
 
THERMOLUMINESCENT (TL) DOSIMETRY OF SLOW-NEUTRON FIELDS AT 

RADIOTHERAPY DOSE LEVEL 
G. Gambarini 

Dipartimento di Fisica dell’Università, Milano, Italy 
 e-mail grazia.gambarini  

http://users.unimi.it/~frixy/ 
 
 
Abstract 
The dosimetry for radiotherapy involving neutrons is very complicated, owing to the 
complexity of secondary radiation components, whose contributions to the total 
absorbed dose have to be discriminated, owing to the different radiobiological effects. 
In order to separate thermal neutrons and photons, LiF dosimeters are mostly 
utilized, containing different percentage of 6Li, like as TLD-700, TLD-100 and 
TLD-600, but many problems arise. In the response of TLD-700 exposed to neutron-
gamma mixed fields with high neutron flux, the contribution of thermal neutrons to the 
TL emission is high. Moreover, TLD-100 and TLD-600 may undergo radiation 
damage, and great care has to be taken in order to obtain reliable results. Other 
TLDs showing lower sensitivity to neutrons are proposed and experimented for such 
high-flux neutron fields. The faced problems and various proposed solutions are here 
described. 
 
 
1. Introduction  

The proper modalities of TLD utilization in neutron fields suitable for 
radiotherapy have been not yet well established. In fact, very high neutron fluxes are 
involved, and therefore the encountered problems are different from those faced in 
personal or environmental dosimetry, i.e. for low absorbed doses. In the field of 
radiation protection dosimetry, considerable amount of information is available in 
literature and satisfactory protocols for TLD utilization have been settled. On the 
opposite, few papers are found about TLD dosimetry in high neutron fluxes. 

Nevertheless, thermoluminescent dosimeters (TLD) are widely used in 
radiotherapy involving slow neutrons, such as boron neutron capture therapy 
(BNCT), both for the characterization of the radiation field and for in-phantom 
measurements aimed at validating the treatment planning and at verifying the 
computerized therapy protocols.  

BNCT is a binary modality for cancer treatment. In the first step, a suitable 
boron compound is delivered selectively to tumor cells; then, the tumor is irradiated 
with thermal neutrons. The isotope 10B has been chosen, owing to the high cross 
section for thermal neutrons (σ = 3837 b) of the reaction 10B(n,α)7Li and to the low 
range and high linear energy transfer (LET) of the secondary particles alpha and 7Li 
ions. This therapy can be advantageous for destroying radio-resistant tumors and 
diffused tumors.  

The therapeutic dose in tumors due to the accumulated isotope 10B can be 
easily evaluated, from measured thermal neutron fluences, utilizing kerma factors. 
But besides such a dose, it is of great importance for therapy planning the estimation, 
with the best possible precision, of the absorbed dose in the surrounding healthy 
tissues. In fact, the maximum neutron fluence admitted for therapy, in order not to 
exceed tolerance limits, is established on the basis of such a dose. The dose in 

http://users.unimi.it/~frixy/


healthy tissue comes from secondary radiations characterized by different LET and 
therefore different RBE (relative biological effectiveness). So, the various dose 
components have to be separated. 

Very high neutron fluences are necessary for radiotherapy purpose. For BNCT, 
a neutron fluence of about 1013 cm-2 is required. In order to perform patient 
exposures of not more than two hours, high fluxes are needed. At present, such 
neutron fields are obtained in nuclear reactors. Studies and experiments aimed at 
achieving suitable neutron beams from accelerators are in development. Owing to 
the fast decrease of thermal neutron flux in tissue, thermal neutrons are utilized only 
for skin tumors, like as melanoma. For deep tumors, like as glioblastoma that is the 
first object of this therapy, patients are exposed to epithermal neutron beams whose 
energy-spectrum is properly designed in order to obtain the maximum thermal 
fluence at the depth of the tumor. Neutron transport depends both on size and 
composition of the irradiated volume and on geometry and energy-spectrum of the 
neutron beam. TLDs are very advantageous for dosimetry in such fields, because 
their consistency (no cable is required) and their small dimensions allow to map the 
absorbed dose distribution without significantly modifying the neutron transport. 

The radiotherapy protocols, not yet standardized, are mainly based on 
computer simulations, but in-phantom measurements are always of main importance, 
in order to validate calculations and moreover in-vivo and in-air measurements are 
necessary to perform characterizations and controls of the utilized neutron fields.  

