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This paper presents the thermoluminescence properties of K,GdF;:Tb material irradiated in a
reference neutron-gamma field and its possibility to be used in neutron dosimetry. Double fluo-
ride of K,GdF; doped with 10 at% Tb3+ ions was synthesized under solid-state reaction condi-
tions and irradiated in the reference neutron-gamma field of 24!Am-Be source. The
thermoluminescence glow curves were measured by the Rexon UL-320 TLD reader connected
with the WinRex-320 processing program for obtaining the integrated thermoluminescence
signals (counts). The results show that the temperature peaks of the irradiated K,GdF5:Tb ma-
terial concerning the gamma and neutron fields at the distance of 100 cm from the source are at
230 °C and 300 °C, respectively. The sensitivity ratios of fast-to-thermal neutron and
gamma-to-thermal neutron are 6.3 % and 18.2 %, respectively. The batch homogeneity and
reproducibility are less than 30 % and 7.5 %, respectively. The linearity is less than 10 % in the
dose range of less than 24 mSv. The detection threshold is less than 0.1 mSy, and the fading is
10.7 % after 90 days of irradiation. These thermoluminescence properties of K,GdF;:Tb mate-
rial considerably satisfy the requirements to be used in neutron dosimetry.
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INTRODUCTION

Recently, the development of thermoluminescence
(TL) materials to be used in radiation detectors and
solid-state dosimeters for various scientific and industrial
applications has received increasing attention. There ex-
ists a commercial demand in TL phosphors for neutron
dosimetry, measurement of neutron absorbed dose rates
in space, and identifying the contribution of photons and
neutrons to the total absorbed dose rate in neutron cap-
ture therapy [1-3]. Two isotopes of gadolinium, i. e.,
155Gd and '3’Gd, with high thermal neutron absorption
cross-sections and relatively high contents in natural
gadolinium, about 14.7 at% (atomic percentage), have
the potential to be used in such TL materials. Nuclear re-
actions of the materials with neutrons in the energy range
up to 10 MeV, e.g., the neutron field of a>*! Am-Be, may
emit prompt photons, internal conversion and Auger
electrons, soft X-rays, and photons [4]. Though several
Gd-based materials have been used for neutron detection
as scintillators or imaging screen phosphors, no such ma-
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terial was proposed for neutron dosimetry as TL phos-
phors [1].

As known, several fluoride compounds doped
with rare earth (RE) elements were found to be rather
efficient TL phosphors [1]. Therefore, gadolinium fluo-
rides doped with RE elements could be considered for
the development of TL phosphors to be used in neutron
detection. Previous works reported the synthesis of
complex fluorides, e. g., K,GdFs, doped with RE ions,
e.g.,Dy’" and Tb*", based on the hydrothermal method
and the TL properties of the materials irradiated to pho-
ton (X-ray, gamma) and neutron radiation [4-7]. Sev-
eral studies in the synthesis of K,GdF5:Tb material in
the powder form and their TL properties have been con-
ducted. The synthesis of K,GdF5:Tb material using the
hydrothermal method (at high temperature and high
pressure) for investigating its TL properties under al-
pha, beta, and X-ray radiation was conducted by Hanh
et al. [1]. The synthesis of the K,GdFs:Tb material us-
ing the solid-state reaction method was implemented by
Vinh et al. [8-11]. Then, the TL properties of the
K,GdFs:Tb material irradiated at high doses of beta,
gamma, and neutron fields were investigated. The crys-
tallographic structure by X-ray diffraction (XRD) and
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SEM, and the TL intensities of the K,GdF5:Tb material
irradiated to the radiation fields indicated that the
K,GdF;:Tb material with 10 at% Tb*" ions had a good
sensitivity at high radiation doses. However, the prop-
erties of the K,GdF5:Tb material irradiated to a refer-
ence gamma-neutron field at low doses (less than 20
mSv) have not been investigated. Besides, to promote
the application of the material in personal neutron do-
simetry, further studies need to be conducted to investi-
gate the properties of the K,GdF5:Tb material, such as
batch homogeneity, reproducibility, linearity, detection
threshold, and fading, according to the International Or-
ganization for Standardization (ISO) 21909 [12] and
International Electrotechnical Commission (IEC) [13,
14]. A comprehensive review of the development of
neutron personal dosimetry can be found in [2]. One of
the requirements for a dosimeter to be used for detect-
ing neutron and gamma is the capability to discriminate
between neutron and gamma components.

