate the energy response of TL detec-
tor in various environments and to verify the results from
experiments.

In this study, Monte Carlo particle transport code,
MCNP-4C (RSICC, 2000) developed by the Los Alamos
National Laboratory, which is the representative irradiation
transport code used for the general purpose of Monte Carlo
simulation, is used. First of all, it is necessary to calibrate
the MCNP code estimation of bare TL detector without any
-lters against the experimental readout of the bare TL detec-
tors for the photon -elds. The calibrated MCNP results are
then used in subsequent MCNP calculations to pre-estimate
and verify the energy response of the dosimeter.

The irradiation geometry of the TL detector and the ex-
perimental conditions in the Monte Carlo simulation are set
to be same as the real experiment as shown in Fig. 3. The
badge system was modeled at 200 cm away from the radi-
ation source, mounted at the center of a tissue equivalent
phantom, facing towards the source. The phantom was as-
sumed as a homogeneous PMMA (polyethylmethacrylate)
slab with a density of 1:19 g=cm3 with a front face area of
30 cm × 30 cm and a thickness of 15 cm. The air medium
between the radiation source and the phantom was included
in the MCNP calculations.

The radiation source was modeled as a point mono-
directional irradiation -eld of the X-ray (M30, M60, M100,
M150, H150) of KAERI and the 137Cs radiation -elds with
a disc radius 15 cm such that it covers the sides of the phan-
tom. Photons leaving the source were incident normally on
the badge and the phantom. The mono-directional beam
source was chosen due to the small solid angle between the
source and the badge, and due to the large source to phan-
tom distance compared with the dimensions of the badge.
Fig. 3 represents a geometrical con-guration of the model
plotted with SABRINA used in the simulation (ORNL,
1994). This model was -xed for all subsequent MCNP
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studies of the diFerent area of the TLD badge system and
the diFerent gamma radiation sources.

The shape, thickness, geometry and physical location of
the -lters used in the experimental testing of each area of the
TLD badge system were preserved with MCNP calculations.
The TL detector of dosimeter was modeled as a disc of
2:25 mm radius and 0:8 mm thickness. The TL response was
found by measuring the energy deposition averaged over a
cell in the region of the TL detectors, which represents the
active area of the dosimeter.

4. Design and manufacture of the dosimeter

4.1. Energy response of LiF:Mg,Cu,Na,Si TL detector
under the =lters

Analysis and investigation of the various dosimetric prop-
erties and characteristics for this newly developed TL ma-
terial are indispensable for being applied to the personal
radiation TLD. The evaluation of energy response, espe-
cially, is one of the important properties to develop the TLD
badge system. Therefore, in this study the energy response of
LiF:Mg,Cu,Na,Si detector recently developed at the KAERI
was evaluated through experiments in which the detector
was placed behind various -lters. These experimental energy
response results are the fundamental data for selecting the
-lter materials and these results are helpful to develop the
TL dosimeter badge system. The results from this test are,
therefore, the fundamental data to design and propose the
dosimeter. Filters used in this experiment were selected in
consideration of the common -lter material of widely used
LiF TLD (Will, 1991). This experiment for energy response
of LiF:Mg,Cu,Na,Si detector behind various -lter was car-
ried out under the condition of free-in-air without phantom
at the irradiation facility of KAERI with 137Cs source and
X-ray beam, which will be mentioned in detail in the later
section, to investigate the eFect of various -ltration materi-
als on energy response of LiF TL detector.

Table 1
EFect of diFerent -lters on the photon energy response of LiF:Mg,Cu,Na,Si TL detector by irradiation experiment free in air

