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Abstract
One of the well known advantages of thermoluminescence (TL) detectors made of lithium fluoride 
doped with magnesium, copper and phosphorus (LiF:Mg,Cu,P) is their very high sensitivity to ionizing 
radiation. LiF:Mg,Cu,P detectors enable measurements of radiation doses from tens of nanograys up 
to a few kilograys, when the total saturation of the signal of the so-called main dosimetric peak (at 
about 220°C) occurs. In 2006 for the first time we observed unprecedented high-temperature emission 
of LiF detectors heated to temperatures up to 600°C, after exposures to radiation doses ranging from 
1 kGy to 1 MGy. For quantification of the glow curve shape changes of LiF:Mg,Cu,P detectors in this 
range of doses and determination of the absorbed dose, the high temperature coefficient (UHTR) was 
defined. This newly established dosimetric method was tested in a range of radiation qualities, such 
as gamma radiation, electron and proton beams, thermal neutron fields and in high-energy mixed 
fields around the SPS and PS accelerators at CERN. A number of dosimetric sets with LiF:Mg,Cu,P 
detectors are currently installed around the LHC at CERN. The new method for ultra-high dose range 
monitoring with a single LiF:Mg,Cu,P detector, which is capable of covering at least twelve orders of 
magnitude of doses, can be used for dosimetry at high energy accelerators and has great potential for 
accident dosimetry in particular.
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Introduction

There are many kinds of technology impact on the environment. Many facilities that are being built 
in recent years pose a challenge to radiation protection and dosimetry; dosimetric measurements 
appropriate for their environment monitoring need to cover a very wide range of doses. These 
facilities are high-energy accelerators developed for research and hadron therapy of cancer (which 
number is rapidly growing) as well as thermonuclear fusion technology facilities which hopefully 
shall contribute to energy production in future helping the climate change mitigation. Among them 
is the largest high-energy accelerator (the Large Hadron Collider, LHC, at CERN) which started its 
operation in 2009. The crucial milestone in the development and implementation of the nuclear 
fusion technology is going to be the ITER (International Thermonuclear Experimental Reactor), 
which is being under construction at Cadarache (France), and which will generate fast neutron 
fluxes 1000 times larger than in the largest installation up to date (JET - Joint European Torus). These 
technologies produce complex radiation fields in the vicinity of installations. From the radiation 
protection point of view all these facilities require measurements of environmental doses of mixed 
radiation [1]. These radiation fields typically consist of charged hadrons, muons, neutrons as well as 
photons and electrons with energy spectrum extending from fractions of eV to several hundreds of 
GeV. The intensity of this radiation may be very high [2]. Monitoring the radiation field around such 
facilities may require several thousands dosimetric devices, because of its dimensions and complex 
distributions of radiation  [3]. A solution to this problem will require application of a dosimetric 
system that consists of passive dosimeters, mainly alanine, RPL [4] and TLDs [5].

The thermoluminescent dosimeters (TLD) are well developed technology in the field of passive 
radiation sensors, already widely used  [6,7]. LiF:Mg,Cu,P detectors are the most suitable material 
for environmental radiation monitoring due to their high sensitivity, low background, suitable 
energy dependence and long-term stability [8,9]. They are able to measure doses at the level of tens 
of nanogray  [10] and are becoming a standard in the modern environmental TL dosimetry  [11]. 
Nevertheless, such sensors have not yet been applied in the radiation environment as it is presented 
by the technologies mentioned above. The response of lithium fluoride thermoluminescent 
detectors is known quite well for typical types of radiation such as photons, neutrons and beta 
particles, but there is only limited knowledge about their response to complex mixed radiation 
fields, such as those expected around e.g. the LHC, especially in a high-energy range. By exposing TL 
detectors to a well-defined mixed high-energy radiation field better knowledge and understanding 
of their response to these fields has been achieved. The experiments in a known mixed radiation 
environment were conducted at the CERN-EU high energy reference field facility (CERF), providing 
radiation fields similar to those expected around the Large Hadron Collider (LHC) and behind the 
LHC’s shielding walls  [12]. Measurements in this experiment were performed in both the lower 
(mGy) and the higher (1-150 Gy) range of doses [5]. For the latter range, in addition to the experiment, 
Monte Carlo simulations were performed giving good agreement for high energy mixed fields. Tests 
at doses up to tens of kGy were also done at the CERN’s PS-IRRAD6 facility providing mixed high-
energy particles, up to now. They are still under evaluation, however, preliminary results are very 
promising.

