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The stability of glow peaks in 6LiF:Mg,Ti (TLD-600) exposed to a high-energy Fe-ion beam was examined in

comparison to 137Cs γ-ray irradiation under changing annealing conditions. The peak areas induced by the Fe ions
were much smaller than those by γ-rays. The sizes and positions of peaks 3–5 in Fe-ion irradiated samples were
hardly changed after post-annealing at 100°C × 30 min, regardless of the pre-annealing conditions (fast quenching or
subsequent pre-annealing at 100°C × 2h). Whereas, the peaks in γ-ray irradiated samples were notably affected by
post-annealing; the peak positions and peak-area sizes changed in different ways depending on the pre-annealing con-
ditions. The effects of post-annealing on peak 6 were identical for Fe ions and γ-rays. These facts suggest that peaks
3–5 in TLD-600 comprised both stable and unstable luminescent centers, and that the latter part would be easily
depleted in highly dense ionization.

INTRODUCTION

The shapes of glow curves in LiF:Mg,Ti (TLD-100/600/700) exposed to low-energy neutrons and
heavy charged particles (HCP) are different from those to photons and electrons1). This feature has been
utilized for discriminating doses from different-quality radiations in mixed fields2– 9) because of the
advantages with regard to small-scale and simplicity in handling. Most of the previous studies relied on
the TL ratio of the main dosimetric peak (peak 5) to the high-temperature peak (peak 7) of LiF:Mg,Ti,
because of the contrasting responses to high-LET radiation and the easy technique for separating the two
glow peaks. However, the use of peak 7 often suffers from the thermal noises inevitably occurring at
such a high temperature. For this reason, peak 7 is thought to be inappropriate for low-dose measure-
ments below ~2 mGy of γ -rays10). In addition, Horowitz11) found the dependence of the peak-7
supralinearity on the photon energy. Thus, Yossian and Horowitz12) have proposed using peak 4 in place
of peak 7 to determine the γ-ray dose in a neutron-mixed field. This technique is based on the fact that
the neutron-induced intensity of peak 4 relative to peak 5 in 6LiF:Mg,Ti (TLD-600) is much smaller than
the γ-ray induced one. A change in the peak area ratio is attributable to different secondary charged par-
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ticles, that is, alpha particles (LET∞ · H2O = 162 ~ 230 keV µm–1) with tritium produced by neutrons and
Compton electrons (LET∞ · H2O < 0.5 keV µm–1) emitted by γ-rays. Accordingly, the peak-4 luminescent
centers are assumed to be susceptible to dense energy absorption. If this assumption is correct, the peak-
4 intensity relative to the other peaks should also be small for other heavy ions with a LET comparable
to that of the alpha particles. Moreover, the instability of peak 4 may also be observed for thermal-en-
ergy absorption after irradiation, i.e. post-annealing.

MATERIALS AND METHODS

Polycrystalline chips of 6LiF:Mg,Ti (TLD-600, HARSHAW) with dimensions of 3.2 × 3.2 × 0.9
mm3 were employed in the present study. All of the TLD chips were taken from the same batch and
tested for uniformity (< 5%) in TL response using 137Cs γ-rays at a dose level of 100 mGy for water.
They were pre-annealed at 400°C × 1h. Half of the chips were followed by a fast quench to room tem-
perature in air. The other half were subsequently pre-annealed at 100°C × 1h and quenched naturally in
air. It is known that the pre-annealing conditions affect the glow-curve shapes of LiF:Mg,Ti11).

Two chips of TLD-600 were packed in a rectangular case of tissue-equivalent resin (Toughwater
phantom, Kyotokagaku) with dimensions of 80 × 80 × 6 mm3 including a 2 mm-thick cover. The TLD
chips were exposed to a high-energy Fe-ion beam at the Biology room of NIRS-HIMAC and γ-rays
from the NIRS 137Cs source. One package received one of three dose levels: 10, 50, and 100 mGy for
water; those were measured with an air-filled ion chamber calibrated to standard radiation sources. The
uniformity of the Fe-ion beam at the target position with dimensions of 100 × 100 mm2 was confirmed
using plastic nuclear track detectors (CR-39) and a beam-profile monitor installed in the beam line. The
energy of the Fe ion (Z = 26, A = 56) was 500 MeV amu–1 at the beam exit and 440 MeV amu–1 at the
target position. The unrestricted LET for water (LET∞ · H2O, abbreviated to LET in the following) was
calculated to be 197 keV mm–1. This LET value is comparable to those of the alpha particles (E = 2.05
MeV, LET = 160 ~ 230 keV µm–1) from the neutron-capture reaction in TLD-600: 6Li(n,α)3H13). The
change in the LET inside a single chip (0.9 mm in thickness) was estimated to be less than 2%.