X-ray beam Photon energy response of LiF:Mg,Cu,Na,Si

Plastic (Te?on) Aluminum Copper Tin

1 mm 4 mm 0:5 mm 2 mm 0:1 mm 0:5 mm 0:5 mm

ANSI M30 0.63 0.30 0.44 0.12 0.07 0.02 0.02
ANSI M60 0.98 0.81 0.91 0.54 0.46 0.12 0.06
ANSI M100 1.03 1.02 1.00 0.88 0.84 0.41 0.21
ANSI M150 0.96 0.93 1.00 0.93 0.96 0.74 0.52
ANSI H150 0.91 0.87 0.90 0.91 0.98 0.97 0.97
137Cs 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Table 1 shows the photon energy response of the
LiF:Mg,Cu,Na,Si TL detector with various -lters through
the irradiation experiments. The energy response from ir-
radiation experiments shows that there are considerable
eFects on the energy response with various -lter materi-
als. As mentioned above, various -lter materials used in
this experiment are based on the badge of common LiF
TL dosimeters. As shown in Table 1, the energy response
shows a decreasing trend with the increase of atomic num-
ber of -lter material in low energy photon. In the case of
thin plastic -lter, Te?on 1 mm thickness, the energy re-
sponse for ANSI X-ray beam M30 is lower than that of the
bare detector without -lter. In the case of high atomic num-
ber -lter or thick -lter, the energy response below around
100 keV is much lower than that of low atomic number
-lter or thin -lter. Tin is so -rm in low energy photon that
it cannot be used in this -lter system because the energy
response is around zero in low-energy photon. The en-
ergy response behind copper is, however, adequate for the
discrimination of photon energy because it could appropri-
ately attenuate the low-energy photon. Table 1 shows the
dosimetric properties of LiF:Mg,Cu,Na,Si TL detector in
terms of energy response which came from the irradiation
experiments and the fundamental data for the development
of a personal radiation dosimeter using this TL detector.

4.2. LiF:Mg,Cu,Na,Si dosimeter

The personal thermoluminescence dosimeter using
LiF:Mg,Cu,Na,Si detectors was designed and fabricated
adopting the experiment results of energy response of TL
detector in bare condition and with various -lter materi-
als. A schematic cross section of the resulting badge is
shown in Fig. 4 and the con-gurations of the dosimeter
-lter system are tabulated in Table 2. The photograph
of LiF:Mg,Cu,Na,Si TL detectors and its dosimeter are
presented in Fig. 5.

A typical TLD card consists of four LiF TL detectors
of radius 2:25 mm circle, encapsulated between two sheets
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Fig. 4. Schematic cross section of the propoesd TL dosimeter.

of Te?on, 0:05 mm (11 mg=cm2) thick and mounted on an
aluminum substrate. All of the detectors are fabricated from
newly developed LiF:Mg,Cu,Na,Si material. The badge case
is made of 1:0 mm thick ABS (Polyacrylonitrile–Butadiene–
Styrene) plastic material which is the most reliable and sta-
ble plastic among many plastic materials under the condition
of radiation -eld. The eFect of the plastic badge case was
also considered in the analysis of the -lter design in each

Fig. 5. Photograph of LiF:Mg,Cu,Na,Si detectors and the newly developed dosimeter.

Table 2
Characteristics of the -lter system for the proposed TL dosimeter

Area Filter material Density Thickness Total density
(g=cm3) of -lter thickness

(mm) (mg=cm2)

A1 Te?on (card) 2.2 0.05 11

Te?on (card) 2.2 0.05
A2 ABS Plastic 1.04 1.0 995

PTFE 2.2 4.0

Te?on (card) 2.2 0.05
A3 ABS Plastic 1.04 1.0 563

Copper 8.96 0.5

Te?on (card) 2.2 0.05
A4 ABS Plastic 1.04 3.0 323

area of the badge. Each detector/-lter combination performs
a speci-c function, as follows: For open window area, a TL
detector with 0:05 mm Te?on encapsulation determines the
shallow dose. The -ltration for this element is 11 mg=cm2.
No additional -lter material is needed to measure the shallow
dose in the A1 area since the density thickness of Te?on en-
capsulation of TL detector is 11 mg=cm2. Another TLD with
995 mg=cm2 combined PTFE/ABS -ltration (104 mg=cm2

ABS + 880 mg=cm2 PTFE -lters) measures the deep dose
in the A2 area. The third TLD covered with 104 mg=cm2

ABS plastic and 448 mg=cm2 copper -ltration is used for
low energy photon discrimination. The last TLD is covered
with 323 mg=cm2 ABS plastic for energy discrimination for
beta particles.
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Open window area (A1): This area is required to have
a capacity for indicating the dose delivered at depth of
0:07 mm under the tissue, Hp(0:07). The TL detector is cov-
ered with Te?on -lm at a density thickness of 11 mg=cm2

as a card encapsulation. Since this Te?on encapsulation
meets the required density thickness, no additional -lter
material is needed to measure the shallow dose at the
depth of 0:07 mm. With this arrangement, the TL detec-
tor in the open window area responds to both beta and
photon.

