






























DOSIMETRY OF DENSELY IONISING RADIATION WITH THREE
LiF PHOSPHORS FOR SPACE APPLICATIONS
P. Bilski�

Institute of Nuclear Physics, Radzikowskiego 152, 31-342 Kraków, Poland

A new method of thermoluminescence dosimetry of densely ionising radiation based on the ratio of different efficiency-LET
functions of three thermoluminescent detectors (TLDs) has been developed. The applied TLD types are: MTS-7
(7LiF:Mg,Ti), MCP-7 (7LiF:Mg,Cu,P) and MTT-7 (a newly developed 7LiF:Mg,Ti with modified activator composition
and increased response to high-LET radiation). The tests of this method, performed with high-energy ion beams at the
HIMAC accelerator within the ICCHIBAN project, proved that good agreement with the true dose values may be achieved
even in very complicated mixed fields. The proposed method will be applied for analysis of several thousand TLDs used for the
determination of organ doses in an anthropomorphic phantom orbiting outside the International Space Station within the
MATROSHKA experiment.

INTRODUCTION

Thermoluminescent detectors (TLDs) are widely
used in space dosimetry because of their small
size, no power supply requirements and resistance
to environmental conditions. The radiation field
encountered in space contains a significant compon-
ent of heavy charged particles with a broad range
of energies, leading to some difficulty in the applica-
tion of TLDs in space dosimetry. The efficiency of
TLDs is generally strongly reduced for high-LET
radiation, resulting in possible underestimation of
the measured dose.

LiF:Mg,Ti TLDs offer a possibility of extracting
some information about ionisation density from the
shape of the glow-curve, using the high-temperature
peak ratio (HTR) method(1). The main drawback
of this method is that the HTR-LET dependence
is not single-valued(2). Additionally, the HT rela-
tive intensity strongly depends on annealing condi-
tions, is dose-dependent and varies from batch
to batch.

In spite of their shortcomings TLDs are still the
best or sometimes even the only choice in many
space dosimetry applications. A good example is
the MATROSHKA project, which is probably the
largest ever application of TLDs in space. In the
frame of this experiment a human phantom was
placed outside the International Space Station in
February 2004 and will remain there for about a
year. The goal is to measure the dose distribution
within the phantom with a 2.5 cm resolution, which
constitutes a grid of 1600 measuring points. In prac-
tice, the only detectors, which can serve for this
purpose, are TLDs. The Institute of Nuclear Physics
(IFJ) in Krakow is in charge of measurements of

about half the total number of TLDs located inside
the phantom.

In order to fully exploit the research opportunities
created by this unique experiment, it was decided to
attempt to improve TLD measuring capabilities in
mixed radiation fields. Improvement was attempted,
to extend the HTR method by using together with
standard LiF:Mg,Ti (denoted MTS) two other LiF
phosphors showing different LET characteristics:
LiF:Mg,Cu,P (MCP) that features low efficiency to
densely ionising radiation and a newly developed
version of LiF:Mg,Ti with modified dopant concen-
trations shown to feature enhanced response to high-
LET radiation (MTT)(3). The response ratios of the
main peaks of these detectors can be used as an
ionisation density indicator in a similar way as the
HTR method. Advantages of this approach are
2-fold: (1) main TL peaks are easier to control than
high-temperature peaks (meaning fewer problems
with: supralinearity at high doses, background at
low doses, batch variation, influence of annealing
conditions), (2) the analyses can be based on five
sources of information (three from the main peak
ratios and two from the HTR method) instead of
only one source, as is the case in the standard HTR
method. Triplets of MTSþMCPþMTT (prepared
from 7Li enriched LiF, accompanied by one
6LiF:Mg,Ti detector to indicate for neutron dose)
were placed in each of the IFJ phantom locations,
giving a total over 3000 TLDs.

Application of TLDs require TL-LET calibrations
with various ions at energies similar to those
encountered in the space radiation field. Such an
opportunity was created by the ICCHIBAN inter-
comparison project(4), organised at the HIMAC
accelerator in Chiba, Japan, in the years 2002–
2004. Results presented in this paper are based
mostly on these experiments.�Corresponding author: pawel.bilski@ifj.edu.pl
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MATERIALS AND METHODS

As described above, the three TLD types selected
are: MTS-7 (7LiF:Mg,Ti), MCP-7 (7LiF:Mg,Cu,P)
and MTT-7 (7LiF:Mg,Ti with modified activator
composition). All TLDs used in the calibration
experiments and those sent into space originated
from the same batches and were manufactured at
the IFJ Kraków. They are sintered pellets of dia-
meter 4.5 and 0.6 mm thickness. The following
annealing conditions were applied: for MTS and
MTT: 400�C per 1 hþ 100�C per 2 h; for MCP-7
240�C per 10 min. All TLDs were additionally
annealed at 100�C per 10 min after exposure. TL
measurements were carried out with an RA’94
manual reader equipped with platinum planchet
heating system. The integral of the main peak was
taken as a measure of the TL signal.

Most ion exposures were performed at the
HIMAC accelerator during the ICCHIBAN-2
(in 2002) and ICCHIBAN-4 (2003) experiments.
He (144 MeV amu�1), C (386 MeV amu�1), Si
(490 MeV amu�1), Ne (368 Mev amu�1) and Fe
(418 MeV amu�1) ions were used in the exposure
of detectors. TLDs were also exposed to a 150 MeV
proton beam at the phasotron in Dubna, Russia. Ion
beam dosimetry data were supplied by the groups
operating the respective accelerators.

RESULTS AND DISCUSSION

Figure 1 presents the relative response Z of TLDs vs.
LET. The relative response is defined as a ratio of
the dose measured using gamma-ray calibration to
the nominal dose based on ionisation chamber meas-
urements. Data points in this figure represent

average values measured after irradiation with dif-
ferent doses: 10–100 mGy for ICCHIBAN-2 (He, C,
Si, Fe) and ICCHIBAN-4 (Ne), and 100–1000 mGy
for proton irradiations (the TL response was linear
within this dose range). Solid lines represent the
fitted empirical functions: MTS-7 and MTT-7
according to Equation 1 and MCP-7—according to
Equation 2. It is well known from numerous experi-
ments, as well as from theoretical models(5,6), that
TL efficiency is not a unique function of LET, also
depending on the particle charge. The fitted func-
tions are, therefore, only a simplification of the real
relationships and may be valid only over a limited
range of the particle characteristics.

Z ¼ a exp �bxð Þ þ c ð1Þ

Z ¼ a exp �bxð Þ þ cþ d

1þ fx
ð2Þ

All LiF:Mg,Ti detectors show Z> 1 for He ions. It is
interesting that no such effect is observed for the
proton results. The effect may also be related to
differences in absolute dosimetry. Owing to this
effect the above functions do not fit the low-LET
region well enough.

The relationship between the response ratios of
the three TLDs (RMTS/MCP, RMTT/MCP, RMTT/MTS)
and LET is presented in Figure 2. Solid lines
represent values calculated by dividing the fitted
functions.

The ICCHIBAN project also offered an oppor-
tunity to verify the actual measuring capabilities
in an unknown mixed field. This was achieved
through ‘blind’ exposures, organised during each
ICCHIBAN experiment in the form of an inter-
comparison. In ‘blind’ exposures (eight in each
run), the TLDs were irradiated to various doses of
ion and gamma radiation in combinations unknown
to the participants.

As an example, the values of ratios R for four
blind exposures are marked in the Figure 2. From
these plots it is possible to read LET values cor-
responding to the measured response ratio and
then, using Equation (1) or (2), to evaluate the dose
correction factor (i.e. the relative efficiency).

This approach will be further referred to as
method 1. Radiation fields for the blind exposures
were as follows: A, pure He ions; B, pure C ions; C,
mixture of 60Co gamma rays and He, C, Ne and Fe
ions (approximately equal doses of each species); D,
spread-out Bragg peak of Fe ion beam. Ion energies
were the same as described above. These three expos-
ures were chosen to illustrate some aspects of the
application of method 1, as discussed below.

For MCP detectors it is also possible to apply
another approach (method 2). It appeared that relat-
ive efficiency of MCP can be directly connected to
the response ratios R. This is illustrated in Figure 3

Figure 1. Relative TL efficiency of the three LiF TLDs
described in text. Solid lines represent fits with Equation
(1) or (2). The fitted parameters are as follows: MTS(0.60;
0.032; 0.446), MTT(0.51; 0.02; 0.579), MCP(0.23; 0.063;

0.283; 0.47;0.268).
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for RMTT/MTS. In this way it is possible to establish
correction of MCP efficiency without estimating the
value of LET. For MTS and MTT it was not pos-
sible to find univocal relationship between efficiency
and any response ratio.

From the results of the blind exposures the follow-
ing observations concerning method 2 can be made:

� For single ion exposures the ratios R agree with
previous calibration data within measurement
uncertainty (A and B in Figure 2). Agreement
with the calculated functions is somewhat
worse, but is still satisfactory. The inferred LET
values are correct and the corrected dose values
agree with the true ones to within 5% for all TLD
types. The only exception is RMTT/MTS for He
ions. This is a consequence of very similar
response of both TLDs in this LET range and,
therefore, this ratio cannot be used for analyses
of low-LET radiation.

� More difficult is the case of mixed fields. For
exposure C, which was the most complicated
one, the LET values found from each rela-
tionship are different and all of them are much
lower than the actual dose-averaged LET
(47.6 keV mm�1, assuming 0.3 keV mm�1

for 60Co). The highest is that found from the
RMTT/MTS: 10 keV mm�1. A similar effect is
known for HTR method(7), resulting from the
non-linearity of LET characteristics. Therefore,
the ‘TL averaged’ LET cannot be interpreted as a
good approximation of the dose-averaged LET
of a mixed field.

� Another problem is the non-unique R vs. LET
relationship, i.e. over some ranges of LET, for a
given ratio more than one LET value is possible.
This is best illustrated by exposure D marked
with broken lines in Figure 2. None of the three
characteristics used in method 1 can indicate
which value of LET value should be assumed
and, consequently, what dose corrections should
be applied. While LET estimation does not seem
to be possible, quite reasonable dose estimation
could be achieved with method 2. This is illus-
trated in Figure 3. The correction factor of
�0.3 that is found is in agreement, within a few
percentage, with the nominal true value (in spite
of quite high uncertainty, being a result of the
relatively low dose of 1.6 mGy). Paradoxically,
the best dose estimation is achieved with LiF:Mg,
Cu,P, which, without any correction, shows the
strongest under-response.

� Another example of the somewhat surprising
usefulness of method 2 based on the RMTT/MTS

is exposure C. Only for this irradiation different
methods of analyses produced significantly dif-
ferent dose values: method 1 (for all response

Figure 2. Response ratio R of various TLD pairs vs. LET.
To illustrate data spread, open symbols represent not
average values but all results obtained after different
doses during different runs. Solid lines represent the
values calculated using the fitted functions [Equations (1)

and (2)]. Crosses represent selected blind exposures.

Figure 3. Relative efficiency for MCP-7 vs. RMTT/MTS

response ratio. Solid line represents values calculated
using the functions [Equations (1) and (2)] fitted earlier.
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ratios), as well as method 2 for RMTT/MCP and
RMTS/MCP, resulted in a dose value 25–30% lower
than that calculated using method 2, based on
RMTT/MTS. As this last result was a singular one,
it was discarded from further analysis as being
less reliable and was not reported to the inter-
comparison organisers. Afterwards, when the
organisers provided information on true dose
values, it appeared that in this case the reported
doses were underestimated by over 20%, this
being the highest observed difference between
the measured doses and the true values. If ana-
lyses were based on method 2 with the RMTT/MTS

ratio, agreement would have resulted within a
few percentage.

� In general, the applied dose corrections always
resulted in much improved agreement with the
true values. In most cases this agreement was
within c.a. 10–15%. All cases where the gamma
component dominated, and no correction was
necessary, were easily identified. In none of the
analyses did the correction introduce any signi-
ficant overestimation.

The proposed method uses an approximation of
the efficiency–LET relationship by a single-valued
function. It is quite clear that the actual situation is
more complicated: efficiency depends not only on
LET, but also on particle charge. Approximation
of this complicated relationship by a single-valued
function is, therefore, obviously a simplification.
This could raise the question as to when is this sim-
plification justified? The answer is: as long as this
method is applied for ions at energies close to those
used for establishing the efficiency vs. LET func-
tions. This was the case for the ICCHIBAN inter-
comparison and such conditions will also prevail
during space exposures, because ion characteristics
at HIMAC were selected to be representative of the
space radiation field. It is difficult to set exact limits
of applicability of the method—this requires further
experimental work.

As described above, the proposed methods of
analysis can produce several dose and LET values.
If these values are similar, they can merely be aver-
aged. It is, however, not clear how to interpret such
values if they are significantly different. At present, it
is an arbitrary decision whether to reject some results
as being less reliable or which of the two possible
values to select. It seems that development of an
algorithm combining all these different values could
potentially become the best improvement of the
method. Possibly, even a better interpretation of
the ‘TL averaged’ LET can be achieved. Such ana-
lyses should also include the HTR results (it should
be noted that the above-described methods were not
developed as an alternative to the HTR but rather as
an extension of that method).

CONCLUSIONS

A method of correcting the value of TL-measured
dose after mixed high-LET irradiation, based on the
ratio of different efficiency functions of three LiF
TLD types, has been developed. The tests of this
method, performed within the ICCHIBAN project,
proved that satisfactory agreement with the true
dose values may be achieved even in the most com-
plicated fields, composed of mixtures of low-LET
and high-LET radiation. The obtained value of ‘TL
averaged’ LET cannot be interpreted as a correct
approximation of the dose-averaged LET—they
agree well with the true values only for monoener-
getic beams. The method is still under development
and further improvement will be attempted.

The proposed method will be applied for the
analysis of several thousand TLDs of the
MATROSHKA experiment, currently underway at
the International Space Station.

ACKNOWLEDGEMENTS

The experiments were performed as part of the
ICCHIBAN research project using the
NIRS-HIMAC Heavy Ion facility.

REFERENCES
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Abstract

Within the ICCHIBAN inter-comparison experiment organized at the HIMAC accelerator in Chiba, Japan, LiF:Mg,Ti (MTS-7,
MTS-6 and MTT-7) and LiF:Mg,Cu,P (MCP-7) thermoluminescent detectors were exposed to beams of energetic He, C, Si, Ne, Fe,
Ar and Kr ions. Several thousand thermoluminescent (TL) detectors of similar types were recently applied in the MATROSHKA space
dosimetry experiment, where a humanoid phantom containing such detectors underwent an 18-month exposure outside the International
Space Station. The ICCHIBAN project was designed to provide means of calibrating these detectors in high-LET fields. The energy of
the ion beams ranged between 60 MeV/amu and 460 Mev/amu, and the corresponding ion LET values – between 2.2 keV/lm and
595 keV/lm (in water). For each ion specie the relative TL efficiency was evaluated. Interestingly, the measured relationship between
relative TL efficiency and LET for these ions was found to follow unique trend lines. The efficiency of all types of LiF:Mg,Ti detectors
exposed to energetic He ions was found to exceed efficiency for gamma-rays.
� 2006 Elsevier B.V. All rights reserved.

PACS: 87.52.Ln; 78.60.Kn; 07.77.Ka

Keywords: Radiation dosimetry; Thermoluminescence; High-LET radiation; Lithium fluoride
1. Introduction

Thermoluminescent dosimeters (TLDs) are widely used
in the dosimetry of cosmic radiation in space, as they are
small, can operate under harsh environmental conditions
and need no external power supply. The space radiation
field is known to contain a significant component of ener-
getic heavy ions [1]. While TLDs are sensitive to all kinds
of directly ionising radiation including energetic ions, they
generally underestimate the dose from densely ionising
radiation if calibrated with gamma-rays [2,3]. Because the
detection efficiency of TL detectors strongly depends on
the ionization density of the ion, their application in space
requires careful studies of their response to ions of energies
0168-583X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.

doi:10.1016/j.nimb.2006.05.012
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similar to those encountered in the space radiation field.
Facilities enabling such exposures are not readily available,
but an excellent opportunity for such studies had recently
been offered within the ICCHIBAN inter-comparison pro-
ject, organized at the HIMAC accelerator in Chiba, Japan
[4]. In the present work results obtained during three stages
of this: ICCHIBAN-2, ICCHIBAN-4 and ICCHIBAN-6,
are reported.

The direct motivation for extensive tests of TLDs within
the ICCHIBAN project was the MATROSHKA experi-
ment – one of the most impressive applications of TLDs
in space research [5]. Within this experiment several thou-
sand TLD detectors were placed inside and on the surface
of an anthropomorphic phantom. The phantom, launched
in January 2004, was placed for one and a half year in open
space, outside the International Space Station (ISS). The
phantom was brought back into interior of the ISS in
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Table 1
Characteristics of the ion beams used in the ICCHIBAN experiments

Experiment Ion Nominal
energy, MeV/n

Actual
energy, MeV/n

LET H2O,
keV/lm

ICCH-2 year 2002 4He 150 144 2.26
12C 400 380 11.0
28Si 490 443 56.9
56Fe 500 412 199.3

ICCH-4 year 2003 4He 150 144 2.26
12C 400 380 11.0
20Ne 400 365 31.5
56Fe 500 412 199.3

ICCH-6 year 2004 12C 135 110 24.1
40Ar 500 459.3 95.8
84Kr 400 313.1 448.4

Nominal energy is the energy of ions leaving the accelerator. Values of
estimated (actual) energy and LET were calculated basing on depth–dose
measurements with an ionization chamber.

Table 2
Description of ion beams and thickness of absorbing layers used in the
ICCHIBAN experiments

Experiment Ion Absorber Actual
energy, MeV/n

LET H2O,
keV/lm

ICCH-4 year 2003 4He 5 g/cm2 Al 120.3 2.57
5 g/cm2 H2O 113.0 2.69
10 g/cm2 Al 93.3 3.10

12C 5 g/cm2 Al 343.3 11.60
5 g/cm2 H2O 332.5 11.75
10 g/cm2 Al 304.8 12.83

20Ne 5 g/cm2 Al 300.2 34.92
5 g/cm2 H2O 280.8 36.31
10 g/cm2 Al 227.6 41.30

56Fe 5 g/cm2 Al 256.2 256.9
5 g/cm2 H2O 202.0 297.7

ICCH-6 year 2004 12C 19.8 mm H2O 61.5 37.9
40Ar 90.04 mm H2O 201 151
84Kr 19.8 mm H2O 193 595.7

Values of estimated (actual) energy and LET were calculated basing on
depth–dose measurements with an ionization chamber and on SRIM
calculations.
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August 2005. The TLDs were then disassembled by astro-
nauts in the orbit and returned to the Earth in the autumn
2005. The readouts and analyses of the detectors will be
performed through year 2006. The MATROSHKA phan-
tom was left in the ISS for further experiments, which are
planned for years 2006–2007. The ICCHIBAN project
was therefore an important part of the preparation and cal-
ibration of TL detectors used in the MATROSHKA
experiment.