In the present work, the TL properties of the
K,GdFs:Tb material irradiated to fast, thermal neu-
trons and gamma in a reference neutron field at doses
less than 20 mSv were investigated. The K,GdF5:Tb
material was synthesized based on the solid-state reac-
tion method and irradiated in the reference >*' Am-Be
field. The TL glow curves were measured using the
Rexon UL-320 TLD reader. The TL properties such as
batch homogeneity, reproducibility, linearity, detec-
tion threshold, and fading were evaluated and com-
pared to the ISO and IEC.

MATERIALS AND METHODS
Synthesizing K,GdF5:Tb material

The initial material compounds consist of KF,
GdF;, and TbF; supplied by Sigma-Aldrich Ltd. with
a purity of 99.99 %. The K,GdF; crystals doped with
Tb3" ions were synthesized based on the solid-state re-
action method, according to the following chemical
equation [8-11]

2KF + GdF; + Tb3" — Tb3*-doped K,GdF

Due to the water absorption of the KF com-
pound, the material was dried at the temperature of
120 °C for 10 hours. Then, a mixture of KF, GdF;, and
TbF; with a mass ratio of 1:1.6622:0.1863 was ground
in an agate mortar for 2 hours to ensure the mixture ho-
mogenized with small particles. The mixture was
placed in a graphite boat and heated in an argon gas
flux at the temperature of 620 °C for 6 days. After heat-
ing, the material was obtained as white hard pellets. It
was crushed up to a particle size of about 50-100 um
and washed with distilled water and ethanol several
times. The material was then dried at the temperature
of 120 °C for 10 hours, annealed at the temperature of

420 °C for one hour, and cooled to room temperature.
Finally, the synthesized material in powder form was
divided into samples with a weight of 20 mg and
sealed in black plastic capsules for use as TL detectors
(TLD). The synthesis procedure of the material was
carried out at the Sample Treatment Laboratory of the
Dalat Nuclear Research Institute (DNRI). The synthe-
sis process of one batch of the K,GdF5:Tb material
took about 9 days.

Irradiation and measurement
of TL signals

The TLD were irradiated in a reference neutron
field of the 2! Am-Be source at the Tertiary Standard
Dosimetry Laboratory (TSDL) of DNRI. The emis-
sion rate of the source is 5.4094-10° s! (+ 6 %) in
2023. The fast neutron field was established with the
source exposure in the air, while the thermal neutron
field was established with the source moderated by the
eleven polyethylene sheets with a total thickness of 11
cm. The neutron dose rates of the fast and thermal neu-
tron fields at the irradiation positions were determined
using a neutron spectrometer with the *He detector and
the PE bonner-cylinder system [15]. All measure-
ments were conducted at the same irradiation position
of 100 cm away from the source. After irradiation, the
TLD were measured for the TL intensity (TL signals,
unit in counts) using the Rexon UL-320 TLD reader
connected with the WinRex-320 processing program.
To optimize the measuring cycle, the setting parame-
ters of the Rexon UL-320 TLD reader were optimally
determined. The main setting parameters included the
heating temperature range, temperature heating rate
(possible values of2°Cs™!,5°Cs™!, 10°Cs ™!, 15°Cs !,
and 20 °Cs™"), heating type (linear or non-linear), and
measuring cycle (total measuring steps). By changing
the setting parameters, the optimal TL reading process
was selected when a stable integrated TL intensity and
a distinguished TL spectrum were obtained. The TL
glow curves were then derived from the TL signals
[16]. Figure 1 shows the reference neutron field of the
241 Am-Be source at DNRI.