Deep dose area (A2): This area is designed to measure
the deep dose with an appropriate -lter. The response of
the TL material under this -lter will indicate the deep dose
equivalent delivered to tissue at a depth of 1:0 cm. Since
LiF is a tissue equivalent material close to the tissue compo-
sition, it would not be necessary to design additional -lter.
Only the plastic -lter for measuring radiation dose to tissue
at a depth of 1:0 cm is necessary. Poly-tetra?uoro-ethylene
(PTFE) plastic -lter whose thickness is about 4 mm could be
used to meet this objective measuring the deep dose, i.e., to
have 1000 mg=cm2 density thickness. In addition to the ob-
jective of measuring the deep dose of this area, this area will
play a part in shielding the beta radiation. For beta shield,
this area should be designed to attenuate at least 97% of
Sr90=Y90 beta radiation, such that when the response of this
area is compared with the open window response, the proper
contribution of this beta radiation to the shallow dose can be
measured. The above goals are required to allow for proper
discrimination of response in the case of mixed beta/gamma
exposure. Since the purpose of this is to shield only against
beta radiation, it should provide little attenuation of gamma
radiation.

Energy discrimination area (A3 & A4): The badge sys-
tem should be able to resolve the readout in case of expo-
sure to mono-energetic photons or to a mixture of high- and
low-energy photons or a mixture of photons and beta ray.
This may be achieved by utilizing ratios of readout. A3 and
A4 region is necessary for making the combination of re-
sponse ratio of each area since they have diFerent response
from that of A1 or A2. For the case of a mono-energetic

Table 3
Properties of reference X-ray technique used for energy response simulation and experiments at KAERIa

X-ray beam EeF (keV) H.V. (kVp) Current (mA) Ka (mGy/h) Conversion coeLcientb (Sv/Gy)

Hp(10)=Ka Hp(0:07)=Ka

ANSI M30 19.4 30 3 255.1 0.42 1.02
ANSI M60 35.2 60 3 199.1 1.00 1.21
ANSI M100 51.2 100 3 195.5 1.52 1.49
ANSI M150 73.0 150 3 232.5 1.78 1.64
ANSI H150 118.3 150 20 31.8 1.71 1.60

aThis is from the research of Kim (Kim et al., 1997).
bThis is from ANSI N13.11 (ANSI, 1999).

gamma ray exposure, or a single X-ray eFective energy,
the ratio of the deep dose area readout to that of this area,
(A1/A3), may be used to indicate the eFective energy of
the radiation source. From 20 keV on, this ratio decreases
as the eFective energy increases. It seems that the response
of A4 area does not diFer from that of A1 area since the
-lter material is relatively thin plastic. This area is, however,
for supporting the discrimination of radiation type between
photon and beta particles by making the combination of
response ratio.

5. Irradiation experiments

The LiF:Mg,Cu,Na,Si TL detector described in the pre-
vious section was used for dosimeter badge system in
irradiation experiments. The irradiation experiments of the
proposed TL dosimeter badge system for energy response
experiments were carried out at the KAERI using 137Cs
and X-ray beam (ANSI X-ray beam code M30, M60,
M100, M150, H150) produced to meet the Korea national
X-ray test standard (Kim et al., 1997). Speci-cations for
each X-ray technique used in this experiment are given
in Table 3. For the angular dependence test, the factors to
convert from air kerma to deep dose equivalent for irradia-
tions at non-perpendicular incidence and angular response
factors (ARF) for the deep dose equivalent for X-ray beam
are listed in Table 4 (ANSI, 1999). The reference X-ray
-elds constructed in the KAERI consists of two types of
X-ray machines, the low-energy system and the medium
system. Low-energy X-ray system is 3:0 kW grade (Pan-
tak, HF-75c) and a beryllium plate of 1:0 mm is installed
as inherent -lters. Medium-energy X-ray system is 3:2 kW
grade (Phillips, MG325) and the inherent -lter consists of
Be (4 mm) + Al (1:5 mm). After the irradiation experi-
ment, the TELEDYNE TLD Reader System 310 with ohmic
heating systems is used for readout. All gamma photon
readouts are given relative to 137Cs and related correction
factors were used to minimize statistical ?uctuations in the
system (Moscovitch, 1993).
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Table 4
Factors to convert from air kerma to deep dose equivalent for irradiations at non-perpendicular incidence and angular response factors (ARF)
for the deep dose equivalent for X-ray beam

Beam code Deep dose equivalent conversion factor [Sv/Gy]a Angular response factor (ARF)b for deep dose equivalent


 = 0◦ 
 = 40◦ 
 = 60◦ 
 = 40◦ 
 = 60◦

ANSI M30 0.42 0.34 0.22 0.81 0.52
ANSI M60 1.00 0.89 0.68 0.89 0.68
ANSI M100 1.52 1.39 1.14 0.91 0.75
ANSI M150 1.78 1.65 1.40 0.93 0.79
ANSI H150 1.71 1.61 1.40 0.94 0.82
137Cs 1.21 1.20 1.16 0.99 0.96

aThis is from ANSI N13.11 (ANSI, 1999).
bNote that ARF = Hp(10; 
)=Hp(10; 0◦). This was obtained from deep dose equivalent conversion factor in left side.

