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Abstract

For regular monitoring of gamma therapy units against the backdrop of insufficient provision of modern dosimetric

equipment and, in some extreme cases, the lack of qualified personnel, external audits across all radiological departments
are practically the only way to independently verify the accuracy of calculations of therapeutic dose delivered to patients.

The relevance of this study is justified by the need to comply with the provisions of national legislative documents in
the field of the nuclear energy application: The Law of Ukraine “On Human Protection against Impact of lonizing Ra-
diation”, The Norms of Radiation Safety of Ukraine (NRBU-97), and The State Standard of Ukraine “Measurement of
Ionizing Radiation. Metrological Support. General Provisions” (DSTU 3240:2015).

The requirements of these documents regarding the accuracy and reliability of dose measurements necessitate the use of
high-quality detectors. Hence, among all thermoluminescent materials used for thermoluminescent dosimetric (TLD) audits
of therapeutic photon beams, preference is given to a LiF, Mg, Ti phosphor (TLD-100) due to its dosimetric properties:
tissue equivalence, long-term retention of dosimetric information (low fading), high sensitivity, a wide range of measurable

doses, and excellent reproducibility of results in repeated measurements.

The use of such detectors makes it possible to conduct regular dosimetric audits of operational gamma therapy units
using the “postal dosimetry” method. This approach is of paramount importance as it allows for clinical dosimetry errors
to be timely detected, enhances the quality of radiation therapy, and consequently, the standards of treatment.

When conducting TLD audits, regular monitoring of dosimetric properties and parameters of both the phosphor itself
and the TL measuring instrument shall be ensured, as well as a set of correction factors and the value of the expanded

uncertainty shall be determined.
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Determination of correction factors and adjustment
coefficients

Thermoluminescent dosimetric audit (TLD-audit)
is a key tool for external quality control in radiation
therapy. This “postal dosimetry” method involves the
distribution of standardized TL detectors among radi-
ology departments. A medical institution irradiates the
detectors under specified geometry (e.g., in a water
phantom at a depth of 5 or 10 cm) with a therapeutic
dose (e.g., 2 Gy). The capsules are then returned to
the audit centre for readout and analysis. Comparing
the absorbed dose measured by the centre with the
dose delivered by the clinic allows for systematic do-
simetry errors to be verified, the performance of gam-
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ma therapy units verified, and the compliance with
national safety standards assessed. The relevance of
TLD audits in Ukraine is driven by insufficient pro-
vision of modern dosimetry equipment and the lack
of qualified personnel in many medical institutions,
making regular external control practically the only way
of independent verification.

The absorbed dose determined using TL detectors
irradiated on teletherapy units is influenced by factors
such as fading”, non-linearity of thermoluminescent

* During the period between the irradiation of a TL detec-
tor and its readout, the magnitude of the TL signal decreases.
This partial loss of the energy deposited by ionizing radiation
in the phosphor during irradiation is known as the fading.
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detector (TLD) response to the dose, energy depen-
dence, and the presence of a holder.

To accurately identify the factors influencing
the calibration of a dosimetric system (comprising
the PCL-3 thermoluminescent reader and TLD-100
powder), correction coefficients were studied and de-
termined [1]. Specifically, when determining the cor-
rection factors, the daily drift of the PCL-3 reader
was accounted for based on the readings of control
powder. The control powder used was TLD-100, irra-
diated with an absorbed dose in water of 2 Gy under
standard conditions and aged for 5 months to achieve
a stable TL signal [2].

The absorbed dose in water was calculated using
the formula [2]:

Dw:M'N'f}in'f;:‘n.f;lol'ffad’ (])

where D, is the absorbed dose in water, Gy;

M is the TL-signal value, corrected for daily
fluctuations of a TL reader using a correction factor
accounting for instrument sensitivity drift, rel. units;

N is a calibration coefficient of a TL-system,
Gy/rel.unit;

Jf,,,is a correction factor accounting for the non-li-
nearity of the TL-signal dependence on the irradiation
dose, dimensionless;

/., is a correction factor accounting for the de-
pendence of a TL-signal on the energy of ionizing
radiation, dimensionless;

J,,, 18 @ correction factor accounting for the influ-
ence of a standard irradiation holder on the TL-signal
value, dimensionless;

j;a ., 1s a fading correction factor, dimensionless.

The system calibration coefficient (/) is defined
as the inverse of the TL-signal per unit dose and is
calculated by the formula [2]:
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where N is a calibration coefficient of a TL-system,
Gy/rel.unit;

D, is the absorbed dose in water (2 Gy) used to
irradiate TL detectors, Gy;

Mbackgmun , is a mean value of a background signal
from non-irradiated TL detectors, rel.unit;

M, is the TL signal value of the i-th detector ir-
radiated with a dose of 2 Gy, rel.unit;

n is the number of detectors irradiated with the
specified dose.