The next day after irradiation, half of the samples were post-annealed at 100°C × 30 min for each
pre-annealing condition. Consequently, four different annealing conditions were given, as shown in
Table 1: fast quenching (A1), fast quenching + post-annealing (A2), subsequent pre-annealing (B1), and
subsequent pre-annealing + post-annealing (B2). The thermoluminescence (TL) from the irradiated
samples were read out two days after irradiation with an automatic TLD reader (HARSHAW Model
5500); those were heated to 360°C at a rate of 10°C s–1. The TL readouts were automatically recorded as
a function of the temperature on a personal computer.

Table 1. Conditions for annealing of the dosemeters. They were followed
by fast quench in air.

Pre-annealing Post-annealing

A1 400°C × 1 h –
A2 400°C × 1 h 100°C × 30 min.
B1 400°C × 1 h + 100°C × 2 h –
B2 400°C × 1 h + 100°C × 2 h 100°C × 30 min.
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RESULTS AND DISCUSSION

Dose-normalized glow curves of TLD-600 exposed to Fe-ion beam and 137Cs γ-rays are shown in
Fig. 1 versus the reader-indicated values of temperature; they are not exactly the averages in the chips.
The glow curves are plotted separately in Fig. 1 for each annealing condition. The upper figures (Fig.
1a) were obtained for Fe ions and the lower figures (Fig. 1b) for γ-rays. Each plot is an average of the
TL readouts from six chips (two chips at each of the three dose levels), since the dose-normalized glow-
curves were nearly identical, irrespective of the delivered doses. The fast-quenched samples (A1 and A2)
showed higher TL intensities than the subsequently pre-annealed samples (B1 and B2). These findings
agree with the previous results that the TL intensity of LiF:Mg,Ti increases with increasing cooling
rates11,14). The glow-curve shapes of subsequently pre-annealed samples were smoother than those of
fast-quenched samples for both Fe-ion and γ-ray irradiation. The effects of post-annealing were scarcely
seen on the Fe-ion induced glow curves (Fig. 1a); identical shapes were observed for the different pre-
annealing conditions. In contrast, the γ-ray induced glow curves showed notable changes after post-
annealing (Fig. 1b).

The glow curves were deconvoluted to four major peaks (peaks 3–6), as shown in Fig. 1, using the
Podgorsak-Moran-Cameron (PMC) approximation method15). This method is one of the popular tech-
niques of computerized glow-curve deconvolution (CGCD) and the most efficient regarding to computer
time16). Perks and Marshall6) have pointed out that the fits to a 7LiF glow curve by means of the PMC
method are identical to those with a more rigorous method of the Randall-Wilkins approximation to
first-order kinetics17). The goodness of the fits was evaluated with the index of “figure of merit

(FOM)”18), which is defined by

FOM
i

n
(%) =

× −
∑

100 y Y

A
i i

, (1)

where i is the number of a channel; n is the total number of channels; yi is the measured TL intensity in

channel-i; Yi is the value of a fitting function in channel-i; and A is the total TL integral of the fitted
glow curve over all channels. Less than 3% of the FOM was established for all cases (See Fig. 1) with-
out the other small peaks employed by Yossian and Horowitz12).