6. Results and discussion

6.1. Energy response of the proposed dosimeter badge
system

As mentioned in the previous section, the dosimeter badge
system designed in this study has four main regions for
photon radiation dosimetry. Each of these areas contains a
typical set of -lters to estimate a personal dose equivalent
Hp(d) and dosimetric information. The energy response of
the proposed TL dosimeter badge system was accomplished
to verify the computational response of each area and to
obtain more information such as response ratio.

The deep dose area (A2) was designed to measure the
photon dose at a tissue depth of 10 mm, Hp(10). As men-
tioned in advance, PTFE plastic -lter with its about 4 mm
thickness was utilized based on the experiment results and
the consideration about other requirements of -lter systems.
To meet the purpose of this area, the -lters used should be
able to cut oF beta radiation. The calculated and experimen-
tal energy response results of dosimeter in the deep dose area
are shown in Fig. 6. As shown in Fig. 6, A2 area appears to
provide relative response values in the range between 0.78
and 1.08 over the photon energy range from 20 to 662 keV.
This is within the ±30% design limits required by the ISO
standard (ISO, 1984). Given the responses in terms of ab-
sorbed dose with Hp(10) are proportional to the dosimeter
reading, therefore, without application of any sophisticated
algorithm this design would enable us to simply determine
the deep dose equivalent. In Fig. 7, the energy response of
three areas to dose equivalent Hp(10) is presented. The en-
ergy responses of each area show their characteristics with
diFerent -lter materials.

To verify the eFectiveness of area A3, typical results of
response ratios are illustrated in Fig. 8 as a function of ef-
fective photon energy. As shown in Fig. 8, the ratio A1/A3,
where A3 represents the readout under the discrimination -l-
ter, could present the eFective photon energy since the ratio
A1/A3 decreases as the eFective photon energy increases.
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Fig. 6. The energy response of the deep dose area (A2) with
personal dose equivalent, Hp(10). Results are relative to 137Cs.
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The energy discrimination -lter area in the proposed badge
system was designed using a 0:5 mm copper -lter as de-
scribed in the previous section. For example, if the ratio
A1/A3 is 6, it could be identi-ed that the eFective photon
energy is about 30 keV in Fig. 8.

In addition, A4 area plays a role in discriminating the
energy in the mixed -eld of the low-energy photon and beta
particle. The irradiation test of dosimeter in the beta -eld of
90Sr=90Y was achieved to check the ability to discriminate
photon and beta -eld. The dosimeter mounted on PMMA
slab phantom with a front face area of 30 cm × 30 cm
and a thickness of 5 cm was placed at 35 cm away from
90Sr=90Y source, which is the standard PTB (Physikalisch
Technische Bundesanstalt) source and has a beam ?attening
-lter, at KAERI. The dosimeter was irradiated to 10 mSv in
the beta -eld of 90Sr=90Y. Table 5 shows the diFerence of
response of dosimeter between photon -eld and beta -eld
of 90Sr=90Y and the ratio of each dosimeter area. Responses
are relative to 137Cs. The value of A1/A3 in the case of
being exposed in the beta -eld of 90Sr=90Y is larger than in
the case of the photon -eld enough to discriminate the in-
cident radiation type between X-ray beam and beta source.
Moreover, the value of (A1 × A4)=(A2 × A2) in the beta

Table 5
Energy response and ratios of each area for discrimination between beta and photon

Beam EeF (keV) Relative response Response ratio

A1 A2 A3 A4 A1/A3 (A1 × A4)=(A2 × A2)

ANSI M30 19.4 2.26 0.78 0.15 1.73 15.07 6.43
ANSI M60 35.2 1.41 1.08 0.42 1.30 3.36 1.57
ANSI M150 73.0 0.85 0.87 0.77 0.84 1.10 0.94
137Cs 662 1.00 1.00 1.00 1.00 1.10 1.00
90Sr=90Y 2284 1.08 0.05 0.03 0.44 36.0 190.1

Response results are relative to 137Cs.

