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a b s t r a c t

We propose in the present work how the reference glass dosimeters can be introduced, which reflects
the user irradiation condition. The reference glass dosimeters are used for correcting the reader fluc-
tuation by reading it with sample glass dosimeters at the same time. Since they can be used without
annealing after irradiation for long periods, one should consider both the fading effect and the natural
background dose accumulation quantitatively. We construct an empirical but practical formalism of
evaluating the absorbed dose on the glass dosimeter with the fading effect and the natural background
dose accumulation considered.
© 2023 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

A radiophotoluminescent glass dosimeter (RPLGD) has been
widely used in various fields, since it provides good dosimetric
properties, such as high sensitivity, good linearity, low fading ef-
fects, repeatability, reusability, and so on [1e5]. The typical small
size of the RPLGD provides additional advantages of the glass
dosimeter over other methods. This smallness is exceptionally
useful for the small field or in-vivo dosimetry [6e8].

Most of the glass dosimeter readout systems determine the
absorbed dose based on the batch properties of glass dosimeters. A
group of glass dosimeter manufactured from the same production
process is a batch. All glass dosimeters in a batch are expected to
have the same properties with respect to response and environ-
mental effect, and this is called a batch property. It is well known
that the typical batch uniformity of the glass dosimeters lies within
about 2% for the dose range over 1 mGy [9]. Dose values of the
systems are evaluated generally by utilizing a single internal cali-
bration glass dosimeter and a standard glass one supplied by a
manufacturer [10].

Both glass dosimeters, the internal calibration glass dosimeter
and the standard glass dosimeter, are irradiated under specific
conditions, usually under Cs-137 beam with several mGy. On the
other hand, the user irradiation conditions such as the beam type
and the dose level may become different, given conditions. A sys-
tematic discrepancy was found when the internal calibration one
by Elsevier Korea LLC. This is an
was irradiated under different conditions other than the user
irradiation condition [6]. This error was attributed to the internal
calibration glass being calibrated in the low dose range with a
calibration factor that was not sufficiently accurate to be applied to
the high dose range. In addition, it was reported that the glass
dosimeter response had a good linear relationship for dose, but the
difference in the dose was within ±2% for dose ranging from 0.5 to
30 Gy [2], and 5% for dose ranging from 0.1 mGy to 100 mGy [9].

When the glass dosimeters are read within a few weeks after
irradiation, the fading effect and the natural background dose
accumulation can be neglected. However, if the period between the
irradiation and the reading becomes prolonged, the fading effect
and the natural background dose accumulation come into play. In
particular, the fading effect on the glass dosimeter stored at room
temperature for 150 days can be up to 1.7% [11]. The environmental
effects should be evaluated to determine the absorbed dose
reliably.

In the present work, we first review critically two different
known formalisms for dose evaluations. The first one relies on the
internal calibration glass dosimeter and the second one does not
explicitly consider environmental effects. To improve them, we
introduce the reference glass dosimeters that reflects the user
irradiation condition. This condition contains information on the
user beam type and the dose range of interest. The reference glass
dosimeter enables one to correct the fluctuation of the read sys-
tems. Since the reference glass dosimeter is maintained without
being annealed, one has to take into account the daily variation of
the dose due to the fading effect and the natural background dose
accumulation in calculating the absorbed dose. We propose an
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empirical but practical formalism of evaluating the absorbed dose
on the glass dosimeter with the fading effect and the natural
background dose accumulation considered.

The present work is organized as follows: we first review two
existing formalisms for dose evaluation. Then, we introduce the
new formalism of evaluating the absorbed dose of the glass
dosimeter and carry out a case study applying the new formalism.
Finally, we summarize the present work and draw conclusions.