 
 

2. Dose components in tissue exposed to high fluxes of slow neutrons 
In tissue, or in tissue-equivalent phantoms, slow neutrons mainly loose energy 

through elastic scattering with light nuclei, therefore principally with hydrogen nuclei, 
and become progressively thermalized. Then, the cross sections for the reactions 
1H(n,γ)2H  (σ=0.33 b for thermal neutrons) and 14N(n,p)14C (σ=1.81 b for thermal 
neutrons) increase and the absorbed doses due to the secondary radiations emitted 
in such reactions with hydrogen and nitrogen become significant. The first reaction is 
responsible for dose absorption in phantom regions also far away from the position of 
the interaction; the second one, having the emitted protons about 0.6 MeV energy, 
gives local energy deposition and absorption. Therefore, this last dose can be 
evaluated from the thermal neutron fluence. Considering that the presence of 
nitrogen do not sensibly affect the neutron transport, usually the phantoms designed 
for BNCT do not contain N, but they have the right amount of H and moreover the 
suitable tissue-equivalence for secondary radiation. If 10B is selectively accumulated 
in some tissues, also the dose due to the reaction 10B(n,α)7Li has to be determined. 
Owing to the low range of α particles and 7Li ions, this energy is locally released, and 
it can be directly evaluated by fluence values too. In epithermal fields, the elastic 
scattering of neutrons gives a not negligible contribution; therefore  the so called ‘fast 
neutron dose’ (mainly due to recoil protons) has to be determined too. In conclusion, 
owing to the different path of γ-rays and charged particles, the percentages of the 
relative dose contributions are dependent on the size of the irradiated volume and on 
the shape and energy of the beam. 

If TLDs, or other small dosimeters, are placed in a phantom exposed to slow 
neutrons, they absorb the γ-dose coming from the reactions of thermal neutrons with 
H and eventually from the reactor background. The other secondary radiation 
components in tissue, above described, do not give measurable contribution in the 
dosimeter response, owing to the too short range of the involved charged particles. 



On the other hand, the same neutrons that would hit tissue at the position of the 
dosimeter, strike the dosimeter himself and release energy, in a way depending on 
dosimeter composition. In conclusion, the measured dose is the addition of the 
γ-dose in that position in phantom and of the dose, in TLD, due to neutrons flowing in 
the position of the dosimeter.  
The doses to be determined in phantoms are: i) γ-dose, ii) dose due to charged 
particles and iii) fast neutron dose. Usually, such doses are measured, mainly in 
water phantoms, utilizing paired ionization chambers for gamma and fast-neutron 
doses, and activation foils for thermal neutron fluences. The fast neutron dose is not 
measurable with TLDs, because the fast component of slow neutron beams releases 
a very small amount of energy in TL phosphors, because they are non-hydrogenous 
materials. The quantities that are measurable with TLDs are: the γ-dose and the 
thermal neutron fluence, from which all doses due to charged particles emitted in 
thermal neutron reactions are obtainable. 

 
3. Sensitivity of TL materials to slow neutrons 

In slow neutron fields, a gamma component is commonly present. Therefore, 
the research aimed at in-air, in-phantom or in-vivo dosimetry in high fluxes of slow 
neutrons, such as the fluxes required for radiotherapy purposes, is turned to find both 
neutron sensitive and neutron insensitive materials.  

The thermal neutron response of TL materials is strongly dependent upon the 
cross sections of the constituent elements. Therefore, TLD’s sensitivity to thermal 
neutrons is determined not only by their isotopic composition but also by dopants and 
impurities, if their capture cross-sections are high. Then, dosimeters of the same kind 
and supplied by the same manufacturer, but belonging to different batches, have 
shown different responses1,2. Moreover, if one element of the TLD material has very 
high cross section for thermal neutrons, as in the case of 6LiF, also the thickness of 
the dosimeter and its orientation in space is responsible of the TLD response. Often, 
6LiF powder is utilised, but great care is necessary in order to obtain reliable results. 

The response of TLDs to intermediate-energy neutrons is lower, because the 
cross section decreases with energy increasing that is proportionally to the inverse of 
the neutron velocity but with the presence of resonances. This fact makes very 
complex the establishment of standards for TLD response to neutrons. However, in 
the thermal or epithermal neutron fields utilised for radiotherapy, TLDs can provide 
the thermal neutron flux necessary for calculating both the therapy dose and the 
dose due all the charged particles produced in neutron reactions. In fact, such doses 
in tissue are mainly due to neutrons having energy above the cadmium tail, that is 
0.4 eV.   