2. Experimental details

2.1. Ion irradiations

Ionization density of heavy charged particles is usually
parameterized by linear energy transfer (LET), L (or linear
collision stopping power), i.e. the mean energy loss due to
collisions with electrons per unit length of a particle track:

L ¼ � dEcol

dx
: ð1Þ

Relationship between LET and absorbed dose, D is
following:

D ¼ 1

q
U � L; ð2Þ

where q – density of a medium, U – particle fluence.
For a given medium and a given particle energy, LET

can be calculated using Bethe–Bloch formula [6]. All
LET values within this work were calculated using the
SRIM2003.26 computer code [7]. In radiation protection
and in medical applications of special importance is LET
evaluated for water (as biological tissue is mostly com-
posed of water). LET in water is used in legal regulations
concerning radiation protection. The primary characteriza-
tion of ion beams exploited for radiotherapy (like those at
the HIMAC accelerator) is always realized by measure-
ments of depth–dose distribution (Bragg curve) in water.
It is therefore a common practice to use values of LET in
water (and similarly, dose in water) for description of
experiments relevant to radiation protection or medicine,
even if actually ion beams interact with other medium. This
approach was also adopted within this work.

The ICCHIBAN project was initiated by the Interna-
tional Space Radiation Laboratory of the National Insti-
tute of Radiological Sciences (NIRS), Chiba, Japan
where the HIMAC accelerator is located. The aim of the
experiment was to intercalibrate and intercompare the
response of different detectors used for radiation dosimetry
aboard spacecraft. Over the years 2002–2004 two runs were
organized each year – one for active and the other for pas-
sive instruments, with the participation of many investiga-
tors from several countries. In each run, passive detectors
were irradiated by different ions, listed in Table 1. Detec-
tors were exposed not only to the primary (unmodulated)
beams, but also to energy-degraded beams in which ions
passed through absorbers of various thickness. The irradi-
ation techniques are listed in Table 2.

The organizers of the experiment delivered to partici-
pants results of ion chamber measurements of depth dose
distributions in water for each ion. Estimation of the actual
beam energy and LET in water for all particles was based
on ranges of ions in water, i.e. by comparing the position of
the Bragg peak of the measured dose distribution with the
set of distributions calculated by SRIM computer program
[7]. The same program was used to estimate the energy of
ions transmitted through absorbing layers.

The ion doses delivered to TLDs ranged between 1 and
100 mGy (what corresponded to beam intensities at the level
of 104–106 ions/s within area of 200 cm2). The respective
values of absorbed dose were provided by the organizers
of the inter-comparison, based on ion chamber measure-
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ments. For ‘‘filtered’’ exposures using pre-absorbers, the
actual doses were estimated based on the depth–dose distri-
bution in water. All irradiations were performed at room
temperature.

2.2. TL detectors

Three different LiF-based thermoluminescent detectors
were exposed: standard 7LiF:Mg,Ti (TLD-700 – equivalent,
named MTS-7), high-sensitive 7LiF:Mg,Cu,P (MCP-7) and
7LiF:Mg,Ti (MTT-7), a newly developed version of MTS
with modified activator composition. This last phosphor
exhibits increased response to high-LET radiation [8].
6LiF:Mg,Ti (MTS-6) detectors were also exposed within
the ICCHIBAN-4 experiment.

MTS-7, MTS-6, MCP-7 and MTT-7 detectors were
manufactured at the Institute of Nuclear Physics (IFJ) in
Krakow, Poland. The detectors are solid pellets of diameter
4.5 mm and thickness 0.6 mm. All detectors originated
from exactly the same TLD batches as those used in the
MATROSHKA experiment. The following annealing con-
ditions were applied: for MTS and MTT: 400 �C/1 h +
100 �C/2 h; for MCP-7: 240 �C/10 min. TL measurements
were carried out with a manual reader (type: RA’94, pro-
duced by Mikrolab Kraków) with a linear heating ramp.
As the ICCHIBAN experiment was considered to be a
preparation for the MATROSHKA project, the applied
experimental procedures were to be identical with those
used in the MATROSHKA evaluations. However, during
the three years of the project, opinions as to the best choice
of TLD procedures to be used in MATROSHKA experi-
ment evolved somewhat, resulting in differences between
the three runs of the ICCHIBAN project. In particular, a
higher pre-heat temperature was selected to minimize sig-
nal fading and the readout heating rate was increased to
shorten the readout time. These differences are summarized
in Table 3. It will be shown further that these differences do
not affect the TLD performance in a significant way.

Calibrations of TLDs (conversion of TL signal to
gamma-ray dose) were performed by irradiating a group
of TLDs of each type with a dose of 137Cs gamma-rays
at the calibration facility of the Institute of Nuclear Phys-
ics. The dose rate of the source in terms of dose in water
was obtained through calibration (with TLDs) against a
radiotherapy 60Co source at the Centre of Oncology in
Table 3
Differences in annealing and readout conditions between ICCHIBAN
experiments

Experiment Cooling after 400 �C Pre-readout
heating

Heating rate
during readout
(�C/s)

ICCH-2 Fast – TLDs removed
from the hot oven

100 �C/10 min 5

ICCH-4 Slow inside PTWO oven 100 �C/10 min 10
ICCH-6 Fast – TLDs removed

from the hot oven
120 �C/30 min 10
Krakow. Calibration exposures were performed over the
same time period as the ICCHIBAN irradiations to mini-
mize fading effects. Additionally, to correct for any spread
of sensitivity between individual TLD pellets, individual
response factors for each detector were evaluated after
the ICCHIBAN exposures.

For exposures detectors were mounted into polystyrene
(ICCH 2 & ICCH 4) or PMMA (ICCH 6) holders, of cover
thickness 2 mm. For each exposure 4 or 5 TLD pellets were
used.

3. Results and discussion

Fig. 1 presents examples of the shapes of TL glow-
curves for MTS-7, MCP-7 and MTT-7 detectors. To illus-
trate the effect of ionization density on the shape of the
glow-curve, the glow-curves shown represent extreme cases
of radiation modalities: gamma-rays and Kr ions. It is
remarkable that for MCP detectors the change of ioniza-
tion density appears to have no effect on the shape the
Fig. 1. Glow curves of: (a) MTS-7, (b) MTT-7 and (c) MCP-7 detectors
after exposures to Cs-137 gamma-rays and Kr ions. In the case of MCP-7
both glow-curves are identical.



Fig. 2. Relative efficiency of MCP, MTT and MTS detectors for ion
beams versus LET. Solid lines join average values of efficiency for primary
(not filtered) beams.
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glow-curve. In the case of MTS, an increase of the high-
temperature peak (above ca. 260 �C) for densely ionizing
radiation, typical for LiF:Mg,Ti detectors, can be
observed. The shape of the MTT detector glow-curve is dif-
ferent than that of standard LiF:Mg,Ti material: the main
peak (at 235 �C) is decreased and merges with the peak at
ca. 215 �C and the high-temperature peak lies closer to the
main peak and is more pronounced. The effect of ioniza-
tion density on the high-temperature peak is also stronger
for the MTT detector.

The glow-curves of MTS and MTT detectors were inte-
grated over two regions, corresponding to the main peak
and to the high-temperature peak. Separation between them
was set at the temperature at which the minimum between
both peaks occurred. For MCP detectors, glow-curves were
integrated over the whole range of temperatures.

The relative efficiency of a TL detector to ions, g, is
defined as the ratio of the ion dose evaluated via the
gamma-ray calibration signal of the TL detector to the
ion dose actually delivered (which is usually measured with
an ionization chamber):

g ¼ Dmeas

D
: ð3Þ

The summary of all obtained results is presented in Fig. 2,
as the relationship between relative TL efficiency and LET.
Solid symbols represent data for primary beams and open
symbols for beams filtered through absorbing layers. Solid
lines join average values for primary beams (these values
are also presented in Table 4). For clarity, results for
MTS-6 were not included in these figures, but it is apparent
from Table 4 that within measurement uncertainty they
agree with the results obtained for MTS-7. It should be
noted that results obtained from the primary beam irradi-
ations should be considered to be more reliable than those
obtained from filtered beams. In the first place, for most of
the primary beam irradiations (with the exception of
ICCHIBAN-6) the exposures were repeated several times,
which reduced experimental uncertainty, while all irradia-
tions through absorbers were performed only once. Sec-
ondly, primary beams have a better specified energy.
Finally, if the irradiation is performed on the rapidly
varying part of the Bragg curve, even a small difference
Table 4
Average relative TL efficiency measured for primary ion beams

LET, keV/lm MTS-7 MTT-7

He 2.27 1.037 ± 0.030 1.069 ±
C 11.00 0.889 ± 0.026 1.024 ±
C 24.94 0.721 ± 0.021 0.869 ±
Ne 31.64 0.609 ± 0.018 0.824 ±
Si 57.17 0.555 ± 0.016 0.726 ±
Ar 96.22 0.505 ± 0.015 0.619 ±
Fe 201.00 0.439 ± 0.013 0.582 ±
Kr 458.00 0.406 ± 0.012 0.508 ±

The LET values were calculated taking into account energy loss in the covers
results with uncertainties of delivered gamma and ion doses, which were arbit
in the positioning of the detector may have a significant
influence on the dose delivered. This should be considered
when evaluating the efficiency data points measured for fil-
trated beams, which deviate from data obtained from
‘‘pure’’ beams over a similar range of LET.

The most striking observation from Fig. 2 is that the effi-
ciency of all types of TLDs decreases with increasing ioniza-
tion density. This decrease is strongest for MCP detectors,
MCP-7 MTS-6

0.035 0.771 ± 0.026 1.039 ± 0.043
0.034 0.507 ± 0.017 0.878 ± 0.044
0.028 0.360 ± 0.010 –
0.031 0.369 ± 0.013 0.633 ± 0.019
0.030 0.313 ± 0.011 –
0.020 0.311 ± 0.009 –
0.022 0.288 ± 0.010 0.432 ± 0.013
0.017 0.286 ± 0.008 –

of TLD holders. The given uncertainties combine statistical deviations of
rarily assumed to be equal to 2% each.
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which agrees with the known properties of the LiF:Mg,-
Cu,P material [2]. Moreover, the highest relative efficiency
of MTT was expected, basing on earlier measurements with
alpha particles. It is interesting that the relative efficiency of
MCP falls sharply to about 0.3 and then levels off for ions of
higher LET. It may well be that a similar effect is also
observed for MTS (at the level of g = 0.4), but to confirm
this observation, data points at even higher LET values
would have to be measured. For MTT the lowest value of
g is about 0.5 for LET=584 keV/lm, but it is possible that
for higher LET values further decrease of efficiency would
be observed.

It is also remarkable that values of efficiency versus LET
seem to follow a unique trend line. The solid lines which
join average efficiency values for primary beams are almost
smooth (only for Ne, data points above 30 keV/lm appear
not to fall within the general trend for MCP and MTS). It
is however generally known from numerous experiments,
as well as from theoretical models [3,9,10], that TL effi-
ciency is not a unique function of LET. The dependence
of efficiency on LET splits into separate branches corre-
sponding to different particle species. The unique effi-
ciency–LET relationship observed in the present data
most probably follows from the high energies of ions used
in the experiments. We would not expect such trends to
apply to slow particles. Nevertheless, the possibility of
describing the efficiency–LET relationship by a single-val-
ued function, even if it were to hold only over a limited
energy range, is an important and encouraging result. As
the space radiation field consists mainly of high energy
ions, we would then be able to correct for the relative
efficiency of TL detectors using, e.g. the response ratio of
different TLD types or the ratio of TL peaks in their
glow-curves. Such approach is planned for the analysis of
the MATROSHKA data.

Another interesting result is that the relative efficiency of
both LiF:Mg,Ti (MTS and MTT) detectors for He ions
appears to exceed unity (i.e. the efficiency is higher than
that for gamma-rays). This was predicted some 25 years
ago by a theoretical model [11] for standard LiF:Mg,Ti.
While this overresponse is rather small, it exceeds the statis-
tical uncertainties of TL measurements. To be certain if
this effect is real, further studies are necessary (repeated
He exposures with a careful check of gamma and ion dose
calibration).

Fig. 3 presents the relative efficiency for MTT-7 versus
ion doses up to 100 mGy. As can be seen, no supralinearity
effects can be observed in the tested dose range. Similar
results were obtained also for MTS-7 detectors (MTT
shows stronger supralinearity for gamma-ray doses).

As was mentioned in Section 2.2, some conditions of
annealing and readout were changed between ICCHIBAN
runs. The fact that efficiency results are all gathered along
similar trend lines disregarding the run from which they
originate, indicates that these changes have a negligible
influence on the relative efficiency of these detectors. This,
however, is not the case when high-temperature peaks of
LiF:Mg,Ti glow-curves are analyzed. Application of a
slower cooling rate after annealing at 400 �C, which con-
cerned ICCHIBAN-4, made the high-temperature peaks
much more pronounced and therefore results are incompa-
rable (the effect of cooling-rate influence on properties of
TL detectors is known [12] and it is probably attributable
to clustering of defects within crystal lattice). The one
meaningful result regarding the high-temperature peaks is
the dependence of their contribution to the total signal
on the ion dose (measured during ICCHIBAN-2). As
shown in Fig. 4 for MTS-7 detectors, there is no dose influ-
ence up to 100 mGy. A similar result was also obtained for
the MTT-7 detectors.

4. Conclusions

In the frame of the ICCHIBAN project four different
LiF TLD types were irradiated with seven ion species of
various energy. The obtained results enabled us to charac-
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terize the dependence of TL efficiency on ionization density
over a wide range of LET. All tested TLDs exhibit a loss of
relative efficiency with increasing LET – the strongest for
MCP detectors, the smallest for MTT detectors. The rela-
tive efficiency of MTS-6 detectors was found to be similar
to that of MTS-7 detectors. The relationship between effi-
ciency and LET seems to follow unique trend lines for all
TLDs (what can be exploited for correcting the decreased
efficiency for measurements in space). This however prob-
ably results from the high energy of ions used in irradia-
tions and certainly cannot be generalized over the energy
ranges which were not investigated. The relative efficiency
of LiF:Mg,Ti detectors for He ions was found to exceed
unity. This overresponse is small and its further confirma-
tion requires additional studies.

The obtained results will be used in the analysis of data
obtained from the MATROSHKA space experiment.
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Abstract

A new computer program, GlowFit, for deconvoluting first-order kinetics thermoluminescence (TL) glow-curves has been developed. A
non-linear function describing a single glow-peak is fitted to experimental points using the least squares Levenberg–Marquardt method. The
main advantage of GlowFit is the ability to resolve complex TL glow-curves consisting of strongly overlapping peaks, as those observed
in heavily-doped LiF:Mg,Ti (MTT) detectors. This resolution is achieved mainly by setting constraints or by fixing selected parameters.
The initial values of the fitted parameters are placed in the so-called pattern files. GlowFit is a Microsoft Windows-operated user-friendly
program. The graphic interface enables easy intuitive manipulation of glow-peaks, at the initial stage (parameter initialization) and at the
final stage (manual adjustment) of fitting peak parameters to the glow-curves. The program is freely downloadable from the web site
http://www.ifj.edu.pl/dept/no5/nz58/deconvolution.htm
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Over the last two decades computerized deconvolution of
thermoluminescence glow-curves has became the method of
choice for thermoluminescence (TL) glow-curve analysis. This
method is used to evaluate TL kinetics parameters for a given
peak in the glow-curve, but it is also applied nowadays in rou-
tine radiation dosimetry. Several models, approximations and
minimisation procedures have been investigated and a number
of computer programs have been developed for TL glow-curve
analysis (Horowitz and Mosowitch, 1986; Delgado and Gǒmez
Ros, 2001). An important step in establishing deconvolution
as a reliable research tool was the GLOCANIN project (Bos
et al., 1993a,b, 1994)—an intercomparison of glow-curve anal-
ysis programs. Participants in this project had to analyse TL
peak parameters in simulated and experimental glow-curves
measured in LiF:Mg,Ti , the most common TL material.

∗ Corresponding author. Tel.: +48 12 662 84 90; fax: +48 12 662 80 66.
E-mail address: Monika.Puchalska@ifj.edu.pl (M. Puchalska).

1350-4487/$ - see front matter © 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.radmeas.2006.03.008

Probably the best deconvolution software currently avail-
able is the GCA program developed by CIEMAT (Delgado
and Gǒmez Ros, 2001). This program (version 2.0) has been
successfully used in our laboratory over a number of years
(Olko et al., 2001). For well-separated peaks the quality of de-
convolution is quite satisfactory. However, the GCA program
also has its limitations. A major one is the inability to set
constraints on selected parameters. In the case of the newly-
developed MTT-type detector featuring enhanced high-LET re-
sponse (Bilski et al., 2004), constraining some parameters is the
only method to obtain meaningful results. Another shortcom-
ing of the GCA program is the required manual introduction of
initial parameter values, which is time-consuming when large
amount of data need to be analysed. To overcome the inconve-
niences listed above, a new deconvolution software (GlowFit)
working in the MS Windows environment has been developed
in our laboratory. This software is able to address some of the
disadvantages of its predecessors, being also more efficient in
the analysis of complex glow-curves and more user-friendly. It
is based on the first-order kinetics model with the linear heating
profile, whereas the glow curve fitting is done using an iterative
Levenberg–Marquardt algorithm. In the following, a descrip-
tion of the GlowFit program and its performance results are
presented.

http://www.elsevier.com/locate/radmeas
http://www.ifj.edu.pl/dept/no5/nz58/deconvolution.htm
mailto:Monika.Puchalska@ifj.edu.pl
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2. Model and method

The developed glow-curve analysis software is based on the
first-order kinetics model of Randall and Wilkins. The TL in-
tensity of a glow-peak in the TL glow-curve is given by the
equation (Horowitz and Yossian,1995):

I (T ) = Im exp

(
E

kT m

− E

kT

)
exp

(
− E

kT 2
m

∫ T

T m

exp

(
E

kT m

− E

kT ′ dT ′
))

, (1)

where I is the glow peak intensity, E[eV] the activation en-
ergy, k[eV/K] the Boltzmann constant, T (t) = T0 + �t[K] is
the linear heating profile with the heating rate �[K · s−1] and
Tm and Im are the temperature and the intensity of the maxi-
mum, respectively. Because the exponential integral in Eq. (1)
is not solvable analytically, several different approximations
and functions describing a single glow peak, extensively dis-
cussed by Bos et al. (1993a, 1994) and Horowitz and Yossian
(1995), have been proposed.