2. Existing dose evaluation formalisms

2.1. Formalism A

Commercial glass dosimetry systems (FGD-1000, Chiyoda
Technol Corporation, Japan) provide users with methods of evalu-
ating the absorbed dose. In Ref. [10], the following method was
suggested as to how the absorbed dose can be determined for the
glass dosimetry systems. It is given by

Di ¼ Ri � krd � Nstd (1)

where Ri denotes the readout value of the i-th sample glass
dosimeter. The readout value is only related to the fluorescence by
the radiophotoluminescent. krd stands for the reader correction
factor. This is evaluated by using the internal calibration glass
dosimeter that is installed in the glass dosimeter reader. The
readout value should be corrected by taking into account this factor,
since the effect of the output variation of UV laser pulses influences
the readout value. The process of the correction of the reader is
called ‘internal calibration’. The reader correction factor is defined
as:

krd ¼ RIC;0
RIC;r

(2)

where RIC;0 represents the readout value of the internal calibration
glass dosimeter of the system at the date of the calibration, and RIC;r
does the readout value at the date of the sample reading. Nstd
designates the calibration coefficient of the internal calibration
glass dosimeter determined by the standard glass dosimeter:

Nstd ¼ Dstd
Rstd;0

(3)

where Dstd is the standard irradiation dose with the correction of
the natural background dose accumulation and Rstd;0 denotes the
readout value of the standard glass dosimeter at the calibration
time for the internal calibration glass dosimeter. Dstd reflecting the
natural background dose accumulation, db, over time is expressed
as:

Dstd ¼ Dstd;0 þ db � n (4)

where Dstd;0 is the irradiation dose to the standard glass dosimeter
and n is the number of days between readout and irradiation of the
standard glass dosimeter.

The internal calibration glass dosimeter plays a crucial role in
this formalism. It can be calibrated by the standard glass dosimeter
for a specific irradiation condition of users.

2.2. Formalism B

Formalism B is suitable to determine the water absorbed dose of
high energy photons [12]. It has been developed for the external
audit program in MV X-ray radiotherapy. The absorbed dose to
2284
water is obtained from the i-th glass dosimeter as follows:

Di ¼
�
Ri � Si � Ri0;0 � Si0

� � Nref � fen � fp � flin (5)

where Ri denotes the mean value of multiple readings of the i-th
dosimeter and Ri0 ;0 represents the background (non-irradiated)
value of the i0-th one. Si stands for the individual dosimeter
sensitivity correction factor of the i-th one. The sensitivity correc-
tion factor redresses the difference in the sensitivity for each glass
dosimeter, which is defined as:

Si ¼
Runiform
Runiform;i

(6)

where Runiform;i is the readout value of an individual dosimeter

under the uniform irradiationwhereas Runiform denotes the mean of
each Runiform;i from the same batch. This correction factor relies on
the sample variation of the batch, and it is recommended to be
checked periodically and should be revised when it is necessary.

Nref in Eq. (5) means the calibration coefficient determined by
using reference glass dosimeters that are exposed to a known dose
close to that which is supposed to be delivered to the sample glass
dosimeters in the reference condition. The reference glass dosim-
eters are read with the sample glass dosimeters for compensating
the daily fluctuation of the reader. Nref is defined as follows:

Nref ¼
Dref

Rref Sref � Ri0;0 Si0
(7)

where Dref designates the absolute absorbed dose measured by
ionization chamber under the same beam condition with the
reference irradiation condition. Rref and Ri0;0 denote the mean
values for the readout of the reference glass dosimeter and the
background one, respectively.

Note that fen, fp and flin represent respectively the correction
factors for the radiation quality, the phantom material, and the
nonlinearity. The fading effect and the natural background dose
accumulation on the absorbed dose are not considered apparently.