To determine the TL properties of the
K,GdF;:Tb materials irradiated in the reference neu-
tron field, the TLD were divided into several groups,
each group consisting of ten TLD, to be irradiated at
different doses. For each configuration, the sample
group of ten TLD was irradiated simultaneously. Sev-
eral procedures were implemented for irradiating the
TLD in the thermal and fast neutron fields and measur-
ing the integrated TL output signals (abbreviated to
signal, in a unit of count) depending on the TL proper-
ties to be evaluated. In each procedure, a group of ten
TLD of the same material batch was prepared for
background measurement, i. e., without irradiation.
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Figure 1. The reference neutron field of the **' Am-Be source

Temperature peaks for
gamma and neutron

Two groups of TLD were prepared and irradi-
ated at the same dose of 8 mSv in the fast neutron field
and the thermal neutron field, respectively. The signals
(counts) of the irradiated TLD were then measured to
determine average temperature peaks of gamma, ther-
mal, and fast neutrons.

Sensitivity ratios of fast and
thermal neutrons to gamma

Two groups of TLD were prepared and irradi-
ated at the same dose of 1.7 mSv, one with the fast neu-
tron field and the other with the thermal neutron field.
The signals were measured to determine sensitivity ra-
tios of fast, thermal neutron, and gamma fields.

Batch homogeneity

A group of ten TLD were irradiated at the same
dose of 3 mSv in the thermal neutron field. The signals
were measured to determine batch homogeneity.

Reproducibility for thermal neutron

A group of ten TLD was irradiated at the same
thermal neutron dose of 10 mSv. The signals were then
measured and recorded. The TLD were then annealed
and irradiated again at the same dose of 10 mSyv, and
the signals will be determined again. This process was
repeated ten times to evaluate reproducibility.

Linearity at low doses

Four groups of TLD were prepared and irradiated
at the thermal neutron doses of 3.24 mSv, 5.23 mSyv, 7.85
mSv, and 23.84 mSv, respectively. The signals were
measured to determine a linear response.

The detection threshold of a dose

A group of ten TLD of the same material batch
and storage (no irradiation). The signals were mea-
sured after 1 day and the second one after 30 days for
the TLD to determine a detection threshold.

Fading

Seven groups of TLD of the same material batch
were prepared and irradiated at the same thermal neu-
tron dose of 3 mSv and stored. The signals were mea-
sured after the storage time of 1, 7, 14, 21, 30, 60, and
90 days, respectively, to determine a decrease in the
signals with time.

RESULTS AND DISCUSSION

Temperature peaks for gamma
and neutron

Figures 2 and 3 (taken from the screen of the
Rexon UL-320 TLD reader) illustrate the typical TL
glow curves of the TLD irradiated in the fast and ther-
mal neutron fields, respectively. In these figures, the
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blue lines are the glow TL curves (count versus measur-
ing time) and the areas under these lines are the inte-
grated TL signals (counts), and the moss-green lines are
measuring cycles (temperature versus measuring time).
To obtain the total counts at the temperature peaks in
the TL glow curves, it was adjusted manually ROI (cur-
sor) around the temperature peak according to the hori-
zontal axis. The area was marked, and the total counts
were read on the screen of the TL reader. The errors of
the total counts for the peaks were less than 3 %. The
neutron-gamma measuring cycle is an optimal choice
for measuring the TL glow curves including neutron
and gamma from 2*! Am-Be source (the first node cor-
responds to the measuring time of 8 seconds from room

temperature to 160 °C at the heating rate of 20 °Cs™'; the
second one corresponds to the time of 7 seconds at 160
°C; the third one corresponds to the time of 7 seconds
from 160 °C to 230 °C at the heating rate of 10 °Cs!
for measuring gamma; the fourth one corresponds to the
time of 8 seconds at 230 °C; the fifth one corresponds to
the time of 7 seconds from 230 °C to 300 °C at the heat-
ing rate of 10 °Cs™! for measuring neutron. The next
node corresponds to the total measuring time of 48
seconds to reduce temperature from 300 °C to 20 °C to
make the TL distribution of neutron in the glow curve
with a Gaussian shape).