In our case the exponential integral is approximated by the
expression (Bos et al., 1993b; Abramowitz and Stegun, 1972):

∫ T

0
exp

(
− E

kT ′
)

dT ′ ≈ E

k

∫ ∞

x

x′−2 exp(−x′) dx′

= E

k

1

x
E2(x), (2)

where x = (E/kT ) (x′ =E/kT ′), and E2 (x) is the second ex-
ponential integral function which can be evaluated by E2 (x)=
�(x) exp(−x) , where �(x) is a quotient of 4th order polyno-
mials (Abramowitz and Stegun, 1972):

�(x) = 1 − a0 + a1x + a2x
2 + a3x

3 + x4

b0 + b1x + b2x2 + b3x3 + x4 . (3)

Then, finally, the following expression is used to describe a
single glow peak (Bos et al. 1993a):

I (T ) = Im exp

(
E

kT m

− E

kT

)
exp

(
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kT m
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(
E

kT m
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− T

Tm

exp
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kT m

− E

kT

)
�

(
E

kT

)))
. (4)

As is shown above, the glow-curve is a non-linear function of
Tm and E parameters. To find the best-fitted values of peak pa-
rameters an iterative procedure must be used. GlowFit is capa-
ble of simultaneously deconvoluting as many as 10 glow peaks
from the TL glow-curve. For 10 glow peaks the number of un-
known parameters is 33—the additional three parameters are
used in the background expression, such as a + b · exp(T /c),
where a, b and c are the unknown background parameters. A
�2 function must be defined and the best fit parameters are de-
termined by its minimization. The minimization process starts
with trial values. In this program the Levenberg–Marquardt
method for non-linear function minimization was chosen. The
numerical problem to be solved is not a trivial one. The �2

hyper plane may possess several local minima and a correla-
tion between Tm and E parameters exists. It is obvious that
glow-curve analysis can provide unbelievable results, although
mathematically correct (a correct fit does not mean a correct
deconvolution). In this sense, the values obtained for the fit-
ted parameters can be considered as more reliable when they
are based on the knowledge from other experiments. In order
to enable the user to control the fitting peak parameters, the
original algorithm (Brandt, 1999; Press et al., 1988–1992) was
modified to exclude or constrain any given parameter of the
peak.

3. Program description

GlowFit is a MS Windows-based program written in C++
language that can be run in most PCs. The program is equipped
with a user-friendly graphical interface. Typical computer fit-
ting times for an entire TL glow-curve are 1–10 s.

3.1. Starting parameters

Generally, non-linear fitting is strongly dependent on the
choice of the initial values of the parameters. The �2 function
is much more dependent on the position of the peaks (Tm) than
on other parameters (Horowitz and Yossian, 1995; Gǒmez Ros
and Kitis, 2002), so the first estimation of Tm is quite critical
for reaching convergence. The GCA program uses an automatic
algorithm for searching peak positions (Delgado and Gǒmez
Ros, 2001) that may seem to be the best approach, but for
some peaks the initially-guessed parameters often require man-
ual adjustment before starting the fitting procedure, which is
time-consuming. In the GlowFit another approach was therefore
developed. We introduced a so-called pattern file which defines
the relation between peak parameters and the global maximum
of the glow-curve. Some pattern files for LiF glow-curves are
available together with the program file but if no predefined file
is appropriate, the user may create his own pattern file. In this
case the starting parameters can be easily defined by clicking
with a mouse on a plot at positions where peak maxima should
be located (energy of 1.7 eV is assumed by default). There is
also the option of manual adjustment, which allows the user to
easily manipulate each initial value. The typical time necessary
for setting up the starting parameters for a new experimental
glow-curve consisting of several peaks is usually no more than
1–3 min. Once a successful deconvolution is performed a pat-
tern file can be automatically generated. Then each next glow-
curve of a similar shape can be processed in a few seconds. If the
predefined pattern file is opened the algorithm starts by finding
the global maximum of the glow-curve. Then the temperature
distance between position of each peak and the global maxi-
mum are read from the file. The second information read from
this file is the ratio between the peak height and the measured
TL signal in the temperature channel corresponding to the peak
position. Finally, starting values of energy are read from the
pattern file.
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3.2. Constraints and fixing

The fitting procedure searches for a minimum value of �2

but, unfortunately, this does not imply obtaining ‘true’ peak
parameter values. Sometimes the best numerical solution cor-
responds to unacceptable parameter values. In such cases we
should exploit our previously gathered knowledge about peak
positions, proportions and energies in order to force the pro-
gram to maintain the fitted values within preset limits. Such a
constraint option was implemented in the GlowFit. The user
may set numerical limits or a percentage range around the
initial values. These values are checked after each fitting it-
eration. Sometimes it is necessary to fix some of the param-
eters, e.g. in the cases of very complex curves or of very
low statistics. The fixed parameters remain unchanged during
the fitting procedure. The graphical interface also enables the
operator to manipulate the glow peaks after the fitting, as a
manual fit adjustment. This may be helpful if the minimization
method fails.

3.3. Results output

Results are presented on the screen and stored in the defined
report file. The report contains all the important information:
name of the analysed file, a comment (detector type, heating
rate, etc.), peak height, energy, the temperature position at the
peak maximum and the integrals of each fitted peak. In the
report a parameter describing the quality of fitting, called figure
of merit (FOM) is also stored:

FOM[%] =
∑

i |yi − y(xi)|∑
iyi

× 100%, (5)

where yi-content of the channel i, y(xi)-value of fitting function
in the centre of channel i.

Additionally, a plot of residuals, i.e. of the relative differences
between measured and fitted values in each channel is also
presented on the screen.

Table 1
Comparison of FOM [%] values obtained using GlowFit with FOM values obtained within the GLOCANIN intercomparison project

File name GlowFit FOM GLOCANIN Program B ( Bos et al., 1993b) FOM

RefGlow.001 0.010 0.010
RefGlow.002 0.010 0.010
RefGlow.003 1.180 1.150
RefGlow.004 1.060 1.100
RefGlow.005 1.040 1.070
RefGlow.006 1.230 1.270
RefGlow.007 1.000 0.950
RefGlow.008 0.920 1.130
RefGlow.009 1.350 1.700
RefGlow.010 3.860 4.120

Taken from Bos et al. (1993b, 1994).

The user may also save to the disk a file containing data for
plotting all fitted glow-curves and peaks.

4. Program performance—reference glow-curves

As a first test, the GlowFit was used to analyze the reference
glow-curves from the GLOCANIN intercomparison project
(Bos et al., 1993b, 1994). In Table 1 the FOM values obtained
using GlowFit are compared with the FOM values obtained
by a participant of the GLOCANIN, who used the same func-
tion to describe a single glow peak and also had one of the
best results in the GLOCANIN project (program B in Bos
et al., 1993b, 1994). Our results are better in all cases except
RefGlow.003 and RefGlow.007.

Table 2 shows a comparison between the activation energies
obtained by GlowFit analysis with the actual activation ener-
gies of the GLOCANIN project for synthetic and average ac-
tivation energies for experimental glow-curves. Agreement for
the synthetic glow-curves is within 0.09% or less. These results
are rather natural because the data were simulated using the
Randall-Wilkins model, the same that was used to develop the
GlowFit software. Analysis was performed without any pattern
file and without setting any constraints. The percentage devia-
tion between the mean activation energies of the GLOCANIN
project and activation energies obtained using the GlowFit is
below 6%.

The most complicated glow-curve was RefGlow.009, mea-
sured for LiF:Mg,Ti irradiated with a dose of 600 Gy, which
shows a complex structure over high-temperature peak region.
These overlapping peaks make the fitting procedure quite
difficult. The GLOCANIN participants’ results differed not
only in the position and shape of resolved peaks but also in
their number (9 or 10). Because there are several possibili-
ties of obtaining a good fit, it is not surprising that a great
spread, up to 60%, in peak areas and activation energies was
found. This complex glow-curve presented in Fig. 1 shows the
high importance of being able to set parameters constraints
in the fitting procedure. If peaks strongly overlap, the fitting
procedure is evidently not so unequivocal, so information



662 M. Puchalska, P. Bilski / Radiation Measurements 41 (2006) 659–664

Table 2
Percentage deviation between the activation energies of the GLOCANIN project and activation energies obtained using the GlowFit for synthetic and the
experimental reference glow-curves

File name Percentage deviation

Peak 1 Peak 2 Peak 3 Peak 4 Peak 5

Synthetic reference glow-curves
RefGlow.001 0.02
RefGlow.002 0.04 0.05 0.03 0.09

Experimental reference glow-curves
RefGlow.003 5.6 2.6 1.2 0.8
RefGlow.004 5.7 1.7 2.5 2.4
RefGlow.005 1.2 0.2 3.4 0.6
RefGlow.006 2.4 1.3 2.3 1.3
RefGlow.007 4.2 0.3 1.5
RefGlow.008 1.5 0.6 0.6
RefGlow.009 0.3 0.2 1.3 3.7
RefGlow.010 0.6 1.1 5.9 2.1

Fig. 1. Results of fitting of RefGlow.009 of the GLOCANIN project by GlowFit: (a) Fitted with constraining parameters Tm and E for high-temperature peaks;
and (b) fitted without parameter constraints.

about the peak’s position and about other parameters must be
taken from additional experimental sources, e.g. the Tm-Tstop
method (Horowitz et al., 1999). As shown in Fig. 1 (a) and (b),
the results are completely different if we analyse this curve with
or without constraining the peak parameters. The constrained
parameters were Tm and E for high-temperature peaks. It should
be noted that in both cases the FOM value is very good, and
in case of unconstrained fit it is even better, but the physical
meaning of some parameters is wrong. Of course a better fit
would be achieved by adding more parameters or giving the
program more freedom on parameters selection (no constraints)
but, as was already said, the better mathematical model does
not necessary mean the better physical model. It is very useful
to take the information about the peak parameters also from
other experimental sources. Other reference glow-curves were
analysed without any parameter constraints.

5. Application of GlowFit for analysis of different LiF
glow-curves

The GlowFit program’s main advantage is the ability to
analyse complex glow-curves with overlapping peaks. A good
example is the analysis of a set of curves measured for an exper-
imental version of LiF:Mg,Cu,P material doped with decreased
amount of magnesium (0.05%) exposed to doses up to 1 kGy
(Fig. 2) (Bilski et al., 1996; Bilski, 2002). It was found that at
doses higher than 200 Gy on the low-temperature side of the
main peak a small bulge appears, suggesting the presence of a
new peak. At still higher doses this new peak becomes more
pronounced. While for the highest doses the deconvolution is
quite simple, below 50 Gy, when the newly emerging peak is
hardly visible or even completely hidden under the main peak,
it is impossible to distinguish between the overlapping peaks.
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Fig. 2. Examples of glow-curves in LiF:Mg,Cu,P material doped with decreased amount of Mg (0.05%) irradiated by a dose 467.8 Gy (a), 49.6 Gy (b), and
deconvoluted by GlowFit.

Fig. 3. Example of a glow-curve of MTT-7 material irradiated by a dose of 100Gy; deconvoluted by the GCA program (Delgado and Gǒmez Ros, 2001) (a)
and by GlowFit with a constraint regarding peak 6 (b).

From the analysis of curves measured after higher exposures
one may determine the position (Tm) of this small peak on
the low-temperature side of the main peak. According to this
knowledge we can limit the peak parameters, especially the
temperature of the peak maximum. In Fig. 2b we present an ex-
ample of a deconvoluted glow-curve in this material irradiated
by a dose of 49.6 Gy, with a small peak appearing at 467 K.

Another good example of the advantages offered by the
GlowFit program are MTT-7 detectors irradiated by high doses.
MTT-7 is a newly developed version of LiF:Mg,Ti with a
changed activator concentration and increased high-LET re-
sponse (Bilski et al., 2004). Fig. 3a presents results of deconvo-
lution using the GCA software (i.e. without constraints), which
produced apparently incorrect parameters (peak 6 has moved

to the position of peak 5 and an enormously wide peak 10
is observed). When we use GlowFit with constraints set only
on the starting parameters of peak 6, which is the most over-
lapped and difficult to distinguish, the result is such, as shown in
Fig. 3b.

6. Conclusions

Both, the analysis of GLOCANIN reference glow-curves
(Section 4 and Fig. 1) and those corresponding to experimental
measurements with differently dopped LiF detectors (Section
5 and Figs. 2 and 3) show the ability of GlowFit software to
accurately analyze first order TL glow-curves. Unlike similar
deconvolution programs, GlowFit is able to resolve complex
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glow-curves consisting of strongly overlapping peaks, which is
achieved mainly through the possibility of setting constraints
or fixing any of fitted parameters. Another important feature
of the program is the very effective method of setting initial
values of the fitted parameters, by using the so-called pattern
files. GlowFit features a well-developed graphical user inter-
face, which enables easy, intuitive manipulation of glow-peaks
in the measured TL glow-curve, prior to the commencement
of fitting and after the fit has converged. The GlowFit may be
a useful research tool for thermoluminescence studies and for
practical dosimetry. It is freely downloadable from the web
site http://www.ifj.edu.pl/dept/no5/nz58/deconvolution.htm.
Further work is in progress to also include the possi-
bility of fitting the second- and general-order kinetics
glow-curves.
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An improved method of estimating ionisation density using TLDs
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Abstract

A new method is proposed to determine the ‘effective’ linear energy transfer (LET) in mixed radiation fields, by analysing the radiation
density dependence of the area of peak 8 in the thermoluminescence glow-curves of MTS-7 (7LiF : Mg, Ti) detectors. The dependence of the
peak 8 area to the peak 5 area on the ‘effective’ LET allows the estimation of the LET to be extended to values higher than those estimated
by the other methods. Tests of this method, performed for the ‘blind’ exposure within the ICCHIBAN intercomparison project, resulted in
agreement to within 7% with the true LET value and 13% with the true dose value, for a complex mixed radiation field. The limitations of the
method are in the uncertainty of the LET estimation of up to 50% for very specific fields and in the difficulty of deconvoluting high-temperature
peaks in the glow-curves of MTS-7 detectors after small doses or low-LET irradiation. The newly proposed method, complementary to the
high-temperature peak ratio (HTR) method and the method using two different TL systems, can improve estimation of the ionisation density
in mixed radiation fields, e.g. in cosmic-ray dosimetry.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Thermoluminescent detectors (TLDs) are widely used in
space dosimetry because of their small size, no power supply
requirements and resistance to environmental conditions. The
radiation field encountered in space contains a significant com-
ponent of heavy charged particles with a broad range of ener-
gies. Particles of different species or different energies deposit
different ionisation densities along their paths.

Analysis of the shape of the glow-curve of LiF:Mg,Ti TLDs
offers the possibility of extracting some information on the ion-
isation density of the radiation field, using the high-temperature
peak ratio (HTR) method (Vana et al., 1996) or the ratio of re-
sponses of different types of TLDs (Berger et al., 2006; Bilski,
2006a). The outcome of the HTR method depends not only on
the LET but also on the ion species depositing its energy in
the crystal (Berger, 2003; Massillon-JL et al., 2006). The same
can be stated for the method using two different TL systems,
since the TL efficiency for the applied systems (e.g. LiF:Mg,Ti

∗ Corresponding author. Tel.: +48 12 662 84 90; fax: +48 12 662 80 66.
E-mail address: monika.puchalska@ifj.edu.pl (M. Puchalska).
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and LiF:Mg,Cu,P) also depends on the particle species and on
the LET.

The main shortcoming of these methods is the multi-valued
dependence of the analysed ratios on the LET over LET values
exceeding 40 keV/�m for the HTR method (see Fig. 3a) and ex-
ceeding 10 keV/�m for responses of the different types of meth-
ods (Bilski, 2006a). Nevertheless, these methods are claimed to
be suitable tools for determining the ‘effective’ LET, which is
defined in mixed radiation fields as 〈LD〉 = 1/D

∫
D(L)L dL

(Schöner et al., 1999; Vana et al., 2000). By evaluation of
the ‘effective’ LET a correction of the absorbed dose mea-
sured by TLDs in a complex radiation environment could
be achieved—if the TL efficiency-LET function is known
(Uchihori and Benton, 2004).

In this work we propose a method which could extend the
determined range of the ionisation density to approximately
200 keV/�m. The method relies on the dependence of the area
of peak 8 in MTS-7 TLD on ionisation density.

2. Materials and methods

All MTS-7 TLDs were irradiated within the ICCHIBAN
project, at the Heavy Ion Medical Accelerator (HIMAC) at the

http://www.elsevier.com/locate/radmeas
mailto:monika.puchalska@ifj.edu.pl
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Fig. 1. (a) Glow-curve of MTS-7 TLD irradiated with 417.4 MeV/n 56Fe ions;
deconvolution is by GlowFit software (Puchalska and Bilski, 2006). Dashed
line is the exponential background fit. Solid grey line presents the glow-curve
after background subtraction. Figure of merit (FOM) is a percentage parameter
describing the quality of fitting and is equal to 1.3%. (b) HTR of the glow
curve following irradiation with 57.2 keV/�m 28Si and 448.4 keV/�m 84Kr
ions, normalised at 220 ◦C to peak 5 maximum.

National Institute for Radiological Sciences (NIRS) in Chiba,
Japan, starting in 2002 (Uchihori and Benton, 2004). Detectors
were irradiated by several ion species (1H, 4He, 12C, 16O,
28Si, 56Fe, 40Ar, 84Kr) with LET values ranging from 0.24 to
610 keV/�m. The applied doses ranged from 50 up to 100 mGy.