3. A new formalism for the absorbed dose evaluation

We propose a new formalism that introduces the reference glass
dosimeters and uses the calibration coefficients for each glass
dosimeter while both formalisms in the previous section are based
on the batch properties of the glass dosimeters. The reference glass
dosimeters are taken from the same batch with the sample glass
dosimeter, which play a role of the internal calibration glass
dosimeter as in formalism A. The internal calibration glass dosim-
eter may not come from the same batch with the sample glass
dosimeters. The dosimetry property of the internal calibration glass
dosimeter may be distinguished from the sample glass dosimeters,
so that additional corrections may be considered. Moreover, it is
difficult to precisely determine the absorbed dose of a sample glass
dosimeter, since the beam condition for the irradiation of the in-
ternal calibration glass dosimeter may be different from what we
intend to irradiate the sample one. Thus, we suggest to select the
reference glass dosimeter group from the same batch with the
sample glass dosimeters and to irradiate them in the same beam
condition and the similar dose range of interest. Note that the
reference glass dosimeters are read in the reading tray at the same
time with the sample glass dosimeters to correct the reader fluc-
tuation. The usage of the reference glass dosimeter is almost the
same as that in formalism B.

The proposed formalism determines the absorbed dose by
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considering the dose of the individual glass dosimeter other than
the dose of the batch in formalism B. Thus, this formalism requires
several plausible assumptions as follows.

� All glass dosimeters in the same batch have the same dosimetry
properties such as the dose linearity, the energy dependency,
and so on.

� The dose reading does not affect the written dose in the glass
dosimeter. The effect of the readout on the glass dosimeter is a
temporal loss of the signal, not a permanent loss [13].

� The annealing process does not change the property of the glass
dosimeter.

� The natural background dose accumulation is constant. The
environmental condition does not undergo changes. If the
environmental condition is varied, then it is treated as an
additional irradiation.

� The settings of the glass dosimeter reader are not modified for
all readings.

� The residual dose is taken to be zero after the annealing in the
calibration process. When the standard irradiation and the
reading for the calibration process of the glass dosimeter are
carried out in a few days, the fading effect and the natural
background dose accumulation for this period are ignored.
3.1. Absorbed dose determination for a glass dosimeter

The absorbed dose of a single glass dosimeter can be evaluated
as:

D ¼ NkRDR
Y
n

kv (8)

where N denotes the individual calibration coefficient of the glass
dosimeter and kRD designates the reader correction factor. Since the
reader performance varies every time, the readout value should be
corrected whenever measurements are performed. R stands for the
mean value of the successive readout values for the single dosim-
eterwhereas

Q
n
kv represents the product of other correction factors

such as the nonlinearity, the energy dependency, and so on. N is
determined for each dosimeter as follows:

N ¼ DQ

Rc
(9)

where DQ stands for the known irradiated dose under the well-
defined beam condition with the radiation quality Q such as the
reference conditions for the high energy photon beam in IAEA TRS-
398 [14]. The irradiated dose should be evaluated by using a more
accurate device such as an ionization chamber than the glass
dosimetry system. Rc represents the readout value of each glass
dosimeter at the calibration reading.
3.2. A daily change of the absorbed dose in a single glass dosimeter

We propose a method to describe a daily dose variation of a
single glass dosimeter due to the natural background dose accu-
mulation and the fading effect as follows:

Day 0 D0

Day 1 ðD0 þ dBÞð1� fFÞ
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Day 2 ½ðD0 þ dBÞð1� fFÞ þ dB �ð1� fFÞ

¼ D0ð1� fFÞ2 þ dBð1� fFÞ2 þ dBð1� fFÞ

Day 3
h
D0ð1� fFÞ2 þ dBð1� fFÞ2 þ dBð1� fFÞ þ dB

i
ð1� fFÞ

¼ D0ð1� fFÞ3 þ dBð1� fFÞ3 þ dBð1� fFÞ2 þ dBð1� fFÞ

« «

Day n D0ð1� fFÞn þ dB
Xn
k¼1

ð1� fFÞk (10)