One can see the simple shapes of the TL glow
curves with three characteristic temperature peaks. The
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firstpeak on the left side at the temperature of 160 °C (at
aheating rate of 20 °Cs™") corresponds to thermal fading,
which is often quenched by the thermal fading effect and
is notused in dosimetry. The second peak in the middle at
230 °C (at a heating rate of 10 °Cs™") corresponds to
gamma. The third peak on the right side at 300 °C (at a
heating rate of 10 °Cs™") corresponds to fast and thermal
neutrons. To confirm the second peak corresponding to
gamma in the >*' Am-Be field, the TLD were irradiated
separately by photon sources (such as X-ray, '*’Cs,
%Co), and the results show that the temperature peak
concerning photon is at 230 °C. Figures 4 and 5 illustrate
the TL glow curves of the TLD irradiated in the gamma
fields of ®°Co and **' Am-Be sources, respectively. Here,
the gamma measuring cycle was used to get the glow
curves only in the range of temperatures for gamma. This
affirmed that the temperature peaks at 230 °C and 300 °C
are the dosimetric peaks of gamma and neutron, respec-
tively. Compared to the results reported in [1] for the
K,GdF4:Tb material synthesized by the hydrothermal
method and the TL glow curves under X-ray irradiation,
it is confirmed again that the temperature peak at 230 °C
due to gamma irradiation in this study is consistent with
that found in [1]. This measurement of the K,GdF;
doped with Tb?" indicated the promising TL properties
for detecting neutrons and separating its dose component
in a gamma-neutron field. Since the measurements were
performed with the optimal measuring cycle, the two
peaks of gamma and neutron were separated clearly. This
can be explained as the depth of gamma energy traps is
less than that of the neutron, i. e., the peak of gamma at a
lower temperature than that of the neutron.

Sensitivity ratios of fast, thermal
neutron, and gamma

The TL flow curves for fast neutron, thermal
neutron, and gamma fields have been measured, eval-
uated, and summarised in tab. 1. Table I represents the
total areas (average count, N) and their standard devia-
tions (SD) under the corresponding TL peaks. The
TLD were irradiated with a total dose of 8 mSv. This is
because it gives sufficient statistical counts for the in-
vestigation within the dose range of less than 20 mSyv,
and the irradiation time was reasonably estimated to

Batch homogeneity

Batch homogeneity (BH) is calculated as follows
[12, 14]

BH = Nmax "N _ 5 (1)
where N,.x and N, are the maximum and minimum
counts, respectively. The value of BH should not ex-
ceed 30 %, according to the ISO and IEC [12, 14]. Table
2 summarizes the signals (counts, symbol as Ni) of the
TLD of the same material batch irradiated at the thermal
neutron dose of 3 mSv. The results show that the maxi-
mum and minimum counts are N, = 2607 and N,,;, =
= 2110, respectively. Thus, the BH of 23.6 % is deter-
mined. This value is smaller than 30 %, i. e., it satisfies
the requirement for radiation dosimetry [12, 14].

Reproducibility in thermal
neutron field

Reproducibility (RE) is calculated from the fol-
lowing formula [12, 14]

RE = S%* <0075 @)

where SD is the average standard deviation of n irradi-
ations (n =10 in this study), 1 is the confidence interval
(95 %) of SD obtained in [14], and N — the average
count of n irradiations. The value of RE should not ex-
ceed 7.5 % as recommended by the ISO and IEC [12,
14]. Table 3 summarizes the signals for ten times irra-
diation at the same thermal neutron dose of 10 mSv for
the TLD. The RE of 7.4 % is obtained, which satisfies
the basic requirement for radiation dosimetry [12, 14].

Linearity at low doses

Linear response (LR) is calculated from the fol-
lowing formula [12, 14]

Z|

+1

C

09<LR= <11 3)

Table 2. Counts of 10 TLD irradiated at the same thermal
neutron dose of 3 mSv

save the e.x'perimental cost. The sensitivity ratios on Number of TLD N; (count)
the intensities of fast-to-thermal neutron and gamma- 1 2464
to-thermal neutron are 6.3 % and 18.2 %, respectively. 5 2236
This indicates that the TLD are not sensitive to fast 3 2530
neutrons, but highly sensitive to gammas. 4 o114
5 2110
Table 1. Average counts of the TLD irradiated at the same 6 2447
dose of 8 mSv in the gamma, fast, and thermal neutron fields 7 2335
Radiation field N (count) (SD) (count) 8 2607
Gamma 5013 87 9 2523
Fast neutron 1733 126 10 2274
Thermal neutron 27502 933 BH [%] 23.6
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Table 3. Average counts of the TLD at ten times of irradiation