MTS-7 (7LiF : Mg, Ti) TL detectors developed and pro-
duced at the Institute of Nuclear Physics (IFJ) Krakow in the
form of sintered pellets of 4.5 mm diameter and 0.6 mm thick-
ness were used in these experiments. The detectors were an-
nealed for 1 h at 400 ◦C followed by 2 h at 100 ◦C and cooled
rapidly to room temperature. Additionally, before the readout,
all detectors were annealed for 10 min at 100 ◦C to eliminate
unstable low temperature peaks. Readout was performed using
the RA’94 manual reader which applies ohmic heating. The de-
tectors were heated up to the temperature of 340 ◦C. TL glow-
curves were recorded with linear heating rates of 5 and 10 ◦C/s
under argon flow. The different heating rates were applied to
optimise the readout parameters. It is worth to underline that
no difference was observed in the high temperature structure
due to the different heating rates.

As shown in Fig. 1a, the TL glow-curves from the IC-
CHIBAN intercomparison project (Bilski, 2006b) were

0.1 1 10 100 1000

0

10000

20000

30000

40000

50000

60000

70000

P
e

a
k
s
 a

re
a

 [
a

rb
. 

u
n

it
s
]

LET [keV/μm]

peak 8

peak 7

Fig. 2. Areas of peaks 7 and 8, separated using GlowFit software, vs. LET.
MTS-7 detectors were exposed within the ICCHIBAN intercomparison project
(Uchihori and Benton, 2004). Glow-curves were normalised at 220 ◦C to
peak 5 maximum.

deconvoluted into eight individual peaks using GlowFit soft-
ware (Puchalska and Bilski, 2006). Background subtraction has
been performed by applying an exponential fit (see Fig. 1a).

Prior to deconvolution all glow-curves were normalised to
the main peak 5 maximum at 220 ◦C. The maximum of peak 7
is located at ∼ 275 ◦C and that of peak 8 at ∼ 310 ◦C. The area
of peak 7 and the area of peak 8 vs. LET are presented in Fig. 2.

The area of peak 7 decreases for ions with LET above
100 keV/�m, while the area of peak 8 increases up to ∼
200 keV/�m (Fig. 2). The dependence of peak 5 efficiency on
the LET decreases as LET increases, while that of the peak
8 first increases, reaches a maximum at about 200 keV/�m
and then decreases with the LET (Massillon-JL et al., 2007).
This suggests the possibility of exploiting the area of peak 8
to estimate the ionisation density in mixed high-LET radiation
fields, over the LET region where other methods based on
TLDs do not give unique results.

The ratio of the area of peak 8 to the main dosimetric peak
5 area was calculated and is shown as a function of LET in
Fig. 3b. The solid line represents the fitted empirical function:

Peak 8

Peak 5
= a + bx + cx0.5 ln x, (1)
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Fig. 3. (a) HTR vs. LET dependence of MTS-7. (b) Ratio of peak 8 to
peak 5 integrals vs. LET. Horizontal dashed lines indicate HTR and P8/P5
values of TLDs for the ‘blind 6’ exposure of the ICCHIBAN-2 experiment.
Vertical dashed line shows the ‘effective’ LET obtained with P8/P5 method.
The shaded region shows the uncertainty of the estimation of LET values in
the region 10.200 keV/�m. (c) TL efficiency vs. LET function of MTS-7.
Horizontal dashed line indicates calculated efficiency value for ‘blind 6’.

where the fitted parameters are a = 0.0101, b = −0.003 and
c = 0.0017, and x = LET is in keV/�m. Eq. (1) is further
applied as the calibration curve for the Peak8/Peak5 (P8/P5)
method. It must be recognised that there is no current theory
which can predict high-temperature structure as a unique func-
tion of the LET. Furthermore, experimental measurements of
P8/P5 at a particular LET are strongly dependent on the choice
of heavy charged particle (HCP) mass, energy and charge (see
Fig. 3b). The shaded region shows the uncertainty of estimation
of the LET values in the region 10.200 keV/�m. Nevertheless,
the estimation of ‘effective’ LET value can be done with the
high-temperature structure of TLDs because the TL–LET cal-
ibrations were carried out with specific heavy ions at energies
carefully selected to be somehow representative of the space
radiation field (Uchihori and Benton, 2004).

HTR values were also calculated from the ICCHIBAN re-
sults and are presented in Fig. 3a. They are based on the in-
tegration of the TL glow-curves over the temperature range
248.310 ◦C, which generally corresponds to the area of peak 7

(see Fig. 1) with a slight contribution of peak 8. The solid line in
Fig. 3a represents the fitted empirical function that agrees very
well with HTR function published by Berger (2003) and Hajek
et al. (2006).

3. Results and discussion

The ICCHIBAN project offered the participants an opportu-
nity to verify their capability of evaluating an unknown mixed
field. For this purpose, ‘blind’ exposure intercomparisons were
organised during each ICCHIBAN experiment. In ‘blind’ ex-
posures the detectors were irradiated by different doses of ion
and gamma radiation, in combinations unknown to the partici-
pants. The participants were then to verify which ion species or
which combination of ion species (‘effective’ LET) was used
during these exposure cycles and to determine the value of the
absorbed dose.

We selected the ‘blind 6’ exposure of ICCHIBAN-2 to
demonstrate the application of the new method. In Fig. 3a
the HTR value of TLDs for the ‘blind 6’ exposure of the
ICCHIBAN-2 experiment is shown by the horizontal dashed
line. As shown in Fig. 3a, the HTR method cannot unambigu-
ously estimate the ‘effective’ LET value for ‘blind 6’ exposure.
The range of possible values extends from about 40 keV/�m
to over 200 keV/�m.

Based on Eq. (1), our calculation of the ‘effective’ LET
yielded the value 98.9 keV/�m (vertical dashed line in
Figs. 3a–c) which compares well with 122.1 keV/�m obtained
from CR-39 estimates (Uchihori and Benton, 2004), and with
the value 105.9 keV/�m calculated by SRIM (SRIM2003) for
the radiation field provided later by the organisers. It consisted
of 490 MeV/n 28Si behind a 10 g/cm2 layer of Al and of a
500 MeV/n 56Fe beam behind a 5.4 g/cm2 layer of Al.

Using the calculated ‘effective’ LET and TL efficiency vs.
LET analytical function

� = a + cL + eL2

1 + bL + dL2
, (2)

where a = 0.965, b = 0.224, c = 0.315, d = 0.022, e = 0.0087
and L is the ‘effective’ LET, an ‘effective’ efficiency � = 0.49
for the ‘blind 6’ exposure was calculated (see Fig. 3c). Ap-
plying this ‘effective’ efficiency a correction of the measured
absorbed dose value for ‘blind 6’ exposure was obtained. The
corrected dose value was calculated as 6.86 mGy, that agrees
with the true absorbed dose value for ‘blind 6’ within 13%. The
agreement between the corrected dose value obtained with the
HTR method and the true dose value ‘blind 6’ was exposed to
is within 18% (Uchihori and Benton, 2004).

Our P8/P5 method has several limitations. The uncertainty
of this method, as P8/P5 method is a function of HCP mass,
charge and energy, can be as high as 50% for ions of different
Z, which is plotted in Fig. 3b as the shaded area. Another dis-
advantage is that separation of peak 8 in glow-curves resulting
from exposures at very low doses (of a few mGy) and/or very
low LET values (of a few keV/�m) is rather uncertain. In such
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cases it is difficult to deconvolute the high temperature region
and to separate it from the background signal.

4. Conclusions

A new method for determining the ‘effective’ LET in com-
plex radiation fields has been proposed. This method is based
on the ratio of the area of peak 8 to the area of peak 5 in the
glow-curves of MTS-7 TLDs. The dependence of that ratio on
the ‘effective’ LET makes it possible to extend the range of
LET estimation by a factor of three or even higher, compared
to the HTR method.

The new method was tested by the ‘blind 6’ exposure of
the ICCHIBAN intercomparison project, showing agreement
to within 13% with the true dose value comparing to 18%
obtained with the HTR method, in a complex mixed radiation
field. However, in some cases, the uncertainty of this method
may be as high as 50%. Also, the new method may not be
readily applied for low dose (of a few mGy) and low LET (of
a few keV/�m) exposures.

The new P8/P5 method may improve the estimation of the
ionisation density in mixed radiation fields. However, it should
not be viewed as an alternative to the HTR method or the
method using two different TL systems but rather as a comple-
mentary extension of these methods.
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The high-temperature ratio (HTR) method which exploits changes in the LiF:Mg,Ti glow-curve due to
high-LET radiation, has been used for several years to estimate LET in an unknown radiation field. As TL
efficiency is known to decrease after doses of densely ionizing radiation, a LET estimate is used to correct
the TLD-measured values of dose. The HTR method is purely empirical and its general correctness is
questionable. The validity of the HTR method was investigated by theoretical simulation of various mixed
radiation fields.

The LETeff values estimated with the HTR method for mixed radiation fields were found in general to
be incorrect, in some cases underestimating the true values of dose-averaged LET by an order of
magnitude. The method produced correct estimates of average LET only in cases of almost mono-ener-
getic fields (i.e. in non-mixed radiation conditions). The value of LETeff found by the HTR method may
therefore be treated as a qualitative indicator of increased LET, but not as a quantitative estimator of
average LET.

However, HTR-based correction of the TLD-measured dose value (HTR-B method) was found to be
quite reliable. In all cases studied, application of this technique improved the result. Most of the
measured doses fell within 10% of the true values. A further empirical improvement to the method is
proposed. One may therefore recommend the HTR-B method to correct for decreased TL efficiency in
mixed high-LET fields.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

It has been known for several decades that the high-tempera-
ture thermoluminescent (TL) signal of LiF:Mg,Ti detectors shows
a different dependence on radiation LET than the main dosimetric
peak 5 (Jähnert, 1972). This difference in response offers us an
opportunity to obtain some knowledge of the ionization density of
the incident radiation. A method called high-temperature ratio
(HTR) exploiting this effect has been developed by the Vienna
University group (Vana et al., 1996). The HTR is calculated as the
ratio of TL signals integrated over a defined temperature range,
after exposure to a studied radiation modality and after a reference
gamma exposure. The original HTR technique was used to estimate
dose-averaged LET in an unknown radiation field. Further exploi-
tation of the same technique was developed by Berger (2003) as
a method of correcting dose measurements, underestimated due to
the decreased TL efficiency after densely ionizing radiation and this
approached was named HTR-B method.
All rights reserved.
Over the recent years several approaches similar to the HTR
method have been proposed, based, e.g., on ratios of signals of two
types of TLDs, namely LiF:Mg,Ti and LiF:Mg,Cu,P (Bilski, 2006a;
Berger et al., 2006b), of two components of the OSL Al2O3 signal
(Yukihara et al., 2004), or of two peaks extracted via deconvolution
from the LiF:Mg,Ti glow-curve (Puchalska and Bilski, 2008). The
principle of all these methods is the same: there are two compo-
nents of the luminescent signal, showing distinctly different LET
dependence and the ratio between them serves as an indicator of
the LET value.

Several methods using the above-mentioned approach were
recently tested within the multi-national ICCHIBAN (InterCom-
parison of Dosimetric Instruments for Cosmic Radiation with Heavy
Ion Beams at the National Institute for Radiological Sciences in
Chiba, Japan) project (Uchihori and Benton, 2004, 2008; Yasuda
et al., 2006). This project, carried out at the Heavy Ion Medical
Accelerator (HIMAC) in Chiba, Japan over several years since the
year 2002, was designed as an inter-comparison and inter-cali-
bration of detectors used for space dosimetry. Within this project,
so-called blind exposures were organized where participants were
requested to evaluate the unknown doses of radiation fields mixed

mailto:pawel.bilski@ifj.edu.pl
www.sciencedirect.com/science/journal/13504487
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in unknown proportions, using their detectors or detector combi-
nations. The outcome of these blind exposure experiments was
definitely positive: application of the above-mentioned varieties of
the HTR-based methods considerably improved the accuracy with
which doses were evaluated in mixed fields.

In spite of these advances, doubts remain about the meaning
and the correctness of the HTR method or of similar techniques. It
must be emphasized that such methods are purely empirical, and
lack any deeper theoretical justification. Horowitz et al. (2003,
2007) in their critique of the HTR method, listed among its draw-
backs: lack of universality or reproducibility of the HTR character-
istics, lack of a single-valued relationship between TL efficiency and
LET, and non-linearity of the HTR dose–response.

Probably the most important general question which should be
addressed prior to any reliable application of the HTR method, is
the meaning of LET values established from HTR. It was observed
that in some mixed radiation fields the values of LET obtained from
HTR were in total disagreement with values of dose-averaged LET
(Yasuda and Fujitaka, 2000). For that reason the LET value found via
HTR is sometimes called ‘‘effective LET’’ (McKeever, 2006), to
indicate its difference with respect to the ‘‘true’’ dose-averaged LET
value.

As a consequence, the question arises as to when, and in what
conditions, is this method able to produce an approximately correct
value of dose-averaged LET? Is it at all possible to define such a set
of conditions, or are the results of HTR mostly fortuitous? A similar
question may be addressed to any HTR-based correction of the
decreased TL efficiency in an unknown radiation field, namely, is
this approach in any way reliable, and if so under what conditions?

An attempt to find answers to these questions is the goal of this
work, mostly via simulations of the HTR values for various radiation
fields. Such simulations should be based on experimental data from
irradiations with energetic ions. While only the HTR/HTR-B
methods will be dealt with, the main observations and conclusions
should pertain (at least qualitatively) to other methods of similar
nature.
2. Definitions and the method description

The high-temperature ratio is defined by Eq. (1) (Berger et al.,
2006a):

HTRh
xk=dk

xg=dg
; (1)

where xk, and xg are integrals of the high-temperature signals, and
dk, and dg are heights of the main peak 5, measured after exposures
to the studied radiation (k) and after reference gamma radiation
(g). The Vienna group optimized the temperature integration
region to 248–310 �C, with the position of peak 5 set to 220 �C
(Berger et al., 2006a). The definition of the HTR is illustrated in
Fig. 1. It would be possible to define HTR in a somewhat different
manner (eg. using the main peak integral instead of its height or
using another integration range), but to be consistent with the
results of other groups, in the present article this definition will be
used throughout.

Relative TL efficiency hkg (or relative TL response) is defined as
follows:

hkg ¼
Ik=Dk

Ig=Dg
; (2)

where Ik and Ig are TL intensities after radiation k and after refer-
ence g-radiation. Dk and Dg are the corresponding values of
absorbed dose. Various approaches are possible concerning the
medium, to which absorbed dose is referred. In reality this medium
is obviously the TLD material, in this case LiF. On the other hand, the
medium of special importance in radiation protection and in
medical applications is water. Calibrations and beam character-
ization measurements are usually referred to water. It is therefore
a common and convenient practice to use values of dose in water
(and similarly, LET in water) to describe experiments relevant to
radiation protection or medicine, even if ion beams actually interact
with other media. This approach was also adopted in this work, so
all given dose and LET values refer to water. One should exercise
care when comparing TL efficiency data from different publications,
as either approach may be adopted.

Relative efficiency can be calculated for any component of the
glow-curve, by substituting I in Eq. (2) by a chosen parameter: integral
or height of the main peak 5, high-temperature integral, etc. One
should note that it is possible to express HTR using efficiencies
calculated for the high-temperature integral x and peak 5 maximum d:

HTR ¼
hkgðI ¼ xÞ
hkgðI ¼ dÞ: (3)

It can be further demonstrated that in a mixed field consisting of
N components, the HTR is described by the following equation:

HTR ¼

XN

k¼1

h
hkgðxÞ$Dk

i

XN

k¼1

h
hkgðdÞ$Dk

i: (4)

Eq. (4) will be used for simulating HTR values for mixed radia-
tion fields. The derivations of Eqs. (3) and (4) are given in
Appendix 1.

The HTR and HTR-B methods are based on the assumption that
unequivocal functional relationships exist between TL efficiency
and LET, and between HTR and LET (the correctness of this
assumption will be briefly discussed in section 5). Knowing these
relationships one can apply the method in the manner illustrated in
Fig. 2. First, HTR is evaluated from the glow-curve according to Eq.
(1). Next, using the calibration plot (Fig. 2a), the value of LET cor-
responding to the HTR value is found (denoted LETeff). Finally,
within the HTR-B approach, the value of relative TL efficiency is
found (Fig. 2b), which corresponds to the LETeff value. This value of
efficiency is further used to correct the dose measured with a TLD
(see box in Fig. 2b).



Fig. 2. Application of the HTR method to correct for decreased relative TL efficiency.
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3. Experimental data

Experimental data presented in this article were gathered
within the ICCHIBAN project. Irradiations performed at the HIMAC
accelerator included high-energy (150–500 MeV/n) beams of He, C,
Ne, Si, Ar, Fe, and Kr ions. These results were supplemented by
proton exposures performed at Loma Linda, USA (within the so-
called ‘‘Proton ICCHIBAN’’ project), and at Dubna, Russia. All TL
detectors used in these experiments were developed and manu-
factured at the Institute of Nuclear Physics of the Polish Academy of
Sciences (IFJ PAN) in Krakow.

Details of the experimental procedures used within the ICCHI-
BAN experiment have been described elsewhere (Bilski, 2006b),
where the results of relative efficiency evaluations for the integrals
of the main dosimetric peaks were also given. It was found that the
efficiency versus LET relationship follows a unique trend line over
the analyzed energy range. This allows the efficiency–LET rela-
tionship to be described by a single-valued function. Such empiri-
cally developed functions are presented in Fig. 3 for LiF:Mg,Ti and
LiF:Mg,Cu,P TLDs. Functions of type:
Fig. 3. Relative TL efficiency for main peak integrals of LiF:Mg,Ti and LiF:Mg,Cu,P
(uncertainty ranges not plotted for clarity). Solid lines represent fitted functions, Eq.
(5), with the following parameters: LiF:Mg,Ti: a¼ 0.965, b¼ 0.224, c¼ 0.315, d¼ 0.022,
g¼ 0.0087, LiF:Mg,Cu,P: a¼ 1.008, b¼ 0.189, c¼ 0.0548, d¼ 0.0018, g¼ 0.0005.
f ðxÞ ¼ aþ cxþ gx2 1þ bxþ dx2 (5)

� �.� �

were used, with best-fitted values of the parameters a, b, c, d, g
given in Fig. 3 (caption).