When determining a calibration coefficient () of
a TL system, the irradiation of TL capsules with an
absorbed dose in water of 2 Gy in a standard water
phantom was performed. A standard holder (which is
used by the IAEA laboratories to conduct TLD audits)
was used for irradiation in the water phantom, allowing
only for one capsule to be irradiated per procedure.

When irradiating subsequent capsules in this phantom,
an uncertainty in the capsule positioning arises.

An alternative solution is to use a PMMA phan-
tom, which does not only allow for 3 TL-capsules to be
simultaneously irradiated, reducing the total irradiation
time, but also ensures constant geometry conditions
for the capsule placement. However, considering that
medical institutions exclusively irradiate TL-detectors
(capsules) in a water phantom, and that to calibrate
a TLD system on the National Primary Measure-
ment Standard of absorbed dose and absorbed dose
rate units for X-ray and gamma radiation (the NSC
“Institute of Metrology”) a PMMA phantom is used,
the difference in scattering properties between water
and PMMA when calculating doses based on calibra-
tion in PMMA shall be accounted for. This prevents
discrepancies in determining the absorbed dose which
can be avoided by establishing the relation between the
TL signal of capsules irradiated in water (M ) and
in the PMMA phantom (M, ), i.e., the correction
factor F,, ., determined by the formula:

F,
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The study of dosimetric properties of a TLD sys-
tem was divided into four sequential stages, aiming at
the gradual refinement of the methodology and the
consideration of all negative critical influencing fac-
tors [2]. Stage I involved performing a baseline cali-
bration in a water phantom to determine the initial
metrological characteristics of the system. Stage II
included re-calibration to assess the system stability
and identify the need for regular monitoring. Stage I1I
was a transition to calibration in a PMMA phantom
against the State Primary Measurement Standard (the
NSC “Institute of Metrology”), thereby reducing the
positioning uncertainty and increasing the resolution.
Finally, Stage IV implied a comprehensive approach:
parallel irradiation in water and PMMA (see Table 1)
to directly determine the environmental conversion
coefficient F,, . equal to 1.0042. This approach
made it possible to systematically account for techno-
logical, methodological, and metrological aspects of
preparing the system for audits in medical institutions

across Ukraine.
Table 1

Calibration coefficients of the TL-system according
to the study stages

Stage Phantgm TL-system calibration coefficient
material (X 107)
| Water 3.5200
I | Water 3.8253
11 |PMMA 3.5682
v Water 3.5770
PMMA 3.5619

When calibrating a TL system using a PMMA
phantom, the readings of TL detectors shall be cor-
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rected using the heterogeneous media correction factor
F PMMA-water'

To determine the calibration coefficient of a TL
system, TL capsules were irradiated with an absorbed
dose of 2 Gy under standard conditions in phantoms
made of different materials — PMMA and water [1].
Based on the results of these measurements, the cali-
bration coefficients of the system were determined,
their values presented in Table 1.

According to Table 1, the calibration coefficients
of a TL system obtained using both the water phantom
and the PMMA phantom are similar in value and bear
no statistical difference (p<0.05), except for the Stage
IT value. The lowest uncertainty was achieved during
calibration in the PMMA phantom against the Natio-
nal Primary Measurement Standard (NSC “Institute of
Metrology”). The deviation of the TL system obtained
at Stage II is slightly higher than the other values,
which highlights the necessity of calibrating TLD sys-
tems before each stage of a TLD audit.

Determination of correction factors

The correction factor accounting for the influence
of a standard holder for TL-detectors (f, ) compensates
for the reduction in the TL signal due to partial at-
tenuation of a gamma radiation beam by the standard
plexiglas holder during irradiation of TL detectors. At
the IAEA Dosimetry Laboratory, which conducts TLD
audits, it has been established that for a depth of 5 cm
and “Co energy, this factor is f, = 1.008, and at 10 cm
depth — f, = 1.018 [3, 4].

The correction factor for the energy dependence
of the TL-signal (f,) is applied when measuring ab-
sorbed doses in radiation beams with energy different
from ®Co energy since TL-detectors are calibrated at
“Co energy, f, =1.

The correction coefficient for the non-linearity
of the TL-signal versus irradiation dose, is calculated
using the formula [2]:

— M DoD [
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where M is the TL signal value when the TL detector
is irradiated in water with dose D =2.0, Gy (rel. units);

M, is the TL signal value when the TL detector
is irradiated with absorbed dose in water D, , Gy (rel.
units).