As shown in Fig. 1a, the glow peaks in the Fe-ion irradiated samples were hardly affected by post-
annealing; only peak 6 of the subsequently pre-annealed samples increased. In contrast, the γ-ray
induced peaks of the subsequently pre-annealed samples were notably pronounced by post-annealing
(Fig. 1b). The relative area size of peak 3 or peak 4 normalized to peak 5 was considerably larger in the
fast-quenched samples than in the subsequently pre-annealed ones. In a comparison for different quality
radiations, the ratio of peak 3 or peak 4 to peak 5 in the fast-quenched samples were much smaller for
Fe ions than those for γ-rays. These data agree with the CGCD results obtained by Yossian and
Horowitz12), in which the relative peak-4 intensity for 6LiF : Mg,Ti normalized to peak 5 was much
smaller for neutrons than that for 60Co γ-rays. In subsequently pre-annealed samples, notable increases
in the relative peak intensities after post-annealing were observed only for γ-ray irradiation.

The TL integrals of the deconvoluted glow-peak areas are summarized in Table 2. It can be seen
that the Fe-ion induced peaks were smaller by 60–80% than the γ-ray induced peaks, except for peak 6
of the fast-quenched samples. Such reductions in the TL efficiency for heavy ions may be attributed to
saturation of the luminescent centers, according to the fact that similar phenomena have also been

The Japan Radiation Research Society

NII-Electronic Library Service



72 H. YASUDA

F
ig

. 1
.

D
os

e-
no

rm
al

iz
ed

 g
lo

w
 c

ur
ve

s 
of

 T
L

D
-6

00
 e

xp
os

ed
 to

 1
0,

 5
0,

 a
nd

 1
00

 m
G

y 
fo

r 
w

at
er

; t
he

se
 a

re
 g

ro
up

ed
 b

y 
th

e 
an

ne
al

in
g 

co
nd

iti
on

s 
(s

ee
 T

ab
le

 1
).

 T
he

 a
bo

ve
fi

gu
re

s 
(a

) 
w

er
e 

ob
ta

in
ed

 f
or

 h
ig

h-
en

er
gy

 F
e 

io
ns

 a
nd

 t
he

 b
el

ow
 f

ig
ur

es
 (

b)
 f

or
 13

7 C
s 

so
ur

ce
 γ

-r
ay

s.
 T

he
 g

lo
w

 c
ur

ve
s 

w
er

e 
de

co
nv

ol
ut

ed
 t

o 
fo

ur
 m

aj
or

 p
ea

ks
(p

ea
ks

 3
–

6)
 u

si
ng

 t
he

 P
M

C
 a

pp
ro

xi
m

at
io

n 
m

et
ho

d15
) . 

N
ot

e 
th

at
 t

he
 s

ca
le

s 
of

 t
he

 v
er

tic
al

 a
xi

s 
of

 t
he

 u
pp

er
 f

ig
ur

es
 (

a)
 a

re
 h

al
f 

of
 t

ho
se

 o
f 

th
e 

lo
w

er
 o

ne
s 

(b
).

The Japan Radiation Research Society

NII-Electronic Library Service
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observed for high-dose photon irradiation19–21). With an analytic calculation model22), it is predicted that
the absorbed dose in LiF along the path of a Fe ion with an energy of 500 MeV amu–1 is extremely high
(> 1,000 kGy) on the nanometer scale. This dose level corresponds to a temperature greater than 400°C
for LiF (heat capacity: 41.6 J mol–1 K–1 at 298.15K). Under such highly localized energy deposition, the
energy absorption to trapped electrons and holes would be less efficient. This mechanism has been suc-
cessfully explained a priori by means of target-hit models on the basis of the track-structure theory19,23–

27).
The effects of post-annealing on the peak positions were also examined for deconvoluted peaks 3–

6. The glow curves of those peaks are shown in Figs. 2 and 3, being separated by the pre-annealing con-
dition; the data for groups A1 and A2 (fast-quenched samples) are shown in Fig. 2 and those of the
groups B1 and B2 (subsequently pre-annealed samples) in Fig. 3. We can see that the positions and sizes
of Fe-ion induced peaks (Figs. 2a and 3a) were so resistant to post-annealing. Only the peak 6 of the
subsequently pre-annealed samples showed a considerable change. In contrast, the γ-ray induced peaks
were very vulnerable to the post-annealing; peaks 3–5 notably shifted to a higher temperature ranges.
Also, the shapes of the γ-ray induced peaks considerably changed after post-annealing. Peaks 3 and 4 of
the subsequent pre-annealed samples were pronounced (Fig. 3b) relative to the fast-quenched samples.
Peak 5 of the subsequent pre-annealed samples became pointed (Fig. 3b). Peak 6 kept a stable position,
as can also be seen for the Fe-ion irradiation.