Experimental results concerning relative TL efficiency of
LiF:Mg,Ti, as represented by the height of main peak 5 and by the
integral of high-temperature peaks, are gathered in Fig. 4. For
comparison the published data for TLD-700 are also presented
(Berger, 2003; Berger and Hajek, 2008a). Lines through experi-
mental points represent empirical functions, Eq. (5), with values of
best-fitted parameters listed in Fig. 4 (caption). It should be
however emphasized, that use of the fitted functions is a simplifi-
cation, since both peak 5 and the high temperature peaks efficiency
depends not only on LET, but also on ion charge. This issue will be
discussed further in section 5.

The measured values of HTR vs. LET are presented in Fig. 5. The
solid line in this figure has not been fitted to these experimental
values, but is the quotient of the relative efficiency functions shown
Fig. 4. Relative TL efficiency of LiF:Mg,Ti for (a) height of the main peak 5 and (b) the
HT integral. Solid lines represent functions fitted to MTS-7 data; (a) a¼ 0.967,
b¼ 0.0908, c¼ 0.423, d¼ 0.00055, g¼ 0.0007, (b) a¼ 0.99, b¼ 0.135, c¼ 0.198,
d¼ 0.0163, g¼ 0.0065.



Fig. 5. HTR for LiF:Mg,Ti TL detectors. Solid line represents the quotient of the fitted
functions (for further details see text).

Fig. 6. Simulations of a mixed radiation field consisting of two components of different
LET (LET1 and LET2), expressed as ratios of values estimated by the HTR to the true
values vs. proportion between dose of the two components (D1¼1�D2). Triangles –
ratio of the HTR-corrected dose to the true dose, squares – ratio of HTR-estimated
effective LET to the dose-averaged LET, circles – ratio of uncorrected dose to the true
dose.
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in Fig. 4 which, according to Eq. (3), represent the HTR. The
experimental points appear to be well represented by this trend
line over LET values below 40 keV/mm. Over higher values of LET,
the HTR vs. LET dependence becomes much weaker and not
unequivocal, hence over this region HTR cannot be used as an
indicator of LET. Comparing Figs. 4 and 5 it is interesting to note that
deviations of HTR results are much smaller than those observed for
the HT integral or peak 5 height. The reason is that HTR does not
depend on the values of the delivered doses (dose values cancel out
when substituting Eq. (2) into Eq. (4)), unlike relative efficiencies
(Eq. (2)). The values of delivered dose can sometimes be biased with
quite large uncertainties, particularly when irradiations are per-
formed with ion beams filtered with some energy degrading layers
in the Bragg peak.

The empirically established functional HTR-LET dependence will
be further used for simulating HTR values in radiation fields of
various compositions.

4. HTR simulations

4.1. Two-component radiation fields

Assessment of the correctness of the HTR method was at first
made by simulating mixed radiation fields consisting of only two
components, each of different LET. Intensities of TL signal were
estimated for each component separately using the previously
found efficiency functions. Next, intensities were summed up and
HTR calculated according to Eq. (4). Using HTR the effective LET,
LETeff and the corrected dose, Dcorr were estimated in the above-
described manner.

Results of simulations of four pairs of such radiation compo-
nents are presented in Fig. 6. The proportion between doses of both
components was varied. In three pairs (panels a, b, c) the LET of one
component was always equal to 40 keV/mm, while for second
component LET was varied from 0.5 to 10 keV/mm. The fourth pair
consists of components of quite different LET values: 0.5 keV/mm
and 200 keV/mm (the last component being well beyond the
theoretical limit of HTR usability at 40 keV/mm). The results in Fig. 6
are presented as ratios of estimated values LETeff, Dcorr, Duncorrected

to the respective true values (Duncorrected represents the dose value
established using the relative efficiency function for a given LET
only, i.e. it simulates the case of estimating dose in an unknown
field via TLD measurement, where the TLD is calibrated with
respect to gamma ray dose only, without HTR or any other
corrections being applied). In case of LET as the true value, the dose-
averaged LET was assumed.

The most apparent observation is that LET estimates are in
general wrong. Correct values of dose-averaged LET were obtained
only if the dose contribution of one component was equal to zero,
i.e. in case of single-component irradiation. For any other two-
component irradiations LETeff always underestimated the true
value of LETav. This underestimation may even reach a factor of two,
e.g. for plot 6a and D1¼0.7: LETeff¼ 4.75 keV/mm, while the true
value of dose-averaged LETav¼ 12.4 keV/mm. The best results were
obtained if the difference between LET values of both components
was small (plot 6c).

The HTR-B method, i.e. the correction of the TL-measured dose
produces much better results. The Dcorr is within 10% of the true
value, while the uncorrected dose underestimates it even by
a factor of two. If the difference between the LET values of the two
components is small (Figure 6c), the correction is almost perfect.

Fig. 6d illustrates that if the LET of one of the components is
beyond the discussed limit of HTR usability (40 keV/mm), the esti-
mation of the dose-averaged LET by LETeff may produce totally
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absurd results (by even 14 times too low). It should be noted that
even in this situation the performance of the dose correction is still
much better, reaching only 25% underestimation in the worst case.

Results of the simulations are presented in another manner in
Fig. 7. Here, doses of both components are maintained equal while
the LET value of one of the components (LET2) is varied. Each plot
represents another value of LET1. It can be seen that the higher the
value of LET2, the worse are the results of HTR estimates. The
influence of the difference between LET of the two components on
the results, is illustrated in Fig. 8. LETeff estimates correctly (within
20%) the dose-averaged LET only for DLET¼ 10 keV/mm or less. Dose
correction again is quite satisfactory: almost all results fall within
20%, and most within 10%, of the true values.
4.2. Four-component radiation fields

All simulations described above were those concerning selected
simple two-component radiation fields, which enabled a general
analysis of the dependence of HTR-based results on the dose and
LET of both components. In fact, radiation fields encountered, e.g. in
space, may be much more complex. To gain some insight into the
performance of the HTR method in such cases, four-component
radiation fields were simulated via random generation of dose and
LET values. Relative doses of components were randomly chosen
over the range between 0 and 1 and their LET values over the range
between 0.4 keV/mm and 202 keV/mm (these LET values represent
Fig. 7. Simulations of a radiation field consisting of two components of different LET
(LET1 and LET2) values, expressed as ratios of values estimated by the HTR to the true
values vs. LET of the second component (LET2). Doses of both components are equal.
Triangles – ratio of the HTR-corrected dose to the true dose, squares – ratio of
HTR-estimated effective LET to the dose-averaged LET, circles – ratio of uncorrected
dose to the true dose.

Fig. 8. Simulations of a radiation field consisting of two components of different LET
(LET1 and LET2) values versus difference of LET of both components, DLET. Doses of
both components are equal.
high-energy protons and iron ions, both ion species being strongly
represented in the radiation field in space). Four thousand cases of
such field compositions were randomly generated and analyzed
with the HTR and HTR-B methods in the earlier-described manner.

The results are presented in Fig. 9 as ratios of LETeff and Dcorr, to
the respective true values, vs. LETeff. These data prove yet again that
estimation of average LET via the HTR method gives quite erro-
neous results. The true values are underestimated even by an order
of magnitude. Restricting LET values of the components to
40 keV/mm (the area within lines in the plot) does not help much.
An even more discouraging observation is that apparently no LETeff

range can be selected over which one could expect the results to be
at least approximately correct: e.g. 50% underestimation occurs at
2 keV/mm and at 80 keV/mm as well. Perhaps the only useful
information is that LETeff was found always to underestimate the
true dose-averaged LET value: no cases of overestimation were
observed. Thus, LETeff could be used as a qualitative indicator of the
presence of a high-LET component in an unknown field. If the
estimated value of LETeff is high, then the presence of a high-LET
component is assured, yet no quantitative conclusions may be
drawn. The converse argument is not valid as cases of low values of
LETeff (1–2 keV/mm) where the true average LET is severely under-
estimated, are plentiful.

The results of HTR-corrected dose estimation (Fig. 9b) are again
much more encouraging. In nearly all cases (>99%), the corrected
dose value was found to lie within 20% of the true value. In 92% of
cases this discrepancy did not exceed 15% and in 62% of cases, 10% of
the true value. If the LET values of all of the radiation field
components were restricted to 40 keV/mm, almost all estimated
dose values would fall within 10% of the true values.



Fig. 9. Simulations of radiation fields consisting of four components of randomly
selected LET and dose values. Areas within solid lines contain results for radiation
fields of components with LET restricted to 40 keV/mm.

Fig. 10. Relative efficiency of LiF:Mg,Ti (Massillon et al., 2007). The broken line is an
empirical fit to data points concerning ions of energy >30 MeV/n.

Fig. 11. HTR dose–response for MTS-7 detectors. Dashed lines indicate mean values in
the range 10–100 mGy. Error bars represent one standard deviation.

P. Bilski / Radiation Measurements 45 (2010) 42–50 47
In line with observations concerning HTR-estimated LET values,
practically no dose overestimation was observed (except for a few
cases where Dcorr/Dtrue¼ 1.001). This may suggest a simple method
for improving the accuracy of dose estimation, namely multipli-
cation of the obtained value of Dcorr by an arbitrary factor, say, by
1.07. If one applied this ‘‘normalizing’’ procedure only to dose
estimates corresponding to LETeff> 3 keV/mm (cases of lower LET
do not need any additional correction), the achieved result would
remain within 10% of the true values in 95% of cases, and within 5%
for 68% of the cases studied.

5. Factors influencing the results of HTR

All the above analyses were performed within an idealized
model, neglecting all uncertainties and errors which may bias the
data. This allowed us to focus on intrinsic errors and limitations of
the application of HTR technique to mixed radiation fields (in
metrology, this approach is called estimation of the best measuring
capability). In other words, the performance of the HTR method
cannot be better than that described in section 4. The different
factors which may influence the performance of the HTR method
will now be briefly discussed.

No unequivocal functional relationship between TL efficiency
and LET, or between HTR and LET, both well-established facts, are
the principal contributors to the uncertainty of the HTR method. It
is well known that for ions of low energy (or high LET), the
dependence of TL efficiency on LET splits into separate branches
corresponding to different particle species (Waligorski and Katz,
1980; Geiss et al., 1988; Horowitz et al., 2001; Olko et al., 2002;
Berger and Hajek, 2008a). For ions of higher energy these
relationships can be described by unique functions (as shown, e.g.,
by the experimental data of this study – see Fig. 3), yet this is
merely an approximation of a far more complex situation. To
analyze uncertainties introduced by this feature, knowledge of HTR
and efficiency LET dependence over the full energy range of each
ion species would be required. Such data are presently not avail-
able. It is even difficult to ascertain where in this context is the
boundary between ‘‘low’’ and ‘‘high’’ energy ions located. Berger
et al. (2006c) show that for helium ions of energy 36 MeV/n effi-
ciency falls just below the trend line, while for 61 MeV/n it fits
perfectly to the functional trend. Similarly, for carbon ions: at
energy 44 MeV/n, efficiency falls much below this trend line, yet at
74 MeV/n it fits this line. Another example is provided by the data
of Massillon et al. (2007), illustrated in Fig. 10. In this case relative
efficiency was expressed per dose absorbed in LiF, not in water, so
their values cannot be directly compared with this work. Never-
theless, the observed trends should be similar. The presented data
suggest that for H, He and C ions, one threshold value for splitting
efficiency functions into branches can be established at about
30 MeV/n. For ions of lower energy, LiF efficiency is lower than that
expected from this trend line. As concerns HTR, published experi-
mental data are very scarce. From the data of Massillon et al. (2007)



Fig. 12. Propagation of relative error of HTR equal to 25%, to estimated values of LETeff

and corrected dose.
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it appears that this threshold also lies within about 30–40 MeV/n.
In general, it seems that, like many other TL characteristics, this one
also depends on the experimental procedure applied and on the
origin and batch of the TL detector.

Another potential contributor to the uncertainty of the HTR
method is the possible non-linearity of the HTR dose–response
relationship. It is well known that high-temperature peaks of
LiF:Mg,Ti show stronger supralinearity than the main peak, for
which the onset of supralinearity for gamma rays occurs above about
1 Gy. For the correct application of the HTR technique it is crucial to
know the range of doses over which HTR is at least approximately
linear. Unfortunately, while the issue raises a lot of discussion, this
point has not yet been generally accepted. Horowitz et al. (2007)
measured considerable supralinearity of high-temperature peaks,
even at very low doses. Results of Berger and Hajek (2008b) suggest
that HTR is linear up to at least about 100 mGy. Similar are findings of
Pradhan et al. (2009), who measured no supralinearity of high-
temperature peaks at 100 mGy and only 10% at 150 mGy (for
gamma-rays). Massillon et al. (2006) measured dose–response for
each peak separately and among peaks contributing to the HTR
(6b, 7, 8, 9) only onset of supralinearity of peak 8 was found to occur
at lower dose (50 mGy). Fig. 11 presents HTR vs. dose relationship
for MTS-7 detectors, which also show negligible supralinearity up
to 100 mGy. Therefore a majority of recently published data seems
to indicate, that at least up to dose of 100 mGy supralinearity of
HTR is not a problem. The differences in the reported data clearly
show that these properties are very strongly dependent on the
Table 1
Experimental examples of application of HTR in mixed fields. In rows 1–4 are presented
rows 5–8 are given results of ICCHIBAN-4 exposures with mono-energetic ion beams, aft
facility at IFJ Krakow. Numbers in brackets in the description of the radiation field comp
value as based on the composition of the radiation field, with the functions used througho
the measured HTR. The ‘‘improved HTR-B ‘‘ represents multiplication of the dose correctio
greater than 3 keV/mm, as proposed in this study.

Composition of the radiation field Dose-averaged
LET [keV/mm]

True dose
[mGy]

HTR
expect

Si(2), He(2), C(2), Fe(,2) 67.9 8 3.61
Si(4.99), He(5), C(5), Fe(5.01) 67.9 20 3.61
C(0.05), Ne(0.07), He(0.99), Fe(0.3), 60Co(11.1) 5.5 12.51 1.12
C(2), Ne(2), He(2), Fe(2), 60Co(2.2) 48.3 10.2 2.82
Ne(10), 137Cs(10) 16 20 2.69
C(10), 137Cs(10) 5.7 20 1.99
Fe(10), 137Cs(10) 100.7 20 2.62
He(10), 137Cs(10) 1.25 20 1.26
experimental protocol (cooling rate, heating rate, etc) and on the
TLD batch. The same applies to the lowest dose limit at which HTR
can exploit. Berger and Hajek (2008b) successfully used HTR down
to 1 mGy, but under a specific procedure, which resulted in a high
signal-to-noise ratio for the high-temperature peaks. Our results
show quite high uncertainty at this dose level (see Fig. 11). Anyone
using the HTR method should therefore perform careful evaluations
of the dose–response over the dose range under consideration, using
exactly the same protocol as that applied in other measurements.

Non-universality of LET dependence of HTR is often mentioned
as a serious drawback of the HTR method (Horowitz et al., 2003).
Indeed, TLD batches may differ in this respect, even if they originate
from the same manufacturer. On the other hand, this is apparently
not always the case, as illustrated in Figs. 4 and 5, where results of
the present study are compared with the data for TLD-700 pub-
lished by other groups (Berger, 2003; Berger and Hajek, 2008a).
Taken into account that TLDs used in both studies were produced
by different manufacturers and underwent totally different
annealing/readout procedures the agreement is surprisingly good.
However, this good agreement does not imply that the measured
LET characteristics of TLDs are never batch-dependent (this applies
not only to HTR, but perhaps even more to relative TL efficiency). It
is therefore recommended that measurements of the LET depen-
dence of HTR and TL efficiency should be realized with the
particular TLD batch which will later be applied in the HTR tech-
nique. If this recommendation is adhered to, the batch-dependence
should have no effect on the outcome of HTR.

This short discussion on sources of errors shows that it is not
possible to make a precise quantitative evaluation of the uncertainty
score of the HTR method. To achieve at least a very rough estimation
of uncertainties of the HTR method, one has to make some guesses. It
seems reasonable to assume that the contribution to overall uncer-
tainty due to the first of the listed sources of errors (deviation from
the functional dependence of HTR and TL efficiency on LET) for high-
energy ions is usually below 10%, but it may well reach 15–20%.
Deviations of HTR from linearity may be assumed not to exceed
about 5% (in the dose range up to ca.100 mGy). To this, one has to add
the statistical fluctuations of TL readouts. As HTR is a result of
contributions of four TL components, its uncertainty can hardly be
less than 5%. On the other hand, it should not be much more,
assuming that for HTR measurement usually a group of TLDs is used,
rather than a single detector. Combining all these values together,
we would expect the overall relative uncertainty of the HTR evalu-
ation to lie within the range of 10–25%.

Fig. 12 illustrates how would a relative HTR error of 25% influ-
ence the values of LETeff and of the corrected dose. This influence is
results of ‘‘Blind’’ exposures realized during the ICCHIBAN-2 and -4 experiments. In
er which TLDs were additionally irradiated with 137Cs gamma dose at the calibration
osition represent doses in mGy. The ‘‘HTR expected’’ represents the HTR-calculated
ut this study for HTR simulation. LETeff and dose correction were calculated basing on
n factor established with the HTR-B method by an empirical factor of 1.07, if LETeff is

ed
HTR
measured

LETeff

[keV/mm]
TL dose
uncorrected
[mGy]

TL dose corrected Dcorr/Dtrue

‘‘HTR-B
standard’’
[mGy]

‘‘HTR-B
improved’’
[mGy]

4.49 21.4 4.97 6.75 7.22 0.90
4.56 22.1 12.43 17.03 18.23 0.91
1.11 0.5 12.50 12.45 12.45 1.00
2.57 7.7 7.93 8.18 8.75 0.86
3.03 10.4 16.41 18.08 19.34 0.97
2.09 5.1 18.90 18.36 19.65 0.98
2.25 6.0 14.40 14.40 15.41 0.77
1.25 1.05 20.81 20.08 20.08 1.00



P. Bilski / Radiation Measurements 45 (2010) 42–50 49
much stronger for LETeff and the relative error of this value is always
50% or more. At low HTR values (<1.5), this relative error may
exceed hundreds of percent. This means that for such values of HTR,
estimation of LET is totally unreliable. The dose correction (HTR-B
method) is much more reliable. The error of dose correction
increases with increasing HTR, but it may be expected not to exceed
about 15%.

To verify the correctness of the above estimates of uncer-
tainty, comparison with experimental data is required. Such data,
measured for several mixed radiation fields, are presented in
Table 1.