-elds of 90Sr=90Y is about 190, while the value in the pho-
ton -eld does not exceed about 7. Therefore, it is expected
that these ratios make the discrimination between photon or
X-ray and beta -elds clear and eLcient because these ratios
present a distinguishing number in case of being exposed in
the beta -elds than in photon -elds. These ratios mentioned
in this part are simple examples for the discrimination of in-
cident radiation type and there might be many other ratios
which come from the combination of the four TL detectors.
Therefore, more elaborate works like the selection of appro-
priate ratio of energy response for energy discrimination in
case of mixed radiation -elds are required to show the abil-
ity to discriminate the incident radiation type and determine
the mixture fractions in mixed radiation -elds. Dose assess-
ment algorithm based on these works is essential to the per-
formance test of developed TL dosimeter. Dose assessment
algorithm of the proposed TL dosimeter and performance
test will be accomplished in further study.

6.2. Angular dependence

The angular dependence test of the developed dosimeter
was carried out as shown in Fig. 9. The angular dependence
of the deep dose area (A2) of the dosimeter in terms of TL
output per the 8:76 mGy air kerma is presented in Fig. 10.
This test was performed for 0◦, 20◦, 40◦, 60◦, 85◦ angle
of incidence and for two X-ray beams with an eFective
energy of 35.2, 118.3 and 662 keV photon from 137Cs. The
responses are normalized to normal incidence (0◦).

As can be seen in Fig. 10, for 137Cs a slight decrease in
angular response was seen within the 40◦, but the response
after 60◦ decreased rapidly and reached around 0.78 at
85◦. As expected, the high energy photon of 137Cs has less
angular dependence than the low-energy photon such as
X-ray beam M60. To understand more about the angular
dependence of dosimeter, the results in angular dependence
in Fig. 10 are supposed to be compared with the angu-
lar response factors (ARF) in Table 4. The comparison
between the measured angular response of dosimeter and
ARF is listed in Table 6. The angular dependence of the
dosimeter seems to be similar with the ARF based on the
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deep dose equivalent. For low-energy photons (ANSI M60,
35:2 keV) within the incidence angle of 60◦, the dosimeter
generally show the response within the maximum error of
12% compared to ARF. For higher energy photons (137Cs,
662 keV), the measurement within the incidence angle of
60◦ shows the maximum error of about 4%. It is expected
that the dosimeter is perfectly angle independent in terms of
the deep dose equivalent.

7. Conclusion

The TL dosimeter badge system based on newly devel-
oped LiF:Mg,Cu,Na,Si TL detectors was developed for
personal radiation monitoring. It turned out that the badge

Table 6
Angular dependence of dosimeter in consideration of angular response factor

Beam code and angle of incidence Angular response factor (ARF) in Table 4 Angular response of dosimeter

Clockwise (−) Counterclockwise (+)

Response Error (%)* Response Error (%)*

ANSI M60 
 = 40◦ 0.89 0.91 +2:2 0.90 +1:1

 = 60◦ 0.68 0.62 −8:8 0.60 −11:8

ANSI H150 
 = 40◦ 0.94 0.92 −2:1 0.91 −3:2

 = 60◦ 0.82 0.78 −4:9 0.76 −7:3

137Cs 
 = 40◦ 0.99 0.99 0.0 0.99 0.0

 = 60◦ 0.96 0.92 −4:2 0.92 −4:2

* Note that Error (%) = {(Response − ARF)=ARF} × 100.
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Fig. 10. Angular dependence of deep dose response of
LiF:Mg,Cu,Na,Si TL dosimeter, normalized to response at normal
incidence (0◦), for three X-ray beams with an eFective energy of
35.2, 118.3 and 662 keV from 137Cs.

system of a TL dosimeter with LiF:Mg,Cu,Na,Si TL detec-
tor is suitable to estimate personal dose equivalent, Hp(d),
through the irradiation experiments for the dosimeter. With
photon energy response results, the proposed TL dosimeter
badge design meets the ±30% design limits required by the
ISO standard and it shows a good characteristic for being
applied for a personal radiation monitoring. The dosimeter
also shows that it is able to discriminate the incident radi-
ation type between photon and beta particle using certain
ratios of the four TL detectors. Through the angular depen-
dence test, the dosimeter was veri-ed for its characteristic
of angular dependence in terms of the deep dose equivalent.
The TL dosimeter developed in this study is, therefore,
feasible to be utilized in common TLD market. Although
the feasibility of the LiF:Mg,Cu,Na,Si TL dosimeter was
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demonstrated in photon -elds, more intensive work for the
dosimetric properties of the dosimeter for mixed radiation
-eld is need. In addition, more comprehensive researches
including the performance test related to dose assessment al-
gorithm is required to meet the ultimate object of a personal
TL dosimeter in the future.
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