¼ D0ð1� fFÞn þ dB
ð1� fFÞ

�
1� ð1� fFÞn

�
fF

where D0 stands for the initial dose, dB designates the natural
accumulated background dose per day, and fF ð>0Þ denotes the
daily dose fading factor. n is the number of days past from the initial
dose. The first term in Eq. (10) expresses the change of the initial
dose, and its second term does the change of the natural accumu-
lated background dose due to the fading effect.
3.3. A case study using the new formalism

We are now able to carry out a case study. We consider a simple
case that can be usually happened in the field to apply the new
formalism developed above. Fig. 1 shows the timeline of the dose
evaluation of the sample glass dosimeter at a given time trs with the
reference glass dosimeter. tproc represents the time of the process.
Di;proc and Ri;proc describe respectively the dose value and the
readout value of the i-th glass dosimeter (for ref , reference glass) at
each process (proc). Each process is exhibited in terms of the
following abbreviations written in the parentheses, i.e., the cali-
bration of reference glasses (cr), the calibration of sample glasses
(cs), the annealing (a), the reading of background after the
annealing (rb), the irradiation of an unknown dose (x), and the
reading of the sample glasses (rs). These symbols are also used to
denote the process of the calibration (◉), the annealing (//), the
reading (�), and the irradiation (⚡).

In this formalism, Ni;proc means the calibration coefficient of the
i-th glass dosimeter (for ref , reference glass) at each process, which
is defined as

Ni;proc ¼
Di;proc

Ri;proc
: (11)

We should evaluate the calibration coefficients for all dosime-
ters, samples and reference glass dosimeters before using them.

To determine the dose of the sample glass dosimeter at a given
time trs, the reader correction factor at this point should be ob-
tained. By using Eq. (10), the dose of the reference glass dosimeter
at the time trs is given as follows:

Dref ;rs ¼ Dref ;csð1� fFÞnr þ dB
Xnr

k¼1

ð1� fFÞk; (12)

where nr ¼ trs � tcs. Dref ;rs can be also expressed as:



Fig. 1. The timeline of the dose evaluation using RPLGD.

¼
"
Ni;csRi;rs

Rref ;cs
Rref ;rs

(
ð1� fFÞnr þ dB

Dref ;cs

Xnr

k¼1

ð1� fFÞk
)

� dB
Xn2

k¼1

ð1� fFÞk
#
ð1� fFÞ�n2 �

"
ð1� fFÞn1Ni;csRi;rb

Rref ;cs
Rref ;rb

(
ð1� fFÞn0

þ dB
Dref ;cs

Xn0

k¼1

ð1� fFÞk
)

þ dB
Xn1

l¼1

ð1� fFÞl
#
:
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Dref ;rs ¼ Nref ;cskRD;rsRref ;rs
Y
v

kv; (13)

which is taken from Eq. (8). For the simplicity, it is assumed thatQ
v
kv ¼ 1. Combining Eqs. (12) and (13), we are able to derive the

reader correction factor as

kRD;rs ¼
Rref ;cs

Dref ;csRref ;rs

"
Dref ;csð1� fFÞnr þ dB

Xnr

k¼1

ð1� fFÞk
#
: (14)

The dose of the i-th sample glass dosimeter, Di;rs, at the reading
time can be written by using the reader correction factor, Eqs. (8),
(10) and (14) turn out to be:

Di;rs ¼ Ni;csRi;rs
Rref ;cs
Rref ;rs

"
ð1� fFÞnr þ dB

Dref ;cs

Xnr

k¼1

ð1� fFÞk
#

(15)

Di;rs¼
"
Di;xþDi;rbð1�fFÞn1þdB

Xn1

l¼1

ð1�fFÞl
#
ð1�fFÞn2þdB

Xn2

k¼1

ð1�fFÞk;

(16)

where n1 ¼ tx � trb, n2 ¼ trs � tx.
Then the unknown irradiated dose, Di;x, can be obtained from

Eqs. (15) and (16):