Information on the uncertainty of HTR evaluation can be
extracted from a comparison of the measured value of HTR with the
‘‘expected’’ value, i.e. the value calculated basing on the known
composition of the radiation field, with the functions used
throughout this study for HTR simulation. The largest discrepancies
were found to be 24% and 26% (two first rows). In next two cases
discrepancies ranging between 10% and 20% were found, and in the
remaining four cases they remained within 10%. One may consider
that these results corroborate the study of uncertainties performed
earlier.

The results presented in the Table 1 also allow the correctness of
other observations made basing on the HTR simulations to be
verified. As expected, LETeff underestimates the average LET in all
cases and, in the worst case, by more than ten times. The method of
dose correction proposed in this work is clearly an improvement. A
considerable majority of the corrected dose values fell within 10% of
the true values and a larger discrepancy of 23% was observed only
in one case (mixture of Fe ions and gamma rays). In none of these
cases was the true dose value overestimated.

6. Conclusions

In this work, the performance of the HTR approach was inves-
tigated by simulating various mixed radiation fields. The general
conclusion is that of the two applications of the HTR technique:
estimation of the average LET (original HTR method) and correction
of the measured dose, underestimated due to the decreased TL
efficiency (HTR-B method), only the latter may be considered to be
reasonably reliable.

The LETeff values found with the HTR method for mixed radia-
tion fields were in general incorrect. In many cases these results
were totally absurd, underestimating the true values by tenfold or
more. The method produced correct estimates of LET only for nearly
mono-energetic fields (i.e. not for mixed radiation). Therefore, for
truly unknown and mixed radiation the HTR method is useless for
estimating dose-averaged LET. There is, however, also a positive
conclusion: HTR may be considered to be a good indicator of
increased ionization density: an increased value of LETeff is always
(within the range of linearity with dose) related to a real increase of
LET. Among several thousands of analyzed radiation fields, never
was it found that the value of LETeff overestimated the true value of
dose-averaged LET. Thus, within the HTR method, LETeff may be
treated as a qualitative indicator of increased LET, but not as
a quantitative estimator of average LET.

Conversely, corrections of dose measurements, which for strongly
ionizing radiation are usually underestimated due to decreased TL
efficiency, were found to be estimated quite reliably using HTR-B.
Application of the HTR-based correction considerably improved the
results. No unreasonable results were observed and a great majority
of measured doses fell within 10% of their true values. Further
improvement may be achieved by applying the proposed multipli-
cation of the measured doses by an empirical correction factor.
Application of the HTR-B method for dose correction may therefore
be recommended, however, only if careful calibration of the dose–
response and LET-response, and exactly the same protocol as that
used in other measurements, are strictly adhered to. Without ful-
filling this condition one cannot ensure the reliability of the HTR
method or the correctness of the results obtained.
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Appendix 1

Relative TL efficiency hkg is defined as:

hkg ¼
Ik=Dk

Ig=Dg
; (A1)

where Ik and Ig are TL intensities for radiation k and for reference g

radiation. Dk and Dg are the corresponding values of absorbed dose.
Rewriting this equation for the main peak height, d, one obtains:

hkgðI ¼ dÞ ¼ dk=Dk

dg=Dg
(A2)

Hence, denoting hkgðI ¼ dÞ ¼ hkgðdÞ:

dk ¼
dg

Dg
DkhkgðdÞ (A3)

An analogous equation is valid for the high-temperature
integral, x:

xk ¼
xg

Dg
DkhkgðxÞ (A4)

Using the definition of the high-temperature ratio, HTR, one can
write:

HTRh
xk=dk

xg=dg
¼ 1

xg=dg
$

xg

Dg
DkhkgðxÞ

dg

Dg
DkhkgðdÞ

(A5)

Finally, after reduction:

HTR ¼
hkgðxÞ
hkgðdÞ

(A6)

In a mixed field, we assume that the intensity of the TL signal is
equal to the sum of intensities induced by each component of the
field, therefore:

d ¼
X

k

dk; x ¼
X

k

xk (A7)

Substituting Eqs. (A4) and (A7) into the definition of the HTR,
one obtains:

HTR ¼

P
k

xk

.P
k

dk

xg=dg
¼ 1

xg=dg
$

P
k

xg

Dg
DkhkgðxÞ

P
k

dg

Dg
DkhkgðdÞ

; (A8)

which reduces to:

HTR ¼

P
k

h
hkgðxÞ$Dk

i

P
k

h
hkgðdÞ$Dk

i (A9)
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The relative TL efficiency of LiF:Mg, Ti and LiF:Mg, Cu, P was evaluated for several ion beams, ranging from
helium to xenon ions. Irradiations were realized at the HIMAC accelerator in Chiba, Japan, partly within the
ICCHIBAN intercomparison project. The covered LET range was extending from about 2 keV/mm to
1500 keV/mm.

Both tested TLD types exhibited a decrease of relative response with increasing ionization density e

stronger for LiF:Mg,Cu,P detectors. The relationship between efficiency and LET was found to follow
unique trend lines, as nearly all data points lied within 5% around the fitted empirical functions. Values of
TL efficiency measured for various batches of same type TLDs agree within a few percent. The measured
relationships between relative TL efficiency and LET will be used in the analysis of data obtained from
space dosimetric experiments.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Thermoluminescent detectors (TLDs) are frequently used in the
dosimetry of cosmic radiation in space. The space radiation field is
very complex and contains a significant component of energetic
heavy ions. While TLDs are sensitive to all kinds of directly ionising
radiation including energetic ions, they generally underestimate
doses from densely ionising radiation if calibrated with gamma
rays. Because the detection efficiency of TL detectors strongly
depends on the ionisation density of an ion, their application in
space requires careful studies of their response to ions of energies
similar to those encountered in the space radiation field.

Institute of Nuclear Physics in Krakow exploits TLDs in many
space experiments. Among them one should mention the
MATROSHKA project (Reitz et al., 2009), in which an anthropo-
morphic phantom equipped with several thousands of TLDs was
exposed at the International Space Station (ISS) and the DOSIS
project, which is focused on mapping of the dose distribution at
Columbus module of the ISS.

In connection with these space experiments, investigations of
the detectors response to ion beams were realized at the Heavy Ion
Medical Accelerator (HIMAC) in Chiba, Japan. The detectors under
study were two types of TLDs manufactured at the IFJ: LiF: Mg, Ti
and LiF:Mg, Cu, P. One of the goals was to investigate variability of
TLD properties between different batches, therefore detectors
produced in various years and from raw materials of various origin,

were studied. Also influence of different methods of glow-curve
analysis on the relative efficiency was studied.

2. Materials and methods

2.1. Ion beams

Ion exposures were performed at the HIMAC accelerator. Most
of irradiations were realized within the multi-national ICCHIBAN
(InterComparison of Dosimetric Instruments for Cosmic Radiation
with Heavy Ion Beams at the National Institute for Radiological
Sciences in Chiba) project (Yasuda et al., 2006). This project, carried
out at the HIMAC over several years since the year 2002, was
designed as an inter-comparison and inter-calibration of detectors
used for space dosimetry.

Up to the present, four ICCHIBAN runs for passive detectors were
realized at the HIMAC, named: ICCHIBAN-2, -4, -6, -8. Results of the
first three runs were partly reported in the previous publication
(Bilski, 2006). The data from the ICCHIBAN were complemented by
additional exposures performed at the HIMAC accelerator. The
characteristics of the all used ion beams are presented in the Table 1.
Besides the primary beams, also beams filtered with energy
degraders were exploited. The applied doses were within
10e100 mGy range.

2.2. TL detectors

The reported investigations were performed using several
batches of two types of LiF thermoluminescent detectors (of various
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Li isotopic composition): LiF:Mg, Ti (MTS-N, MTS-6 and two batches
of MTS-7, produced in years 2002 and 2004) and LiF:Mg, Cu, P (MCP-
7 produced in years 2002 and 2004). All detectors were manufac-
tured at the Institute of Nuclear Physics (IFJ) in Krakow, Poland. The
detectors have form of solid pellets of diameter 4.5 mm and thick-
ness 0.6 mm. The following annealing conditions were applied: for
MTS 400 �C/1 hþ 100 �C/2 h; for MCP-7 240 �C/10 min. TL
measurements were carried out with a manual reader (type: RA’94,
produced by Mikrolab Kraków) with a linear heating ramp. Before
a readout, TLDs were additionally annealed at 120 �C for 30 min.

Calibrations of TLDs (conversion of TL signal to gamma-ray dose)
were performed by irradiating a group of TLDs of each type with
a dose of 137Cs gamma rays at the calibration facility of the Institute
of Nuclear Physics. Calibration exposures were performed over the
same time period as the ICCHIBAN irradiations to minimize fading
effects. Additionally, to correct for any spread of sensitivity between
individual TLD pellets, individual response factors for each detector
were evaluated after the ICCHIBAN exposures.

For exposures detectors were mounted into polystyrene or
PMMA holders, of cover thickness 2 mm. For each exposure 4 or 5
TLD pellets were used.

3. Results and discussion

The typical glow-curves measured with both types of TLDs are
presented in Fig. 1. It can be seen that, for LiF:Mg, Ti an increase of
ionization density results in a growth of the high temperature
peaks. In case of LiF:Mg, Cu, P, changes of ionisation density has no
influence on the glow-curve shape. The discussed further TL effi-
ciency results, if not stated otherwise, are based on integration of
a TL glow-curve: for LiF:Mg, Cu, P the whole glow-curve and for
LiF:Mg, Ti up to minimum between main and high-temperature
peaks (the ‘Region-of-Interest’ approach (ROI)).

The relative TL-response hion is defined as a ratio of the TL signal
produced per unit dose and unit mass by the ion radiation to the TL
signal per unit dose and unit mass produced by a reference radia-
tion (usually 60Co or 137Cs g-rays):

hion ¼
Rion=Dion

Rg=Dg
(1)

where Rion and Rg are the TL responses per unit mass for the ion
radiation under study (ion) and the reference radiation (g) at dose
levels Dion and Dg, respectively.

The main results of the present work are summarized in Fig. 2,
which shows relationship between the relative response of both
LiF:Mg, Ti and LiF:Mg, Cu, P detectors and radiation LET (results
obtained for the main peak integrals). The apparent observation is
that, the relative TL response of both LiF detectors decreases with
increasing ionization density. Similar results were published e.g by
Benton et al. (2000) or Berger and Hajek (2008). They found that

the relative response of TLD-700 is close to 1 up to about 10 keV/mm
and decreases for higher LET, e.g. reaching 0.6 for 100 keV/mm, what
perfectly agrees with our data.

For LiF:Mg, Ti, in the tested energy range, values of hion versus LET
seem to followa unique single-valued trend line. Nearlyall data points
are located within 5% around the fitted empirical function of type:

hðLÞ ¼
�

aþ cLþ gL2
�.�

1þ bLþ dL2
�

(2)

where L e LET in water, a, b, c, d, g e fitted parameters (values of the
parameters are listed in the Fig. 2 caption). A function of the same
type may be also fitted to the LiF:Mg, Cu, P data (Fig. 2b). In that
case, however, the relationship between efficiency and LET splits
into separate branches for the lowest energies of helium and
carbon ions (indicated by broken lines). This effect is a manifesta-
tion of the fact that the TL efficiency depends not only on LET, but
also on ion charge. For ions of sufficiently high-energy relationship
between efficiency and LET can be well approximated by unique
functions, but one should keep in mind that this is only a simplifi-
cation of much more complex situation. At the studied energy
range, such splitting of the efficiency into separate branches was
observed only for LiF:Mg, Cu, P and not for LiF:Mg, Ti, because the
latter is much less sensitive to changes of ionisation density. For
ions of adequately low energy (high LET) also h for LiF:Mg,Ti would
be splitted into branches (Berger and Hajek, 2008).

Another interesting effect is, that all values of LiF:Mg, Ti TL
efficiency for low LET He ions (2e3 keV/mm) exceeds unity. While
this over-response is small, it is statistically significant. Such effect
was predicted by some empirical models (Waligorski and Katz,
1980). Further investigations are planned for better under-
standing of TL response for high-energy helium ions and protons,
which are of special importance for space radiation dosimetry.

Table 1
Characteristics of the applied ion beams.

Ion type Primary beam energy
[MeV/n]

LET in water (at TLD position)
[keV/mm]

He 150 2.2e7.5
C 400, 135 11e42
Si 490 57
Fe 500, 300 201e669
O 400 20e39
Ne 400 31e74
Ar 500 96e156
Kr 400 458e631
Xe 290 1488

Fig. 1. TL glow-curves for ion beams of different LET.
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In Figs. 3 and 4, the relative TL response to several ion species is
compared for different production batches of TLDs. It can be seen,
that the variability of the relative response is within a few percent
only. Similar results were recently published also for TLD-700
(Berger and Hajek, 2008). It should be, however, emphasizes, that
this good consistency of results within these studies does not imply
that the LET characteristics of TLDs are in general never batch-
dependent.

In the Table 2 values of the relative TL efficiency obtained with
different methods of glow-curve analysis are compared. Three
methods were applied: Region-of-Interest approach (ROI), i.e.
integration of a TL glow-curve over the main peak area, main
peak height measurement and glow curve deconvolution. For
deconvolution, the program GlowFit, with the first order kinetic
model implemented, was used (Puchalska and Bilski, 2006).
Besides results obtained for the main peaks (peak 5 for MTS and
peak 4 for MCP), for LiF:Mg, Ti relative efficiency was also eval-
uated for the sum of the overlapped peaks 4 and 5, and sepa-
rately for the peak 4 as well. Peak 4 was found to exhibit much
lower efficiency than the main peak 5. As a consequence, the
relative efficiency based on the sum of peaks 4 and 5 shows
somewhat lower values than if evaluated with other methods. A
systematic difference between vales based on the sum of peaks
4þ 5 and on the ROI, indicates that other small, overlapped
components of this composite peak has influence on the overall
efficiency. Nevertheless differences introduced by different
methods of glow-curve analysis are below 10%. For LiF:Mg, Cu, P
the differences between different methods are totally negligible,
what is a result of much simpler glow-curve shape.

Fig. 2. Relative TL response of TLDs versus LET; (a) LiF:Mg,Ti (MTS-7), (b) LiF:Mg,Cu,P
(MCP-7). Solid lines represent the fitted empirical functions of type described by Eq.
(2) with parameters (a, b, c, d, g): 0.976, 0.993, 1.179, 0.052, 0.0194 (MTS) and 1.037,
0.402, 0.218, 0.0178, 0.0045 (MCP). Broken lines indicate separate branches of the
relationship for He and C ions (LiF:Mg, Cu, P). Error bars represent one standard
deviation and are shown only when their magnitude exceeds size of the plotted
symbols.

Fig. 3. Comparison of the relative response to different ions of LiF:Mg, Ti TLDs from
various production batches, measured within the ICCHIBAN-8 experiment.

Fig. 4. Comparison of the relative response to different ions of LiF:Mg, Cu, P TLDs from
two batches, measured within the ICCHIBAN-8 experiment.

Table 2
Comparison of the relative TL response evaluated using different methods of glow-
curve analysis (results of the ICCHIBAN-6).

C, 24.1 keV/
mm

C, 37.9 keV/
mm

Ar, 95.8 keV/
mm

Kr, 448.4 keV/
mm

LiF:Mg, Ti
Main peak integral

(ROI)
0.72� 0.005 0.64� 0.006 0.50� 0.004 0.41� 0.004

Main peak height 0.76� 0.013 0.64� 0.009 0.49� 0.006 0.40� 0.006
Deconvoluted peak 5 0.72� 0.006 0.62� 0.017 0.49� 0.003 0.39� 0.004
Deconvoluted peak 4 0.51� 0.020 0.44� 0.027 0.39� 0.007 0.34� 0.005
Deconvoluted peaks

4þ 5
0.69� 0.006 0.59� 0.014 0.47� 0.003 0.38� 0.003

LiF:Mg, Cu, P
Main peak integral

(ROI)
0.36� 0.002 0.29� 0.002 0.31� 0.002 0.29� 0.002

Main peak height 0.37� 0.007 0.28� 0.005 0.31� 0.007 0.28� 0.006
Deconvoluted peak 4 0.36� 0.006 0.30� 0.03 0.31� 0.006 0.28� 0.006
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4. Summary

Within this study the relative TL efficiency of LiF:Mg, Ti and
LiF:Mg, Cu, P was evaluated for wide range of radiation modalities:
more than 30 ion beams of different LET (nine ion types).

Both tested TLD types exhibited a decrease of relative
response with increasing ionization density e stronger for
LiF:Mg, Cu, P detectors. The relationship between efficiency and
LET was found to follow unique trend lines, as nearly all data
points lie within 5% around the fitted empirical functions. Such
unequivocal functional relationships is, however, a simplification,
which is correct only for high-energy ions. This limitation was
clearly illustrated by results obtained for LiF:Mg, Cu, P, which
show significant departure from the trend line for helium and
carbon ions of lowest energies.

Values of TL efficiency measured for various batches of TLDs
agree within a few percent. Differences introduced by different
methods of glow-curve analysis are small for LiF:Mg, Ti and totally
negligible for LiF:Mg, Cu, P (due to a very simple shape of the glow-
curve).

The measured relationships between relative TL efficiency and
LET will be used in the analysis of data obtained from space dosi-
metric experiments.
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Thermoluminescent (TL) detectors are often used for measurements of radiation doses in space. While
space radiation is composed of a mixture of heavy charged particles, the relative TL efficiency depends on
ionization density. The question therefore arises: what is the relative efficiency of TLDs to the radiation
present in space?

In the attempt to answer this question, the relative TL efficiency of two types of lithium fluoride
detectors for space radiation has been calculated, based on the theoretical space spectra and the
experimental values of TL efficiency to ion beams. The TL efficiency of LiF:Mg,Ti detectors for radiation
encountered at typical low-Earth’s orbit was found to be close to unity, justifying a common application
of these TLDs to space dosimetry. The TL efficiency of LiF:Mg,Cu,P detectors is significantly lower. It was
found that a shielding may have a significant influence on the relative response of TLDs, due to changes
caused in the radiation spectrum. In case of application of TLDs outside the Earth’s magnetosphere, one
should expect lower relative efficiency than at the low-Earth’s orbit.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The growing presence of humans in space, increases demands of
accuracy and reliability of cosmic radiation dosimetry. The space
radiation field is very complex and consists of variety of particles
covering extremely wide energy range. The energy spectrum is
peaked at about 1 GeV/n. While protons and helium ions compose
the dominant part of the space radiation spectrum, the contribu-
tion of heavy ions, like e.g. iron, is also very significant.