The results obtained in the present study suggest that the luminescent centers of peaks 3–5 in TLD-
600 are composed of at least two components having different stability. According to the results shown
in Figs. 2 and 3, the γ-ray induced peaks would be accompanied by more unstable centers than the
Fe-ion induced ones. The vulnerable feature of the γ-ray induced peaks agrees with the peak-4 instability
observed during long storage28,29). The stable feature of the Fe-ion induced peaks indicates that a large

Table 2. TL integrals of peaks 3–6 in 6LiF:Mg,Ti (TLD-600) exposed to Fe ions and 137Cs γ-rays, grouped by
the annealing conditions.

Annealing Relative TL integral*

condition Radiation
Peak 3 Peak 4 Peak 5 Peak 6

A1: Fe-ion beam (a) 0.052 0.10 0.39 0.043
Fast quench 137Cs γ-rays (b) 0.16 0.39 1.00 0.053

Ratio of (a)/(b) 0.32 0.26 0.39 0.81

A2: Fe-ion beam (a) 0.045 0.098 0.42 0.042
A1+post anneal. 137Cs γ-rays (b) 0.15 0.34 1.00 0.057

Ratio of (a)/(b) 0.31 0.29 0.42 0.73

B1: Fe-ion beam (a) 0.017 0.033 0.28 0.031
Sub. pre-anneal. 137Cs γ-rays (b) 0.028 0.092 0.80 0.090

Ratio of (a)/(b) 0.61 0.36 0.35 0.35

B2: Fe-ion beam (a) 0.017 0.037 0.27 0.054
B1+post anneal. 137Cs γ-rays (b) 0.067 0.19 0.61 0.15

Ratio of (a)/(b) 0.26 0.19 0.44 0.37

* The values were normalized to the integral of peak-5 area of the γ-ray irradiated samples in the condition A1.
The statistical errors (type A) for these average values are less than 10% of one standard deviation.
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part of the unstable centers had already been depleted before reading. Dense energy absorption along the
path of a heavy ion would act as local annealing for the luminescent centers of 6LiF:Mg,Ti.

The instability of the γ-ray induced peaks can be related to the instability of impurity-vacancy (Mg-
Livac) dipoles. It is known that annealing at 400°C × 1h results in most of the Mg being in the form of
Mg-Livac dipoles, and subsequent annealing at 100°C establishes a new equilibrium of Mg present in the
form of trimers30). Thus, a part of the γ-ray induced peaks in the fast quenched samples (Fig. 2) are pos-
sibly present with Mg-Livac dipoles. The stable peak 6 is considered to be independent of the
Mg-form changes. It is still unclear, however, why the γ-ray induced peaks were pronounced after post-
annealing (Fig. 3) only for the subsequently pre-annealed samples. We hope to thoroughly explain the
mechanism of such peculiar behaviors of glow peaks in LiF:Mg,Ti, and thus to confirm the reproduc-
ibility of the experimental results.

CONCLUSION

The glow-peak stability in TLD-600 appeared much differently for an energetic Fe-ion beam and
137Cs source γ-rays. It was confirmed that the relative peak 4 intensity normalized to peak 5 was much
smaller for Fe ions than for γ-rays, as expected from the previous data obtained for neutrons. In general,
the glow peaks induced by γ-rays were more intense, but more vulnerable than the Fe-ion induced
peaks. These results suggest that the luminescent centers of the major peaks in TLD600 are composed of
both stable and vulnerable parts, and that most of the latter centers would be depleted under highly dense
ionization.

The dependence of the glow-curve shapes on the radiation quality will be preferably implemented
to dosimetry in neutron- or HCP-mixed fields. We may enhance the sizes, shapes, and positions of the
glow peaks in TLD-600 by post-annealing to clearly discriminate TL signals from different quality
radiations. With such an enhancing process, the method for evaluating the radiation quality using the
peaks 4/5 ratio12) would be more promising in a practical sense. It should be noted, however, that such
techniques, depending on the vulnerable features of the low-temperature peaks, require rigorous han-
dling of the dosemeters.
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