Tab.1 – Thermal neutron response of 
various TL materials, as reported in the 
literature. 
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Fig. 1 – Glow Curves of TLD-700, TLD-100 and
TLD-600 after exposure in the epithermal column of a 
nuclear reactor. 

The fast neutron component, commonly present in thermal or epithermal 
neutron fields, in particular in nuclear 
reactor columns, gives an absorbed dose 
in tissue that is often not negligible. This 
dose, however, cannot be measured with 
TLDs, because the energy released in the 
scattering of fast neutrons with non-
hydrogenated materials is very low, and it 
is negligible with respect to the energy 
released by γ-radiation and by the 
charged particles produced in neutron 
reactions.   

Examples of thermal neutron 
responses of various TL materials, as 
found in literature, are shown in Table 1,3. 
In dosimetry of thermal or epithermal 
neutron fields, TLDs having high 
sensitivity to thermal neutrons are 
utilized for measuring thermal 
neutron flux, while for γ-ray 
dosimetry, detectors with low 
sensitivity to thermal neutrons 
are necessary. Usually, couples 
of 7LiF-6LiF dosimeters are 
utilized, both in-phantom ad in-
vivo, owing to the low cross 
section (0.033 b) of the reaction 
7Li(n, γ)8Li and to the high cross 
section (945 b) of the reaction  
6Li(n,α)3H. The short range of 
the produced α-particles and 
tritons cause a very high 
sensitivity of 6LiF dosimeters.  

In radiation protection 
dosimetry, couples of 7LiF-6LiF 
are usually utilized: 7LiF 
dosimeters are not sensible to 
the low fluences of the fields 
and give a reliable value of the 
gamma dose. This dose is 
subtracted to the response of 6LiF, 
allowing obtaining thermal 
neutron fluence. The situation is 
quite opposite in the case of 
high fluxes of thermal or 
epithermal neutrons, because 
thermal neutrons give a 
noticeable contribution to the 
TL emission of 7LiF, owing to 
the presence of traces of 6Li. 

      TL phosphor 
Thermal neutron 
response 

  
    in    R per 1010 
cm-2 

    
  7LiF:Mg,Ti    TLD-
700              0.7 - 2.5 

   LiF:Mg,Ti    TLD-
100               65 - 535 
   6LiF:Mg,Ti    TLD-
600              870 - 2190 

  CaSo4:Dy            0.38 - 0.52 
  CaSo4:Dy, 6Li                  6.2 
  CaSo4:Mn, Li                 100. 
  CaSo4:Mn, 6Li               1050. 
  CaF2                 0.16 
  CaF2:Mn             0.1 - 0.77  
  CaF2:Dy             0.5 - 0.65 
  BeO             0.2 - 0.45 
  Li2B4O7:Mn            230 - 670 



Therefore, to obtain the gamma dose it is necessary to determine such a contribution 
and to subtract it from the total response. The thermal neutron flux is usually 
measured with 6LiF or activation foils or sometimes is obtained by means of Monte 
Carlo calculations. In order to subtract the thermal neutron contribution from the 
response of 7LiF, such dosimeters have to be preliminarily calibrated, and the 
calibration is not simple, because of the gamma component of neutron fields. If such 
dosimeters have to be utilized for measurements in a reactor epithermal column, it 
convenient to perform their calibration in a thermal column, where it necessary to 
measure the gamma background with some other dosimeters. When a reliable 
method for measuring the gamma component is available, TLD-700 can be used for 
measuring the thermal neutron fluence. 

In Fig. 1 (a, b and c) the Glow Curves (GC) of LiF dosimeters TLD-700, 
TLD-100 and TLD-600 are shown, after irradiation in a Tissue Equivalent phantom 
exposed in the epithermal column of a nuclear reactor. The high contribution of 
thermal neutrons in the response of TLD-700 is well evident. In TLD-100 the gamma 
contribution is in general much lower than that of thermal neutrons. In TLD-600 the 
thermal neutron contribution is highly predominant, and usually it is not necessary to 
subtract the contribution of the γ-radiation, because it is really negligible. The GCs 
reported in the figures have been obtained irradiating the TLDs with different reactor 
powers and different exposure times, that is with different neutron fluences, in 
particular for TLD-600, In order to avoid some troubles that arise with TLDs in high 
neutron fluxes. The 7LiF and LiF dosimeters have been exposed to a fluence of 
about 1010 cm-2 and 6LiF TLDs to a fluence of about 109 cm-2. 