36 40 44
Time [s]

Irradiation times N; (count)

1% 11330
o 12461
3t 10324
4t 11480
5t 12646
6" 12480
70 12391
g™ 12758
ot 12102
10" 11905
N 11988
SD 717

RE [%] 7.4

where N is the average count for each group of TLD ir-
radiated at the same dose, 1 - the half-width of the confi-
dence interval (95 %) of N relative to the i™ group of
TLD obtained in [14], and C — the irradiated dose of the
i™ group of TLD (in mSv). The value of LR should vary
within the range of 0.9-1.1, which means the deviation
of the LR should not be greater than 10 % over the irra-
diated dose range, according to the recommendation of
ISO and IEC. Table 4 summarizes the signals (counts)
for the four groups of TLD irradiated at the thermal
neutron doses of 3.24 mSv, 5.23 mSv, 7.85 mSyv, and
23.84 mSy, respectively. The LR values for the four
groups of TLD are in the ranges of 0.99-1.07,
0.91-1.08, 0.92-1.05, and 0.93-1.08, respectively. The
values satisfy the requirement for radiation dosimetry in



V.-T. Phan, et al., Thermoluminescence Properties of K,GdFs:Tb Material ...
Nuclear Technology & Radiation Protection: Year 2024, Vol. 39, No. 1, pp. 37-46 43

Table 4. Counts for four groups of TLD irradiated at
different thermal neutron doses

Number of TLD | 3.24 mSv [5.23 mSv|7.85 mSv|23.84 mSv
4412 5223 5186 10152
4235 5672 6166 10130
4095 4145 5833 12066
4680 4526 6411 9438
4695 5310 5308 8074
4291 4173 4840 11202
4783 4365 5406 10677
4544 4985 5673 10742
4537 5097 5988 9606
4874 5697 5041 10158

Table 5. Counts on 1*' day and 30" day after irradiation

Numberof TLD | NEQWR | S0 day
1 1538 34036
2 1485 33763
3 1493 33563
4 1515 33669
5 1531 34057
6 1578 33167
7 1583 33510
8 1501 34434
9 1501 34767
10 1697 33351

4515 4914 5585 10225
0.99-1.07]0.91-1.08|0.92-1.05| 0.93-1.08

;Z\s‘\ooo\lmur.u;ww—

[12, 14]. Figure 6 depicts the linear response as a rela-
tionship between the signals (counts) and the thermal
neutron doses (mSv). The response is linear with a good
correlation coefficient (R* = 0.998). The discrepancies
in the values of the doses are less than 10 %.

The detection threshold of the dose

The detection threshold (DT) of the dose was
calculated by the following formula [12, 14]

DT =t,-SD<H (4)

where £, is the student's coefficient for n-1 DoF (=10 in
this study). The value of £, = 2.26 was taken in [14] and
SD is the average standard deviation for the TLD. The
value of DT should not exceed the value of H=0.1 mSv
as recommended by the ISO and IEC in [12, 14]. Table 5
summarizes the signals (counts, symbol as Ni) on 1™ day
and 30™ one after irradiation. The detection threshold
was determined as 1135 counts, corresponding to the
dose of 0.095 mSv. This value satisfies the requirement
for radiation dosimetry [12, 14].

Fading

The seven groups of TLD were irradiated at the
same thermal neutron dose of 3 mSv and then measured
at 1,7, 14, 21, 30, 60, and 90 days after irradiation, re-
spectively. The arithmetic means of the signals (counts)
for the seven TLD groups were calculated and summa-
rized in tab. 6. Figure 7 depicts the decreasing rate of the
counts of the TLD with time after irradiation. As shown
in fig. 7, the fading decreases fast from the first day to the
20" day and then decreases slowly after that time. On the
90™ day after irradiation, the fading is 10.7 %. This value
is approximately the requirement for radiation dosimetry
as mentioned in [12, 14]. According to the ISO and IEC,
the fading should be <10 % on the 90" day under stan-
dard test conditions (Ambient temperature from 10 °C to
22 °C, atmospheric pressure from 86 kPa to 106 kPa, rel-
ative humidity from 50 % to 65 %).