Di;x ¼
"
Di;rs � dB

Xn2

k¼1

ð1� fFÞk
#
ð1� fFÞ�n2

�
"
Di;rbð1� fFÞn1 þ dB

Xn1

l¼1

ð1� fFÞl
# (17)
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The dose value and the reader correction factor at the back-
ground reading time, trb, is also derived in the same manner. When
the dose evaluation period from the annealing time (taÞ to reading
time (trsÞ is brief enough or when the dose level irradiated to the
sample glass dosimeter exceeds several Gy, Eq. (17) can be
approximated as

Di;x � Di;Q
Rref ;cs
Ri;cs

"
Ri;rs
Rref ;rs

� Ri;rb
Rref ;rb

#
ð1� fFÞnr�n2 : (18)

Eq. (18) is similar to Eq. (5) except for the fading effect that is not
considered in formalism B. The fading factor, ð1� fFÞnr , is related to
the reader correction. That of the reference glass dosimeters should
be considered when the period between the calibration of sample
glass dosimeter and the readout becomes prolonged.
4. Summary

Table 1 summarizes the main characteristics of formalisms for
determining the dose of the glass dosimeter.

In formalism A, the calibration coefficient of the standard glass
dosimeter is used as a representative value for all glass dosimeters
considering the batch property. Only the natural background dose
accumulation is considered for the change in dose of the standard
glass dosimeter in obtaining the calibration coefficient. The
correction for the reader is taken into account through the readout
value of one internal calibration glass dosimeter based on the batch
property.

In formalism B, the reference glass dosimeter is utilized to
calculate the calibration coefficient and offset the fluctuation of the
reader, but all environmental effects on the change in absorbed
dose of the reference glass dosimeter are not regarded.

The proposed formalism assessed the calibration coefficient for
each glass dosimeter to reflect variation between individuals. The



Table 1
The main characteristics of formalisms for determining the dose of the glass dosimeter.

Formalism Calibration coefficient Reader correction factor

A � Use the calibration coefficient of the standard glass dosimeter (Nstd)
� Consider only the natural background dose accumulation
� Batch properties applied

� Use an internal calibration glass dosimeter irradiated with a known dose
� Batch properties applied

B � Use the calibration coefficient of the reference glass dosimeter selected
from the same batch of the sample glass dosimeter (Nref )

� No explicit consideration on the natural background dose accumulation
and the fading effect

� Batch properties applied

� Use multiple reference glass dosimeters selected from the same batch of the
sample glass and read them in the same session

� Batch properties applied

Proposed � Use the calibration coefficients for individual glass dosimeters (Ni) � Use multiple reference glass dosimeters selected from the same batch of the
sample glass dosimeter and read them in the same session

� Consider both the natural background dose accumulation and the fading effect
in the formalism itself

� Batch properties applied
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reader correction factor was obtained using a reference glass
dosimeter group selected from the same batch as the sample glass
dosimeter and irradiated with a known dose. The reader correction
factor was calculated from the dose value and the readout value of
the reference glass dosimeter, and both natural background dose
accumulation and fading effects are considered.

5. Conclusion

In the present work, we aimed at developing a new dose eval-
uation formalism for the determination of the absorbed dose of the
glass dosimeters. The proposed formalism introduced the reference
glass dosimeter to correct the daily stability of the reader. The
reference glass dosimeter was selected from the same batch as the
sample glass dosimeter and irradiated under the same conditions
as the user irradiation condition to reflect the user environment for
evaluating the absorbed dose of the sample glass dosimeter. The
fading effect and the natural background dose accumulation of the
glass dosimeters were considered in this formalismwhen the glass
dosimeters were used over a long period without annealing pro-
cesses. Individual calibration coefficients are evaluated to reflect
the sensitivity of the sample glass dosimeter, which distinguishes
the proposed formalism from others. Relevant applications to the
measurement of the absorbed doses for glass dosimeters are
underway.
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