The fact that the response of the TLD-600 is not sensibly affected by the 
gamma dose do not make their utilization more simple with respect to other TLDs for 
measuring the thermal neutron fluence in the high fluxes of therapy neutron beams, 
because an other trouble affects 6LiF dosimeters. Because of the very short range of 
alpha particles and 3H ions generated in the 6Li reactions, the ratio of thermal neutron 
and gamma responses depends on the TLD thickness4. In 6LiF, about 50% of the 
incident thermal neutrons are absorbed in 0.1 mm. Thin samples or powders are 
sometimes utilized for increasing the ratio of neutron and gamma sensitivity, but in 
high neutron fluxes it is not convenient to utilize highly sensitive dosimeters. The 
response of the dosimeters depends also on their spatial orientation. In fact, in 
radiotherapy neutron fields the so-called “thermal neutrons” are not really thermal: 
they have energies up to the Cadmium tail (0.4 eV) and their motion is not isotropic. 
As a consequence, it is important to place TLDs always with the same orientation (for 
example with a face of the chip normal to the beam axis) and to perform calibrations 
with the same kind of orientation. Finally, LiF TL dosimeters have shown a decrease 
in sensitivity when exposed to very high thermal neutron fluences. The TL sensitivity 
of TLD-600 has revealed5 a continuous decrease with increasing thermal fluence 
starting from about 5 × 109 cm-2. The radiation damage, evident in lower amount also 
in TLD-100 and for higher fluences (over 1013 cm-2) in TLD-700, can be compared 
with the radiation damage induced by very high gamma doses, of 103 Gy or more, 
and is not amended by the conventional 
annealing6,7.  Owing to this fact, for in-
phantom dosimetry the irradiation 
parameters, like as reactor power and 
exposure time, have to be properly chosen.  

In order to measure the gamma 
dose, the neutron sensitivity of the 

Fig.2 - Glow-curves of TLD-300 exposed 
in a γ-irradiator and in the epithermal 
column of a nuclear reactor. 
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dosimeter has to be as lower as possible. Pure 7LiF, without 6LiF contamination, 
cannot be produced and so its utilization gives serious troubles8.  Various alternatives 
are found in literature. Sometimes9  7LiF:Mg,Cu,P dosimeters are utilized, because 
they have shown a lower sensitivity to thermal neutrons than 7LiF:Mg,Ti. However, 
such dosimeters have scarce reproducibility. MCP-7s detectors have shown2 better 
response characteristics if annealed in a not conventional way, at 260°C instead of 
240°C. Moreover, the thermal neutron sensitivity of such dosimeters is not low 
enough to allow obtaining good measurements of the gamma dose. A solution is that 
of screening the TLDs with a 6Li cover that stops all thermal neutrons10,11. Gamma 
dose mapping with 6Li-covered TLDs cannot be performed with high spatial 
resolution, in order to avoid depleting thermal neutrons. So,  theoretical calculation 
are sometimes developed to determine correction factors for thermal neutron 
sensitivity, or alternatively less neutron-sensitive dosimeters are searched.  BeO has 
proved to be a good candidate, because the response to thermal neutrons is very low 
in comparison to the gamma response. In particular the couple of BeO (for gamma 
dose) and Li2B4O7:Mn (for thermal fluence) has appeared to be advantageous, in 
particular for the absence of the memory effect found in LiF dosimeters12. An other 
TLD that can be easily utilized for gamma dose measurements is CaF2:Tm 
(TLD-300), whose neutron sensitivity decreases with decreasing neutron energy, and 
results to be negligible in slow neutron fields. The GCs of a TLD-300 after irradiation 
in a 137Cs γ-irradiator and in a phantom exposed to thermal and intermediate 
neutrons are characterized by the same shape, as is shown in Fig. 2: it is not visible 
any increase of the height of the second peak structure, as expected in the case of 
high LET radiation. A peculiarity of such dosimeters is the noticeable increase in 
gamma response for low photon energies. Properly calibrated, TLD-300 has shown 
to give a practical method for in-phantom gamma dose mapping13. 
 
4. Conclusion 

Thermoluminescence dosimeters (TLD) are widely employed in radiotherapy, 
both for in-vivo control and for dose mapping in tissue-equivalent phantoms. In 
radiotherapy fields that have high thermal neutron components, besides the 
problems encountered for high doses, the main difficulty is that of separating gamma 
dose and thermal neutron contributions. Many solutions have been proposed and 
studied, but further research is needed in order to achieve sufficient reliability and 
operating simplicity that give the possibility of establishing suitable protocols.     
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