In addition, new behaviour of high sensitive thermoluminescent detectors (LiF:Mg,Cu,P) at 
high [13] and ultra-high doses [14] has been recently discovered, which allows using these detectors 
for measurements of doses from tens of nanograys up to several hundred kGy  [15]. The most 
important finding is the appearance of a new peak of light emission from detectors exposed above 
50 kGy [14, 15]. After having discovered the unexpected behaviour of LiF:Mg,Cu,P detectors at very 
high doses, a detailed study of the response of LiF sensors to specific radiation types was carried 
out. Comprehensive measurements of their response after photon, electron, proton and thermal 
neutron high-dose irradiation were completed, and the results confirmed the high-dose behaviour 
of LiF:Mg,Cu,P detectors  [14-17]. In this way it was confirmed that the dynamic range of these 
detectors is meant to cover very broad range of doses.
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Materials and measurements

Materials and readout methods
The response of different LiF-based TL detectors was extensively investigated for the purpose of 
high-dose high-temperature testing during the last few years. Efforts concentrated on high sensitive 
LiF:Mg,Cu,P (MCP-N), 7LiF:Mg,Cu,P (MCP-7), 6LiF:Mg,Cu,P (MCP-6) detectors, equivalent to TLD-
100H, TLD-700H, TLD-600H, respectively. However, standard LiF:Mg,Ti (MTS-N), 7LiF:Mg,Ti (MTS-7), 
6LiF:Mg,Ti (MTS-6), equivalent to TLD-100, TLD-700 and TLD-600, respectively, were also tested in 
order to observe differences in their response. All detectors were developed and produced at the 
Institute of Nuclear Physics (IFJ), Krakow.

The standard annealing cycle was applied; for MCP detectors 240°C for 10 minutes, and for MTS 
detectors 400°C for 1h followed by 100°C for 2h. The readout was performed with the MICROLAB 
Manual Reader-Analyzer RA’94, with a bialkali photomultiplier tube, at temperatures up to 600°C 
with a linear heating rate of 2 K/s. To reduce the high-dose TL signal to PMT a filter was applied in 
order to avoid malfunctioning during the high-dose readout.

Measurements/Irradiation
Detectors were tested at high doses of photons up to 500 kGy; 60Co sources at the IFJ, Saclay and 
KAERI were used [13-15]. The tests with a 10 MeV electron beam were carried out at the Institute 
of Nuclear Chemistry and Technology, Warsaw, with doses ranging from 5 kGy to 1 MGy [16]. Also 
the tests with a 25  MeV proton beam at the Maier-Leibnitz Laboratory in Garching, Germany, 
were performed in order to check the behaviour of the glow curve in the high-dose region after 
irradiation with heavy particles (with LET more than an order of magnitude higher than in previous 
experiments) [15]. In addition, irradiations with 24 GeV/c protons (up to 1 MGy) were done in CERN’s 
Proton Synchrotron IRRAD1 facilities [17]. The occurrence of the peak “B” (a high-temperature peak) 
in the MCP’s glow-curve of MCPs resulting from high-dose irradiation was confirmed but it was not 
observed for MTS detectors [17]. Also the behaviour of LiF:Mg,Cu,P and LiF:Mg,Ti detectors at high 
and ultra-high thermal and epithermal neutron doses up to 1 MGy was investigated at the TRIGA 
Mark II reactor at the Reactor Research Center of the Jožef Stefan Institute (JSI) in Ljubljana. The 
results of all these irradiations confirmed the high-dose behaviour of the MCP detectors.

High temperature LiF:Mg,Cu,P emission

The shape of the MCP’s glow-curves is practically identical when they result from doses ranging 
from nanograys to a kilogray. However, significant changes of this shape have been discovered at 
high and very high doses, as an outcome of all the experiments mentioned above. High temperature 
peaks start to grow at doses above one kilogray and continue to grow up to doses about 50 kilogray 
when a completely new, well separated peak, called peak “B” (see Figure 1), appears in the MCP’s 

Figure 1: LiF:Mg,Cu,P glow-curves resulting from 10 MeV electron irradiation
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glow-curve beyond 400°C, and its position shifts towards higher temperatures with increasing dose 
(e.g.  from 405°C at 50 kGy to 470°C at 500 kGy for gamma irradiation results) in contradiction to 
standard TL models [18].

TL emission of highly irradiated LiF:Mg,Cu,P detectors is very complex, especially in the region 
of very high doses. It was also found that above 20 kGy the TL emission spectrum changes, shifting 
towards longer wavelength [14,19].

New method

The standard TL method of dose measurements in the range of doses up to 1 kGy in exploiting the 
integrated signal of the main peak (with necessary correction for saturation of this peak for doses 
higher than 1 Gy), so for this purpose the TL signal is usually integrated up to 250°C.