The TL signal non-linearity function was studied
against the dose across all stages (I-1V). To deter-
mine the non-linearity correction factor, TL detectors
were irradiated with 6 doses (0.5, 1.5, 1.75, 2.0, 2.25,
2.5 Gy), using 5 capsules per dose. The parameters
of the non-linearity correction factor function were
determined by linear approximation of experimental
data according to the equation: f, =a,+a,-D using
the least squares method.

The values of the function parameters for f, are
given in Table 2.

C))

Table 2
Parameters of f, (D) according to the study stages
Stage Regression Equation
I £, = 1.0781 — 0.0391xD
11 £, = 1.0628 — 0.0314xD
111 £, = 1.0379 — 0.0189xD
v £, = 1.0159 — 0.0080x D

As it can be seen from Table 2, the value of the
regression coefficient a, in the non-linearity function
J/,,, approaches zero, while the constant of the regres-
sion equation a, approaches unit one. This indicates
that the dependence of f, on the dose is negligent yet
shall be accounted for in calculations, especially if the
dose significantly deviates from 2 Gy.

Fig. 1 shows the graphs of the f, non-linearity
correction factor functions.
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Fig. 1. Dependence of the non-linearity correction factor

on the irradiation dose for Stages I-IV

At Stage I, it was revealed that the mean value
of the non-linearity correction factor in the operating
dose range (1.5-2.5 Gy) varied within £2% (from 0.98
to 1.02), whereas at Stage IV, it varied within £0.4%
(from 0.996 to 1.004). Thus, with repeated use of
a single batch of TL-powder across the stages “ther-
mal treatment — irradiation — readout”, a reduction
in the degree of the TL-signal non-linearity against
the dose is observed. This is associated with changes
in dosimetric properties of the powder. Therefore,
when calibrating TL-systems, the non-linearity of the
TL-signal against the dose shall be studied regularly.

Compensation for the partial loss of thermolumi-
nescence signal magnitude is achieved using the fading
correction factor, calculated by the formula [2]:

Lo = Ffad(Atref)’
s Ffbd (Atuser)

where Ffa d(Atref) is the value of the fading function for
the reference TL detector, dimensionless;

Ffa [Ar ) is the value of a fading function for
a clinical TL detector, dimensionless;

Atref is the time between irradiation and readout
of a reference TL detector, days;

Ar  is the time between irradiation and readout
of a clinical TL detector, days.

(&)
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During Stages II-1V, the fading of the irradiated
TL powder (TLD-100) was studied for a single powder
batch. The fading function was determined according
At=7
to the formula: F' (At) =b+cxe ( 4 ] The function
parameters were calculated using the ORIGIN soft-
ware [5].

Values of the TL powder fading function para-

meters for Stages II-1V are given in Table 3.
Table 3

Fading function parameters according

to the study stages

Stage TL Powder Fading Function
=N

I ¥=10.9701+0.02899 x ¢ 223564
,[ﬂ)

a ¥=0.95309+0.0415xe 4442362
_( At-17 )

v ¥ =10.95928+0.04263 x ¢ \*'**

Fig. 2 shows the results of TL signal measure-
ments based on the study of Stage IV fading depending
on the time interval (Af) between the irradiation and
readout of TL powder. The graph presents the TL sig-
nal normalized to its value at Ar=7 days.
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Fig. 2. Dependence of a normalized TL signal on the time
interval between the irradiation and readout for Stage IV

For comparison, Fig. 3 shows the fading functions
determined in Stages II and IV.
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Fig. 3. The fading function curve determined at Stages Il and IV

As it can be seen in Figs. 2 and 3, a fairly sharp
decrease in the TL signal magnitude is observed be-

tween days 7 and 30. Beginning from day 40, the ther-
moluminescence signal becomes more stable, and from
days 40—50, it remains practically unchanged with the
increasing time interval Az, indicating that both func-
tions reach a plateau.

However, the functions exhibit different rates of
dosimetric information loss during the first 30—40 days:

1. During the first use of the TL powder (Stage
IT), the fading study showed a lower information loss
within 30 post-irradiation days (up to 3% of the initial
value).

2. For subsequent applications of the same powder
batch (Stage 1V), the rate of information loss was hig-
her, reaching 4% of the initial value before stabilizing.