Thermoluminescent detectors (TLDs) have been used for
dosimetry of radiation in space for several decades: since early
Gemini flights, through the Apollo missions and programs utilizing
the orbital space stations: Skylab, Salyut and Mir (Benton and
Benton, 2001). Construction of the International Space Station
(ISS) provided a convenient platform for conducting experiments
on low-Earth orbit, also those aimed on radiation dosimetry and
exploiting TLDs. One of them is the MATROSHKA experiment,
which is the biggest application of TLDs in space research ever
realized (Reitz et al., 2009). In frame of this project, an anthropo-
morphic phantom equipped with several thousands of TLDs was
installed at the ISS in 2004. Since then, three experimental phases
(with installing of new sets of TLDs inside the phantom) of
All rights reserved.

alculation of the relative effi
s.2011.04.002
exposures inside and outside of the ISS has been completed.
Another experiment currently under realization, is DOSIS e

mapping of doses inside the Columbus module of the ISS.
TLDs are sensitive to all kinds of ionizing radiation including

heavy ions, but as it was found in numerous experiments, their
response depends on the ionization density. This dependence is
a result of non-linear dose response of TLDs, which at high-doses
may become supra- or sub-linear. Heavy charged particles
produce local regions of high-dose deposition, and as a conse-
quence TLDs may show over- or under-response (the latter effect
being more common). As the space radiation is composed of
a mixture of heavy charged particles, the question arises: what is
the relative efficiency of TLDs to the radiation present in space? Are
results produced by TLDs in space experiments correct or may be
they are significantly biased by the decreased efficiency? An
attempt to answer these questions is the main goal of the present
work. This will be realized by folding of the experimental data on
the relative efficiency of LiF TLDs to accelerator ion beams with the
space radiation spectra.
2. Space radiation spectrum

Cosmic radiation flux spectra F(E,Z) were generated using the
CREME96 package (Tylka et al., 1997), for ions ranging from Z¼ 1 to
Z¼ 28. CREME96 is a suit of programs developed originally to study
ciency of thermoluminescent detectors to space radiation, Radiation
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cosmic ray effects on microelectronics. It includes galactic cosmic
rays and trapped proton models, as well as calculations of
geomagnetic transmission and radiation transport through an
aluminum shielding. Dose spectra D(E, Z) were then calculated,
using LET (Linear Energy Transfer) values generated by the SRIM
computer code (Ziegler et al., 2010) for energy range from 1 MeV/
nuc to 10 GeV/nuc.

Within the study two different locations of a spacecraft were
taken into account:

- low-Earth’s orbit, with parameters typical for the ISS position
(altitude 350 km, inclination 52�), where radiation spectrum is
dominant by trapped protons of intermediate energies.

- interplanetary space (outside the Earth’s magnetosphere).

For each of these locations, several shielding thicknesses,
ranging from 1 g cm�2 to 80 g cm�2, were considered (what roughly
corresponds to values which might be encountered at the ISS).
Calculations were performed for year 2004 solar activity e the first
year of the MATROSHKA experiment. This date is located in the
middle between solar maximum (2001) and solar minimum
(2009). Solar cycle has some influence on the radiation spectrum:
at high solar activity the maximum of energy spectrum is shifted
toward higher energies (Reitz, 1993).

The examples of the calculated spectra for selected shielding
thickness and ion species (H, He, C, O and F) are presented in
Figs. 1e3. One should note the dominating contribution of protons
to the spectrum, particularly for energies below c.a. 300 MeV/nuc at
the low-Earth’s orbit (influence of trapped protons).
Fig. 1. The flux spectrum F(E,Z) of cosmic radiation, transmitted through 1 g cm�2 Al
shielding; a) the Earth’s orbit (350 km altitude), b) interplanetary space.

Fig. 2. The dose spectrum D(E,Z) of cosmic radiation transmitted through 1 g cm�2 Al
shielding; a) the Earth’s orbit (350 km altitude), b) interplanetary space.
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3. TL efficiency

Two types of TL detectors, both produced at the Institute of
Nuclear Physics in Kraków and applied in several space experi-
ments, were studied: LiF:Mg,Ti (MTS-7) and LiF:Mg,Cu,P (MCP-7).

Relative TL efficiency hkg (or relative TL response) is defined as
follows:

hkg ¼
Ik=Dk

Ig=Dg

where Ik and Ig are TL intensities after radiation k and after refer-
ence g-radiation (in this work 137Cs radiation was used). Dk and Dg

are the corresponding values of absorbed dose.
The data on the relative TL efficiency of these detectors for

various high-energy ions were gathered during last several years by
irradiations performed at the HIMAC accelerator in Chiba in frame
of ICCHIBAN (Yasuda et al., 2006; Bilski, 2006a; Bilski and
Puchalska, 2010) and HAMLET (Bilski et al., 2011) projects. These
measurements were supplemented by proton exposures performed
at NSRL Brookhaven (Berger et al., 2011) and Dubna accelerators
(Bilski, 2006b). The efficiency data are presented in Fig. 4.

As can be seen, for high-energy ions values of TL efficiency
approximately follow a unique trend line (solid lines in Fig. 4
represent empirical fits to the experimental data). It is known,
that for lower energies, the relationship between efficiency and LET
splits into separate branches for different ions. Within HIMAC
exposures, such low energies were in principle not reached. As
a consequence, the splitted efficiency branches were observed only
ciency of thermoluminescent detectors to space radiation, Radiation



Fig. 3. The dose spectrum D(E,Z) of cosmic radiation transmitted through 80 g cm�2 Al
shielding; a) the Earth’s orbit (350 km altitude), b) interplanetary space.

Fig. 4. Relative TL efficiency h vs. LET. Solid lines represent empirical fits. Broken lines
indicate separate efficiency branches for low-energy H, He and C ions. Error bars are
plotted only if significantly higher than a symbol size. a) LiF:Mg,Ti, b) LiF:Mg,Cu,P.
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for LiF:Mg,Cu,P detectors irradiated with He and C ions. In order to
obtain at least a very rough estimation of the mentioned effect for
LiF:Mg,Ti, the efficiency functions for H, He and C ions were
established(broken lines in Fig. 4) based on the data from literature
(Mukherjee, 1980; Schmidt et al., 1990; Berger and Hajek, 2008),
available mostly for TLD-100 detectors. For other ions, which are
much less abundant in the space spectrum and for which no data in
the low-energy range was available, this effect was neglected. It
must be emphasized that the efficiency values indicated by these
“efficiency branches” are surely biased by considerable uncer-
tainties and should be treated only as justified guesses. In further
calculations both models of efficiency-LET relationship: with or
without low-energy branches, were compared.

The average TL efficiency for cosmic radiation was then calcu-
lated, according to the following equation:

h ¼

Z

E;Z

DðE; ZÞhðE; ZÞdEdZ

Z

E;Z

DðE; ZÞdEdZ

4. Results and discussion

The results of calculations of the relative TL efficiency for both
detector types are presented in Fig. 5.
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For the low-Earth’s orbit, the relative TL efficiency of LiF:Mg,Ti is
close to unity, while for LiF:Mg,Cu,P it is significantly lower, as
expected. If low-energy efficiency branches are taken into account,
the efficiency values are a few percents lower. The fact that the
relative efficiency of LiF:Mg,Ti is close to one is a result of its efficiency
exceeding unity for high-energy H and He ions. This small over-
response for the main component of the cosmic radiation spectrum
seems just to compensate a very low efficiency for other more
abundant components. The shielding thickness influences the effi-
ciency of both TLDs in opposite way: for LiF:Mg,Ti it decreases, while
for LiF:Mg,Cu,P it increases with increasing thickness. This may be
explained as a combination of two effects: stopping of intermediate-
energy protons and He ions, for which LiF:Mg,Ti shows efficiency
higher than one (while LiF:Mg,Cu,P not), and a relative reduction of
the high-Z components of the spectrum at high shielding thickness
(for which efficiency of LiF:Mg,Cu,P is very low).

For conditions of an interplanetary space, the efficiencies of both
TLDs are lower than for the Earth’s orbit. With increasing shielding
thickness, the efficiency increases, what is caused again by the
relative reduction of the high-Z component of the spectrum. When
low-energy efficiency branches were taken into account, the
observed change in the response was negligible, due to domination
of high-energy particles.

Calculation of LiF:Mg,Cu,P/LiF:Mg,Ti response ratio produces
values ranging from 1.10 to 1.34, depending on shielding thickness.
ciency of thermoluminescent detectors to space radiation, Radiation



Fig. 5. Relative TL efficiency for cosmic radiation calculated for different thickness of Al
shielding, using two models of efficiency-LET relationship: with or without low-energy
branches; a) low-Earth’s orbit, b) interplanetary space.
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This is in agreement with the measured values e e.g. within the
MATROSHKA experiment this ratio ranged between 1.06 and 1.22
(Bilski et al., 2011).

5. Conclusions

The relative TL efficiency for space radiation has been calculated
for two types of lithium fluoride detectors, based on the theoretical
space spectra and the experimental values of TL efficiency to ion
beams. The TL efficiency of LiF:Mg,Ti for radiation encountered at
typical low-Earth’s orbit was found to be close to unity, justifying
a common application of these TLDs to space dosimetry. The TL
efficiency of LiF:Mg,Cu,P is significantly lower. The shielding has
Please cite this article in press as: Bilski, P., Calculation of the relative effi
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a significant influence on the relative response of TLDs, due to
changes caused in the radiation spectrum. In case of application of
TLDs outside the Earth’s magnetosphere, one should expect lower
relative efficiency than at the low-Earth’s orbit.

It should be emphasized, that the performed analysis were
based on several simplifications, regarding both radiation spectra
and TLD response. In order to improve accuracy of efficiency esti-
mation, it would be particularly desired, to obtain better experi-
mental data for low-LET ions (especially protons), which consists
the dominant component of the space spectrum.
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HAMLET is an European Commission research project aiming at optimal scientific exploitation of the data
produced within the space experiment MATROSHKA. During phase 1 of this experiment a human
phantom equipped with several thousands of radiation detectors (mainly TLDs) was exposed outside the
International Space Station for 1.5 years. Besides the measurements realized in Earth orbit, the HAMLET
project includes also a ground-based program of intercomparison of detector response to high-energy
ion beams.

Within the paper, the relative response of main glow-curve peaks of various TLDs (mostly based on
LiF) used in frame of the MATROSHKA experiment by three laboratories (DLR Cologne, ATI Vienna and IFJ
Krakow) for radiation in space and several ion beams, has been compared. For LiF:Mg,Ti detectors a very
good agreement between results obtained by the three laboratories was observed, both for space and
accelerator-based exposures. This should be considered a remarkable result, taking into account that the
studied TLDs originated from six different batches, manufactured by two producers exploiting different
production techniques and were processed by three laboratories, using significantly different protocols
(annealing, readout, calibration, glow-curve analysis). Another type of TL detectors, LiF:Mg,Cu,P, was
found to show response to cosmic radiation lower than that of LiF:Mg,Ti by 5%e18%.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Cosmic radiation is one of the main constraints for long duration
human space missions. Astronauts working in Low Earth Orbit
(LEO) are exposed to a radiation level, which is about hundred
times higher than the natural radiation on Earth and will be further
increased for travels to Mars. In perspective of the permanent
presence of humans in space there is a growing need for reliable
estimation of the radiation risk to astronauts.

In response to this need the European Space Agency (ESA)
organized the MATROSHKA (MTR) project (Reitz and Berger, 2006),
under the science and project lead of the German Aerospace Center
DLR. The MTR facility is an anthropomorphic phantom, which
mimics a human torso and head, equipped with over 6000 radia-
tion detectors. The majority of them are thermoluminescent
detectors (TLD), but also nuclear track detectors and active radia-
tion instruments are used. The facility is dedicated to determine the
All rights reserved.

al., Comparison of the respon
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depth dose and organ dose distribution in the body, for astronauts
working at the International Space Station (ISS). MATROSHKA is not
only the largest application of TLDs in space measurements, but it is
in general the largest international research initiative ever per-
formed in the field of space dosimetry. The project combines the
expertise of leading research institutions around the world, thereby
generating a huge pool of data of potentially immense value for
research.

Aiming at optimal scientific exploitation, the project HAMLET
(Human Model MATROSHKA for Radiation Exposure Determination
of Astronauts), was funded by the European Commission under the
FP7 program, in order to process and compile the data acquired
individually by the participating laboratories of the MATROSHKA
experiment. Based on the experimental input from the
MATROSHKA experiment phases, as well as on radiation transport
calculations, a three-dimensional model for the distribution of
radiation dose in an astronaut’s body will be built up. Further on,
the effective dose, as the best available estimation of the radiation
risk, will be evaluated.

Up to now three phases of the experiment have been realized:
MTR-1 (exposure outside the ISS), MTR-2A and MTR-2B (exposures
se of various TLDs to cosmic radiation and ion beams: Current results
meas.2011.03.023
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inside the ISS e PIRS and Zvezda modules respectively). The
exposure times varied between 1 and 1.5 years. The fourth phase e

exposure inside the Japanese Experiment Module Kibo, was started
in May 2010. The analyses of the MTR-1 data are now completed
and partly published (Reitz et al., 2009), while MTR-2A and MTR-2B
are still under evaluation.

Besides the measurements in the Earth orbit, the HAMLET
project includes also a large program of ground-based experiments.
The most important part of this program consists of the investi-
gation of the detector response to a small, well-defined subset of
the space radiation environment, available from high-energy
particle accelerators. The HAMLET team was granted with
a research project by the National Institute of Radiological Sciences,
Chiba, Japan, which enabled realization of several measuring
campaigns at the Heavy Ion Medical Accelerator, HIMAC (Chiba,
Japan).

The goal of this paper is to compare the response of different
TLDs used by the HAMLET co-investigators, both to space radiation
within the MTR-1 orbital exposure and to various ion beams.

2. Materials and methods

2.1. MATROSHKA-1 experiment

The MTR phantom is made of commercial phantom parts
established in the field of radiotherapy. It consists of 33 slices, each
with a thickness of 2.5 cm, and contains natural skeletal bones
embedded in tissue equivalent plastics (polyurethane). The density
of this plastic is modified spatially in order to account for the
differences between the lungs compared to other tissues in the
human body. In each slice, special channels were made to accom-
modate polyethylene tubes containing TL detectors at each 2.5 cm.
In this way the whole phantom was filled with over 4800 detectors
within a 2.5 cm grid. Additionally at positions of some important
organs (eye, lung, stomach, kidney and intestines) packages called
“organ dose boxes” were placed (Fig. 1a). In these boxes a larger
number of TLDs and nuclear track detectors prepared by various co-
Fig. 1. The MATROSHKA phantom. Arrows indicate locations of detector packages. a) View o
detectors and an “organ dose” package (“stomach”). b) The phantom torso dressed by the
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investigators, were accommodated. The phantom torso was
dressed by a travel jacket (“poncho”), in which further packages
with detectors (so called “poncho boxes”) were located (Fig. 1b).
The whole phantom was covered by a carbon fiber container of
average thickness w0.5 g/cm2, which roughly corresponds to the
thickness of a spacesuit (Fig. 1c).

The MTR facility was launched in January 2004 and mounted
outside the module Zvezda a month later. The exposure outside the
ISS lasted 539 days, whereupon the phantom was transported into
the station, passive detectors were dismounted and in October
2005 downloaded to the Earth. The total time spent in space by the
detectors of the MTR-1 experiment was 616 days.

2.2. TL detectors

The majority of TLDs used inside the phantom were provided by
three laboratories: Institute of Nuclear Physics (IFJ) in Krakow,
German Aerospace Centre (DLR) in Cologne and Institute of Atomic
and Subatomic Physics in Vienna (ATI). Each of these three
participating groups provided TLD types according to their own
choice and processed them according to their own procedures. One
of the goals of the HAMLET project is to ensure that the results
obtained in this way are consistent. Table 1 summarizes the types of
detectors used by the three co-investigating laboratories. All groups
used 7LiF:Mg,Ti and 6LiF:Mg,Ti detectors and comparison of
performance of these TLDs will comprise the main part of this
study.

MTS-7, MTT-7, MTS-6 and MCP-7 detectors were manufactured
at the IFJ Krakow and have the form of circular pellets with diam-
eter 4.5 mm and thickness 0.6 mm. The remaining TLDs were
produced by Thermo Fisher Scientific (Harshaw) and have form of
square chips 3.2 � 3.2 � 0.9 mm. MTT-7 detectors are a variant of
LiF:Mg,Ti with changed activator concentrations and increased
response to high-LET radiation (Bilski et al., 2004).

The selected details of the measurement procedures applied by
the three laboratories are compared in Table 2. The gamma cali-
brations were realized in terms of absorbed dose in water.
f one of the phantom slices (#20) showing polyethylene tubes with the integrated TLD
“poncho”. c) The phantom covered by the container.

se of various TLDs to cosmic radiation and ion beams: Current results
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Table 1
TLDs used by different groups in the MATROSHKA-1 experiment.

TL material Trade name Groups
7LiF:Mg,Ti TLD-700 ATI, DLR

MTS-7, MTT-7 IFJ

6LiF:Mg,Ti TLD-600 ATI, DLR
MTS-6 IFJ

7LiF:Mg,Cu,P TLD-700H DLR
MCP-7 IFJ

6LiF:Mg,Cu,P TLD-600H DLR
CaF2:Tm TLD-300 ATI

Table 3
Ions and energies used at the HIMAC.

HIMAC run Ion Primary beam
energy [MeV/nuc]

HIMAC-1 May 2008 4He2þ 150
12C6þ 400
56Fe26þ 500

HIMAC-2 February 2009 4He2þ 150
56Fe26þ 500

HIMAC-3 February 2010 12C6þ 400
28Si14þ 490
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2.3. HIMAC exposures

In the years 2008e2010 four HAMLET/HIMAC runs have been
performed. Within this paper the results of the first three runs are
presented, as the fourth is still under evaluation. The ion beams
used in these experiments are described in Table 3.