Table 6. Counts with time after irradiation (fading)

TLD groups| Days after irradiation | N; (count) |Fading [%)]

1 1 4109 0.0

2 7 3944 4.0

3 14 3764 8.4

4 21 3684 10.3

5 30 3680 104

6 60 3674 10.6

7 90 3671 10.7
CONCLUSIONS

The TL properties of the K,GdF:Tb material irra-
diated in the reference neutron-gamma field were inves-
tigated for possible use in neutron dosimetry. The
K,GdF5:Tb material was synthesized under the
solid-state reaction conditions and irradiated in the refer-
ence neutron field of the >*! Am-Be source. The TL glow
curves were measured using the Rexon UL-320 TLD
reader to determine the TL properties, such as batch ho-
mogeneity, reproducibility, linearity, detection threshold,
and fading. The results show that the temperature peaks
for gamma and neutron fields are at 230 °C and 300 °C,
respectively. The sensitivity ratios of fast-to-thermal
neutron and gamma-to-thermal neutron are 6.3 % and
18.2 %, respectively. The batch homogeneity and
reproducibility are less than 30 % and 7.5 %, respec-
tively. The linearity is less than 10 % in range of thermal
doses of less than 24 mSv. The detection threshold is
smaller than 0.1 mSyv, and the fading is 10.7 % at 90" day
after irradiation. These TL properties considerably sat-
isfy the basic requirements of the ISO and IEC for possi-
ble use in neutron dosimetry.
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TEPMOJYMUHECHEHTHA CBOJCTBA K>GdFs:Tbh MATEPUJAJIA
O3PAYEHOI Y HEYTPOH-TAMA MO/bUMA 241Am-Be U3BOPA

IIpuxkazana cy tepmonymunucuenTHa cBojctBa K,GdFs:Tb wmarepujana o3payeHor vy
pepepeHTHOM HEyTpOH-TaMa IO0Jby M MOTYhHOCT HeroBe ymnoTpebe y HEyTPOHCKO] JO3UMETPHUjU.
NBoctpyku duyopun K,GdFs normpan ca 10 at% Tb* joHa CHHTETH30BaH je y PEaKIUOHUM yCIOBAMA
YBPCTOT CTaka M O3padeH y peEePEHTHOM HeyTpoH-TaMa To/by m3Bopa 2“'Am-Be. Kpuse
TEePMOIYMUHUCIIEHTHOT cjaja MepeHe cy Rexon UL-320 TLD umTaduem moBe3aHWM ca MPOTPAMOM 3a
06pangy WinRex-320, 3a no6ujame HHTErpUCaHUX CUTHAIA TEPMOJyMUHUCLEHIUje. PesynTaTu nokasyjy na
cy TemnepatypHu Bpxosu o3paudeHor K,GdFs: Tb Mmatepujana Koju ce ofHOCe Ha raMa 1 HEyTPOHCKO MOJbE
Ha ypasbeHoctH of1 100 cm opg u3Bopa, Ha 230 °Cu 300 °C, pecniekTuBHO. OJHOCH OCETILUBOCTH Op3UX IpeMa
TEPMUIKIM HEYTPOHMMA W rama TpemMa TepMUIKNM HeyTpoHmMma cy 6.3 % u 18.2 %, pecrnmekTuBHO.
XOMOreHOCT cepuje U HOHOBBLUBOCT Mambe ¢y of 30 % u7.5 %, pecnekTuBHO. JIuHeapHoCT je Mamwa of1 10 %
y omcery go3a MameM off 24 mSv. ITpar ferexiyje je Mmarwu o 0.1 mSv, a cnabmeme je 10.7 % nocne 90 fana
3pauema. OBa cBojcTBa TepmonymuHncnennuje marepujana K,GdFs:Tb y Bennkoj Mepn 3aj0BoibaBajy
3axTeBe 3a yHOTpeOy y HEYTPOHCKO] IO3UMETPH]H.

Knyune peuu: iiepmoaymunucyenitina ceojcitiea, K,GdF s:Th maitiepujan, HeyiupoHCKO U 2ama 3paderse