When determining the relation of the two fa-
ding functions for Stages Il and IV, a stable ratio of
1.010 = 0.005 is observed between them beginning from
days 30—40 (Fig. 4).
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Fig. 4. Comparison of fading functions for Stages Il and IV

When calculating the absorbed dose using the ra-
tio of values from two fading functions — one for the
time interval between the irradiation and readout of a
reference TL detector Atref, and another for clinical TL
detectors Az (see Formulas 1 and 5) — it is high-
ly probable that a single fading function determined
for a given powder batch can be used in calculations.
This is particularly relevant since studying the fading
function takes approximately 5 months (150—160 days
per year), significantly reducing the time required for
TLD audits.

The dependence of the fading coefficient j;,a , on
the time interval (AT, - =AT,,, —AT)), between
the irradiation of reference TL detectors at the centre
and at medical institutions, determined according to
the Stage IV fading function (Fig. 5), was studied.

As it can be seen in Fig. 5, even when TL detec-
tors are irradiated at the centre and medical institutions
within the same *10-day “window” of the TLD audit
stage, the fading coefficient J;a , Significantly varies if
the readout occurs 15 days after the irradiation day:
ffad ranges from 0.987 to 1.036. Therefore, the j;ad cor-
rection factor shall be included in the absorbed dose
calculations for medical institutions.

At the same time, when the readout of TL de-
tectors is performed 30 days after the irradiation, the
correction factor ffa , changes but negligibly: in the

Ykpaiucokuii memponoeiunuii ucyprnan, 2025, Ne 3, 56-61 59



Study of dosimetric properties of a thermoluminescent system for dose audit in radiation therapy

ﬁad

1.040

Atuser

1.035

—o— 15 days

1.030

—o— 20 days

1.025

—4— 30 days

1.020

—>%— 40 days

—4— 50 days

1.015

1.010

—0— 60 days

-10 -5 0 5
Time interval between the dates of the irradiation of TLD detectors
in the medical institution and the reference TLD audit centre, days

10

Fig. 5. Dependence of the fading function coefficient on AT

15

user/ref

20 25 30 35 40

AT, user/ref

for different time intervals At _ between the irradiation

user

and readout of TL detectors of a medical institution

range from 0.997 to 1.007, regardless of the time in-
terval between the day of irradiation at the centre and
in the medical institution, i.e. the indicated values of
the coefficient change within the permissible error of
its determination +0.7% [6]. When the time interval
between the irradiation and readout of TL detectors
is increased to 50—60 days, the correction factor
];a , is practically equal to one (Fig. 5).

If subsequent studies confirm the stabi-
lity of parameters b, ¢, d in the fading function

At=7
F (At) =b+cxe [ a ), the fading correction could
be omitted for TL detector readouts performed
>30 days after the irradiation.

Overall, the fading studies represent the most
time-consuming phase of TLD-audit organization
and performance. This study shall be extended to dif-
ferent TL powder batches to explore minimizing this
procedure without compromising the dose calculation
accuracy.

Conclusions and discussion of results

In this study, the key correction factors required
for the accurate operation of a TLD system were sys-
tematically studied and determined. The factors ensure
the calculation of the absorbed dose in water during
TLD audits and include:

e The non-linearity correction factor, which ac-
counts for the non-linear dependence of the TL-signal
on the irradiation dose. Its dependence on the dose
was found to be minor yet shall be considered, espe-
cially for doses significantly deviating from the 2 Gy
calibration point. Repeated use of the powder reduces
this non-linearity.

e The energy dependence factor, which is equal
to one since the photon energy of “Co therapy units
in clinics is identical to the gamma energy of the re-
ference source used for the system calibration.

e The holder correction factor, which compensates
for the attenuation of the radiation beam by the stan-
dard plexiglass holder.

* The fading correction factor, which compensates
for the signal loss over time between the irradiation
and readout. For time intervals exceeding 30 days, the
fading effect stabilizes, and the factor approaches unit
one. This allows for the use of a single fading function
determined for a specific powder batch, significantly
simplifying the determination of the absorbed dose.

The environmental conversion factor
Fovniionaer — 1.0042 was determined. This factor enables
the use of a PMMA phantom for multi-capsule sys-
tem calibration against the state primary measurement
standard, while ensuring correct dose calculations in
the water phantoms used in clinical facilities.

The practical application of these coefficients in
TLD audits shows that under typical conditions where
the time between the irradiation and readout exceeds
30 days, the impact of fading is minimal. In cases
where reference and clinical detectors from the same
powder batch are irradiated and read out simultane-
ously, the correction of fading is not required.