Within HIMAC-2 and -3 runs, PMMA filters were additionally
used to decrease beam energies and thus obtain higher LET values.
The beam dosimetry was provided by the HIMAC team based on ion
chamber measurements in terms of absorbed dose in water. The
delivered doses were at the level of 100 mGy. The LET values for the
used beams were calculated using the SRIM-2008 code (Ziegler
et al., 2010). In frame of the HIMAC exposures the relative effi-
ciency of most of the TLD types used within MTR-1 was
investigated.
3. TL response

3.1. Space radiation

The relative TL efficiency is usually defined as the TL signal
produced per unit dose and mass by a radiation under study, with
respect to the TL signal per unit dose produced by a reference
radiation. For measurements in space this quantity cannot be
determined, as one does not know the true dose values of the
cosmic radiation. A quantification of the TL response may be real-
ized only in a comparative way, by determining relative ratios of
doses measured by different types of TLDs.

Among the results of the MTR-1 experiment, the data from TLDs
distributed in the 3D grid over the phantom volume were not
suitable for determining the relative TL response, because in each
measuring position TLDs supplied by only one laboratory were
placed. As the radiation field inside the phantom is not uniform,
Table 2
Parameters of the measurement procedures applied by ATI, DLR and IFJ.

Parameter ATI DLR

TL reader TL-DAT.II Har
Heating method Contact Hot
Photomultiplier Thorn EMI 9635 QB with Corning 7-59 filter Ham
Neutral gas flow Nitrogen Nitr
Heating rate 5 �C/s 5 �C
Calibration source Co-60 Cs-1
Pre-heat 120 �C (30 min)* No p
Glow-curve analysis Main peak height** Mai

Annealing cycle***:
LiF:Mg,Ti 400 �C (1 h) slow cooling 400
LiF:Mg,Cu,P e 240
CaF2:Tm 400 �C (1.5 h) slow cooling e

* e TLD-600 and TLD-700 only; ** e for TLD-300 peak 5 height was used; *** e “slow co
from the hot oven after the end of the annealing period.
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a comparison between TLDs would be meaningless and conse-
quently these data were excluded from the present analysis. The
comparison of the TLD response was therefore based on the data
from: “organ boxes” (five detector packages located inside several
slices of the phantom), “poncho boxes” (six detector packages
located at the outer surface of the phantom) and two reference
packages stored inside the ISS, where all TLDs were located rela-
tively close to each other. In each of these packages 4e5 TLDs of
each type were placed. The dose rates measured at all these loca-
tions with all TLD types are presented in Table 4.

It can be seen that both packages stored inside the ISS show very
good agreement (both values always within 5%). However, for
packages placed inside and outside the phantom some scattering of
results is present. The reason for this is again the non-uniformity
of the radiation field. Packages located inside the phantom had size
of about 5 cm (see Fig. 1a). Consequently TLDs positioned in different
parts of a box, were actually at different depth into the phantom.
Even stronger effects may be observed for the packages outside the
phantom. Here, an important role played also distribution of TLDs in
two layer. Detectors located in the bottom layer measured signifi-
cantly lower doses, due to attenuation of weakly penetrating
component of the field. This affected mostly DLR detectors.

For that reason for direct comparison between TLD types only
the reference packages stored at the ISS, where radiation field was
most uniform, were used. For each TLD type the relative response
was calculated by dividing the dose values measured by a given
laboratory by the mean value of doses measured by ATI, DLR, IFJ
with 7LiF:Mg,Ti detectors. The results are presented in Table 5.

Among all results of particular importance are those obtained
for LiF:Mg,Ti detectors. For packages located inside the phantom
and inside the ISS, all but one 7LiF:Mg,Ti results are within �5%. For
6LiF:Mg,Ti the variation of results is somewhat bigger, but still very
low. This indicates that the differences in experimental procedures
applied by the three laboratories, have not biased results in
IFJ

shaw 5500 RA’94 (Mikrolab)
nitrogen gas Contact
amatsu RC095 HA Thorn EMI 9789 QB with BG-12 filter

ogen Argon
/s 10 �C/s
37 Cs-137
re-heat 120 �C (30 min)

n peak height Main peak integral

�C (1 h). 100 �C (2 h) slow cooling 400 �C (1 h). 100 �C (2 h) fast cooling
�C (10 min) fast cooling 240 �C (10 min) fast cooling

e

oling” means cooling of TLDs inside an oven, “fast cooling” means removing of TLDs

se of various TLDs to cosmic radiation and ion beams: Current results
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Table 4
Dose rates in mGy/day (in terms of absorbed dose in water) measured with TLD packages at various locations at the MATROSHKA facility and on the ISS during the MTR-1
phase, averaged over the 1.5-year period of exposure. The uncertainties represent only the experimental standard deviation of TLD results.

Location of the package DLR ATI IFJ

TLD-600 TLD-700 TLD-600H TLD-700H TLD-600 TLD-700 TLD-300 MTS-6 MTS-7 MCP-7 MTT-7

Detector packages inside the phantom:
Slice 3 (eye) 0.32 � 0.02 0.34 � 0.01 0.20 � 0.01 0.22 � 0.01 0.31 � 0.01 0.31 � 0.01 0.28 � 0.01 0.32 � 0.01 0.31 � 0.02 0.25 � 0.01 0.27 � 0.01
Slice 15 (lung) 0.25 � 0.01 0.23 � 0.01 0.19 � 0.01 0.18 � 0.01 0.28 � 0.02 0.24 � 0.01 0.23 � 0.01 0.29 � 0.01 0.23 � 0.01 0.18 � 0.01 0.23 � 0.01
Slice 20 (stomach) 0.28 � 0.01 0.25 � 0.01 0.18 � 0.01 0.18 � 0.01 0.28 � 0.01 0.23 � 0.02 0.21 � 0.03 0.27 � 0.01 0.22 � 0.01 0.19 � 0.02 0.23 � 0.02
Slice 22 (kidney) 0.22 � 0.01 0.21 � 0.01 0.17 � 0.01 0.16 � 0.01 0.27 � 0.01 0.23 � 0.01 0.22 � 0.02 0.28 � 0.01 0.24 � 0.01 0.19 � 0.02 0.24 � 0.02
Slice 27 (intestine) 0.26 � 0.02 0.22 � 0.01 0.18 � 0.01 0.16 � 0.01 0.25 � 0.02 0.21 � 0.01 0.20 � 0.01 0.26 � 0.01 0.20 � 0.01 0.17 � 0.02 0.21 � 0.01

Detector packages on the phantom surface:
Top of head 0.50 � 0.03 0.54 � 0.04 0.35 � 0.01 0.38 � 0.02 0.48 � 0.03 0.49 � 0.02 0.51 � 0.01 0.50 � 0.01 0.58 � 0.07 0.48 � 0.06 0.48 � 0.02
Front up 0.60 � 0.03 0.59 � 0.03 0.48 � 0.02 0.44 � 0.01 0.71 � 0.04 0.62 � 0.03 0.56 � 0.03 0.70 � 0.05 0.67 � 0.03 0.61 � 0.04 0.71 � 0.06
Front down 0.47 � 0.03 0.47 � 0.02 0.40 � 0.02 0.39 � 0.01 0.61 � 0.07 0.55 � 0.03 0.54 � 0.06 0.60 � 0.04 0.61 � 0.06 0.55 � 0.04 0.61 � 0.03
Left side 0.41 � 0.03 0.40 � 0.02 0.32 � 0.01 0.33 � 0.01 0.52 � 0.02 0.46 � 0.01 0.44 � 0.03 0.50 � 0.03 0.49 � 0.03 0.42 � 0.04 0.50 � 0.03
Right side 0.44 � 0.02 0.41 � 0.02 0.36 � 0.03 0.33 � 0.01 0.55 � 0.02 0.48 � 0.02 0.48 � 0.02 0.53 � 0.03 0.50 � 0.03 0.44 � 0.03 0.54 � 0.04
Back up 0.45 � 0.03 0.41 � 0.01 0.37 � 0.03 0.33 � 0.01 0.58 � 0.04 0.48 � 0.02 0.44 � 0.02 0.55 � 0.05 0.49 � 0.03 0.44 � 0.03 0.54 � 0.04
Back down 0.42 � 0.03 0.40 � 0.02 0.35 � 0.02 0.33 � 0.01 0.53 � 0.04 0.47 � 0.02 0.42 � 0.02 0.52 � 0.04 0.47 � 0.03 0.41 � 0.02 0.52 � 0.05

Detector packages stored inside the ISS:
#1 0.18 � 0.01 0.16 � 0.01 0.15 � 0.01 0.15 � 0.01 0.20 � 0.01 0.17 � 0.01 0.19 � 0.01 0.20 � 0.01 0.16 � 0.01 0.16 � 0.01 0.17 � 0.01
#2 0.18 � 0.01 0.17 � 0.01 0.15 � 0.01 0.15 � 0.01 0.21 � 0.01 0.18 � 0.01 0.18 � 0.01 0.19 � 0.01 0.16 � 0.01 0.15 � 0.01 0.17 � 0.01
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a systematic way. This conclusion is very encouraging, considering
the need of combining together the datasets produced by different
investigators.

The relative response of LiF:Mg,Cu,P detectors is lower than that
of LiF:Mg,Ti, but the difference between both types is not that large,
as one may expect keeping in mind very low efficiency of
LiF:Mg,Cu,P to heavy ions (see paragraph 3.2). This is certainly an
effect of dominating contribution of protons and helium ions in the
spectrum. Due to the same reason the response of MTT-7 is nearly
identical with that of MTS-7, in spite of the much higher efficiency
of MTT-7 to high-LET radiation (see Fig. 2). In a similar way may be
interpreted the results of TLD-300, which efficiency to high-LET
particles exceeds that of LiF:Mg,Ti (Hajek et al., 2008) The differ-
ence between results of TLD-700H and TLD-600H is negligible
(particularly outside the phantom), what is a result of low intensity
of thermal neutrons and low efficiency of these detectors to the
products of neutron reaction with 6Li.

3.2. Ion beams

The obtained results, expressed as the relative TL efficiency, are
gathered in Table 6. Fig. 2 shows the same data presented as
a function of radiation LET. As can be seen, the relative efficiency
decreases with increasing LET for all LiF TLD types. The relative
efficiency of MTT-7 is higher than that of other LiF:Mg,Ti TLDs,
while efficiency of MCP-7 is much lower, as was expected. The
Table 5
Relative response of different TLDs to space radiation inside the
ISS, with respect to the mean value of doses measured by ATI,
DLR, IFJ with 7LiF:Mg,Ti detectors.

Lab/TLD type Relative response

ATI/TLD-700 1.05 � 0.05
DLR/TLD-700 0.98 � 0.04
IFJ/MTS-7 0.97 � 0.04
ATI/TLD-600 1.24 � 0.06
DLR/TLD-600 1.08 � 0.04
IFJ/MTS-6 1.14 � 0.05
DLR/TLD-700H 0.88 � 0.05
IFJ/MCP-7 0.92 � 0.04
DLR/TLD-600H 0.89 � 0.04
IFJ/MTT-7 1.01 � 0.04
ATI/TLD-300 1.09 � 0.05
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efficiency values roughly follow unique trend lines, which is in
agreement with the previous observations for this energy range
(Bilski and Puchalska, 2010; Bilski, 2006; Berger and Hajek, 2008). It
should be mentioned however, that for lower ion energies, the
efficiency-LET relationship splits into separate branches. Possibly,
the observed lower values of efficiency for 6.9 keV/mm He ions,
which are below the trend lines for all TLD types, are caused by this
effect. This seems especially probable for LiF:Mg,Cu,P detectors,
which are known to be sensitive to any changes of ionization
density. On the other hand, the data points for this LET value, may
well be just experimental outliers, as for LiF:Mg,Ti and particularly
for MTT-7, for which decrease of efficiency seems less probable. The
relative efficiency of all LiF:Mg,Ti detectors for low-LET He ions was
found to exceed unity, which is again in good agreement with the
previous findings.

The main goal of the experiments at HIMAC was checking
a consistency of TLD results between different groups. This was
particularly important for LiF:Mg,Ti detectors, which were used by
all laboratories and which comprised the basis for organ dose
evaluation. To quantify the consistency of results, the values of the
relative efficiency of all TLD groups were divided by the mean value
Fig. 2. Relative efficiency of various TLD types vs. LET.
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Table 6
Relative efficiency of different TLDs measured for the HIMAC ion beams. The uncertainties represent only the experimental standard deviation of TLD results. The values of
uncertainty equal to zero, which are given in some cases, mean that uncertainty is below 0.005.

HIMAC run Ion LET [keV/mm] Relative efficiency

DLR ATI IFJ

TLD-600 TLD-700 TLD-600 TLD-700 MTS-6 MTS-7 MCP-7 MTT-7

H-1 He 2.23 1.12 � 0.02 1.08 � 0.02 1.16 � 0.05 1.09 � 0.03 1.06 � 0.02 1.04 � 0.02 0.76 � 0.01 1.08 � 0.03
C 11.0 0.91 � 0.03 0.91 � 0.01 0.96 � 0.02 0.93 � 0.02 0.97 � 0.01 0.98 � 0.02 0.50 � 0.01 1.09 � 0.03
Fe 198.2 0.48 � 0.01 0.46 � 0.01 0.49 � 0.01 0.46 � 0.01 0.49 � 0.01 0.49 � 0.02 0.30 � 0.00 0.64 � 0.02
Mixed: He(83.3%), C(8.4%), Fe(8.4%) 19.4* 1.03 � 0.03 1.02 � 0.02 1.12 � 0.01 1.05 � 0.03 1.04 � 0.02 1.02 � 0.02 0.70 � 0.04 1.05 � 0.01

H-2 He 2.23 1.06 � 0.03 1.02 � 0.00 1.13 � 0.01 1.19 � 0.02 1.02 � 0.01 1.07 � 0.02 0.75 � 0.04 1.02 � 0.01
He 6.9 0.91 � 0.03 0.87 � 0.02 0.96 � 0.03 0.95 � 0.04 0.99 � 0.03 0.98 � 0.01 0.50 � 0.03 1.03 � 0.04
Fe 199.7 0.51 � 0.02 0.53 � 0.02 0.49 � 0.02 0.51 � 0.01 0.47 � 0.01 0.45 � 0.03 0.28 � 0.03 0.66 � 0.05
Fe 332.9 0.51 � 0.01 0.48 � 0.02 0.45 � 0.01 0.49 � 0.02 0.46 � 0.01 0.47 � 0.01 0.27 � 0.01 0.60 � 0.05

H-3 Si 55.0 0.59 � 0.01 0.60 � 0.03 0.61 � 0.02 0.60 � 0.03 0.62 � 0.00 0.67 � 0.05 0.34 � 0.01 0.82 � 0.01
Si 74.2 0.56 � 0.02 0.56 � 0.01 0.54 � 0.03 0.56 � 0.02 0.57 � 0.00 0.55 � 0.01 0.32 � 0.01 0.81 � 0.02
Si 130.2 0.52 � 0.06 0.53 � 0.04 0.54 � 0.01 0.55 � 0.01 0.53 � 0.00 0.51 � 0.01 0.29 � 0.01 0.73 � 0.02
Si 151.4 0.52 � 0.04 0.51 � 0.05 0.54 � 0.01 0.54 � 0.02 0.53 � 0.00 0.51 � 0.00 0.28 � 0.00 0.75 � 0.02
C 10.9 0.95 � 0.01 0.96 � 0.03 0.98 � 0.03 0.98 � 0.02 0.95 � 0.01 0.96 � 0.01 0.51 � 0.01 1.11 � 0.03
C 18.9 0.81 � 0.02 0.80 � 0.01 0.85 � 0.02 0.84 � 0.05 0.82 � 0.02 0.81 � 0.01 0.45 � 0.01 0.98 � 0.06
C 30.3 0.69 � 0.02 0.68 � 0.00 0.74 � 0.03 0.74 � 0.05 0.72 � 0.00 0.69 � 0.01 0.37 � 0.01 0.91 � 0.02
C 37.2 0.65 � 0.01 0.65 � 0.01 0.70 � 0.02 0.71 � 0.01 0.68 � 0.00 0.68 � 0.01 0.34 � 0.01 0.95 � 0.03

* e dose averaged LET.
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for a given exposure. The results are presented as a function of LET
in Fig. 3. As one can see, nearly all data points fall into a �10% band.
Only three data points outlie this band by about 1% (what is within
the uncertainties range). There is no systematic difference between
TLD batches nor between laboratories, with the exception of the
ATI/TLD-600 results, which show the highest values for most of
exposures. This could be an effect of slightly different properties of
this batch, especially that glow-curves of detectors from this batch
differed from the typical pattern (peak 4 nearly equal to peak 5).
The observed dispersion of results is remarkably low, considering
that the data were obtained for six different batches of TLDs,
manufactured by two producers and processed by three laborato-
ries, using significantly different protocols (annealing, readout,
calibration, glow-curve analysis).

Within the HIMAC-1 run, a mixed ion exposure was realized,
with intention to simulate, in a simplified way (with He ions
instead of protons), a space radiation exposure. The measured
relative efficiency of LiF:Mg,Ti for this radiation field was found to
Fig. 3. Ratio of the relative TL efficiency of different groups of LiF:Mg,Ti detectors to
the mean value for a given ion exposure.
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be close to unity in all cases. This is a result of the greater than one
relative efficiency for light ions, which compensates the decreasing
efficiency for heavier particles. Similar behavior is expected also for
the real cosmic radiation spectrum (Bilski, 2011).

4. Conclusions

The relative response of the main glow-curve peaks of various
TLDs used in frame of the MATROSHKA experiment has been
compared for radiation field in space and for several high-energy
ion exposures.

For LiF:Mg,Ti a quite good agreement between space results
obtained by three participating laboratories was observed, in spite
of different experimental protocols applied. This is an important
conclusion, in view of the need of combining the datasets produced
by different investigators. The relative response of LiF:Mg,Cu,P
detectors to cosmic radiation was found to be lower than that of
LiF:Mg,Ti (5%e18%), but the difference between both types is not
that large, as one may expect keeping in mind very low efficiency of
LiF:Mg,Cu,P to heavy ions.

The results obtained with ion beams from the HIMAC acceler-
ator in general agree with the previous findings: relative efficiency
for all studied TLDs decreases with increasing LET and the efficiency
values roughly follow unique trend lines. Again a very good
conformity of LiF:Mg,Ti results was observed. Among 16 exposures
of TLDs from 6 different batches, only three data points were found
to be slightly outside a 10% limit around the mean value. This
should be considered a remarkable result, taking into account that
these six TLD batches were manufactured by two producers,
exploiting different production techniques, and they were pro-
cessed by three laboratories, using significantly different proce-
dures (annealing, readout, calibration, glow-curve analysis).
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