Glow curves in the range from 1 kGy to 1 MGy
The results of the investigation of the LiF:Mg,Cu,P detectors’ behaviour in the high and ultra-high 
dose range revealed a number of possible glow-curve parameters that could be used for high-dose 
calibration. There was a pattern observed indicating that the glow curve shape is similar for three 
well defined temperature regions, see Figure 2.

Ultra-high temperature ratio (UHTR)
The so called “ultra-high temperature ratio” was defined as a ratio of the integrated TL signal for 
temperatures above the temperature Tx, to the total integrated TL signal:

 UHTR(Tx) =

∑
Tmax

T = Tx

IT

∑
Tmax

T = Tmin

IT

 (1)

where IT denotes TL signal at temperature T; Tmin and Tmax are minimum and maximum temperatures 
of the readout, respectively [20,21].

Regions of TL signal integration for determining the UHTR(250) and UHTR(350) parameters are 
shown in Figure 2, while Figure 3 presents UHTR(250) and UHTR(350) values resulting from the two 
types of irradiation, i.e. electrons and protons. A good agreement of these results enables us to fit 

Figure 2: The regions of integration of TL signal: 0-250°C, 250-350°C and 350-550°C
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calibration curves for both parameters. It has been found that UHTR(250) is a good dose estimator 
for doses from 1 kGy to 1 MGy, while UHTR(350) can evaluate well doses higher than about 50 kGy, 
i.e. in the region of the doses where the high-temperature peak “B” grows.

Ultra-high dose range dosimeter
The configuration of the TL dosimeter that was developed to measure doses within a very broad 
dynamic range is shown in Figure  4. In addition to the MCP-N or MCP-7 ultra-high dose range 
detector, the RADOS dosimeter slide is equipped with a pair of MTS-7 and MTS-6 TL detectors (7Li- or 
6Li-enriched). Thanks to this pair of detectors, such a dosimeter can also detect thermal and epithermal 
neutrons in addition to photons and other ionizing particles. In order to simplify the readout procedure 
of MCP-N/MCP-7 detectors, the MTS-N standard detector is used as a dose “indicator” that allows 
estimating of the dose level, so that we do not need to read the MCP detector out up to 600°C unless it 
has been exposed to a high dose.

Tests and measurements

In order to test this method with a specific radiation type, blind irradiation of the detectors with 
10 MeV electron beam was performed [20,21]. The doses were determined using previously fitted 
calibration of UHTR parameters (see Figure 3). It was observed that the parameter UHTR(350) was 
well suited for dose prediction above about 50 kGy, where the peak “B” was present in the glow 
curve, while UHTR(250) worked better in the region of tens of kilograys, as expected.

Figure 3: UHTR(250) and UHTR(350) for MCP detectors  
as a dose function (proton irradiation-triangles; electron-circles) [20]
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Figure 4: Configuration of the RADOS dosimeter with different types of TL detectors [15]
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To further enhance high reliability of TL detectors, the passive dosimeter holder was pro-
posed [15,22], which contained, in addition to four TL pellets in a RADOS dosimeter slide, alanine, 
a p-i-n diode and RPL detectors inserted together into polyethylene container. Such dosimeters are 
now applied at the LHC at CERN to measure doses at LHCb and TOTEM experiments conducted there.

Summary and conclusions

Recent investigations and the discovery described above  [14,15] could lead to great advances in 
thermoluminescent dosimetry technology by offering an attractive method for dosimetry of mixed 
radiation fields as well as a possibility of measuring a very wide range of doses with a single 
dosimeter [20,21]. Our results indicate that TLDs can be successfully applied to measuring of both 
low and high doses. Such a dosimeter constitutes a universal passive device for dosimetry around 
considered facilities, being not only highly reliable but cheap at the same time. This technology is 
already applied in dosimetry at the LHC and its experiments and is going to be applied in the hadron 
therapy facilities in Krakow. These applications will help spread the technology among other hadron 
accelerators including those devoted to medical applications.

An attempt of explaining the observed unexpected behaviour of the MCP detectors’ glow curve 
has been made [14,15]. It was proposed that traps and recombination centres could be considered as 
a system of interacting clusters. With increasing dose the size of the clusters grows, simultaneously 
increasing the effective activation energy and shifting the TL peak towards higher temperatures. 
However, the nature of these “defect clusters” is unknown. Investigations are in progress as the 
nature of this phenomenon is still unexplained.

The new method for ultra-high dose range monitoring with a single MCP detector is a very 
promising tool for accident dosimetry as it does not require any dose-range prediction.
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Figure 5: Passive dosimeter holder [22] with four types of  
passive sensors: TLD, alanine, p-i-n diode and RPL detectors [15]
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