For the obtained data and coefficients to be properly
applied during TLD audits, the next crucial step is to
perform a detailed calculation of the combined standard
uncertainty of the entire measurement process, incorpo-
rating the uncertainties of each individual correction co-
efficient used in the absorbed dose determination formula.
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AnoTauis

Jns1 3mificCHEHHSI MOCTIfHOrO KOHTPOJIIO anapariB ramMMa-Tepariii B yMOBax HEIOCTATHbOTO 3a0e3MeYeHHSI Cy4aCHUM
JIO3MMETPUYHUM OOJIaJHAHHAM, a B JeIKUX BUMAAKaX i BIACYTHICTIO KBaji(hikoBaHOTO MepcoHajly, OXOIJIEHHS yCiX pamio-
JIOTIYHMX BilIJIEHb LIOPIYHUM 30BHIIIIHIM KOHTPOJIEM € MPAKTUYHO €IUHOIO MOXJIMBICTIO HE3AJIEKHOI MEPEeBiPKU TOYHOCTI
PpO3paxyHKiB JIIKyBaJbHOI JO3M, IO BilIIYCKAEThCS MALliEHTOBI.

AKTYaJIbHICTh 1i€] pOOOTU BM3HAYAETHCS HEOOXIJHICTIO BUKOHAHHS IMOJIOXEHb HalliOHAJbHUX 3aKOHOAABYUX JOKY-
MEHTIB y Tajly3i BUKOPUCTAHHS siIepHOI eHeprii: 3akoHy Ykpainu “IIpo 3axucT JIOOMHU Bil BIUIMBY iOHi3yIOUOrO BUIIPO-
MinenHs1”, Hopm panianiitnoi 6esneku Ykpainu (HPBY-97), [lepxaBHoro craHmapty YkpaiHu “BumipioBaHHS iOHi3yl0umnx
BUIIpOMiHeHb. MetposioriyHe 3abe3nedyeHHsi. OcHoBHiI nonoxeHHs” (JACTY 3240-2015).

BuMoru 1ux DOKyMEHTIB 111010 TOUHOCTI Ta HaIiifHOCTI JO30BUMIipIOBaHb OOYMOBIIIOIOTh HEOOXiAHICTH BUKOPUCTAHHS
BUCOKOSIKICHUX AeTeKTopiB. CaMe TOMYy 3 YCiX TEpMOJIIOMIHECLIEHTHUX MaTepianiB, siki BUKOPUCTOBYIOTH y IPOBEICHHI
TJA-aynuty TepaneBTUUYHUX CTPyMEHIB (DOTOHHOTO BUIIPOMIHEHHSI, TepeBary BimaaioTh JitomiHodopy LiF, Mg, Ti tuny
TLD-100, 3aBasiku 1ioro 103MMETPUYHUM BIACTMBOCTSIM: TKAHUHOEKBiBAJIECHTHOCTI, TPUBAJIOCTI 30epekKeHHs TO3UMETPUUHOT
iHdopmMaliii (HU3bKOMYy (EemuHTY), BUCOKIiil YYTJIIMBOCTiI, BEJIMKOMY Aialla30HY BUMIipIOBaHUX 03, YiTKOMY BiITBOPEHHIO
pe3yabTaTiB Mpu GaraTopa3oBUX BUMipIOBaHHSIX.

Came BUKOPUCTaHHS TaKUX NETEKTOPiB pOOUTh MOXJIMBUM MPOBEACHHS PETryISIPHOTO TO3UMETPUYHOIO ayAuTy TiI0UMX
raMMa-arnapartiB MeToloM “mo3a-mnomToro”. Llei minxig € BaXKJIMBUM, OCKIJIbKU JTO3BOJISIE BUACHO BUSIBJISITU TTOMUJIKU KJli-
HiYHOI MO3UMETpii, MiABUILMTH SKiCThb MTPOMEHEBOI Teparlii Ta, sIK HACJiIOK, MiABUIIYBATU SKiCTb JIIKyBaHHS.

[Mpu nposenenni TJId-aynuTy HeoOXiZHO 3a0E3MEUUTU PETYJSPHICTb KOHTPOJIO NTO3MMETPUYHUX BJIACTUBOCTEN Ta
rnapameTpiB Ik caMoro JiloMiHodopa, Tak i BumiptoBaibHoro TJI-mpuiany, a TakoxX BU3HAYMTU HU3KY (PAaKTOPIB KOpery-
BaJIbHUX KOEMIILIEHTIB Ta BEJIMUYMHY PO3IIMPEHOI HEBU3HAYEHOCTI.

KmouoBi cioBa: paniauiiiHa Oe3neka; MpoMeHeBa Tepallisi; TEPMOJIIOMIHECIEHTHI TO3UMETPU; TEPMOIIOMiHECLIEHTHUM
MOPOILIOK, HEBU3HAYEHICTh, Y-TO3UMETPIis, i0Hi3yloue BUIIPOMiHIOBAHHSI.
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