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Abstract 

Measurements of neutron streaming through penetrations in the biological shield are being carried out at 
JET fusion device using thermoluminescence (TL) detectors with the objective to validate in a real fusion 
environment the neutronics codes and nuclear data applied in ITER nuclear analyses. The response of TLDs due to 
the neutron component of the radiation field is related to the neutron fluence in a well-defined neutron energy 
spectrum. Therefore, there was a need of TLDs’ calibration in real fusion radiation fields which will allow for more 
correct calculation of neutron fluence from TL measurements at JET. In order to perform this task MCP-N and 
MCP-7 TLDs produced at the IFJ PAN in Kraków were calibrated in the ENEA facilities of Frascati and Casaccia 
laboratories. Analyses of the results have been performed and determination of new calibration factors are proposed. 
The detection system based on TLDs developed and calibrated for JET experiments can be applied more generally 
in fusion neutron fields and, for example, in ITER to monitor the neutron fluence outside the biological shield.  
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1. Introduction 

Neutronics experiments are being carried out at JET which aims at validating in a real fusion 
environment the neutronics codes and nuclear data applied in ITER nuclear analyses. Among other 
experiments, the measurements of the neutron fluence through the penetrations of JET Torus Hall aim at 
assessing the capability of numerical tools to correctly predict the radiation transport along the long paths 
and the complex geometries characterizing the ITER biological shield. Neutron streaming measurements 
started at JET in 2012 DD campaign in preparation of experiments to be carried out with full DT 
operation, and the first results were reported in 2013 and 2014 while further measurements took place 
during 2015-2016 DD/DT campaigns [1-6]. The experimental positions of the last neutron streaming 
experiment at JET are shown in figure 1 [5].Very sensitive lithium fluoride based, doped with 
magnesium, copper and phosphorus (LiF:Mg,Cu,P) thermoluminescence detectors (TLDs) [7-8] which 
are able to measure radiation doses from fractions of µGy up to about MGy [9-11] were used for absorbed 
dose and neutron fluence measurements. The use of LiF TLDs, enriched to different levels in 6LiF/7LiF 
allowed distinguishing between neutron and non-neutron components of the radiation field [12-14]. The 
response of TLDs due to the neutron component is related to the neutron fluence in a well-defined neutron 
energy spectrum. In particular, the part of TLDs response due to neutron component of the radiation field 
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can be related to the local neutron fluence taking into account LiF detectors’ calibration at the PTB 
Thermal Neutron Reference Field at GeNF [15] performed in 2006 by Burgkhardt et al. [16]. The TLDs 
were calibrated at GeNF in a thermal neutron spectrum. In the case of JET measurements, although the 
neutron spectrum is not thermal in the Torus Hall, the use of large cylindrical PE moderators (diameter 
25.5 cm, height 21-25 cm) ensures that the enclosed TLDs "see" a thermal neutron field, with this 
assumption the ‘Burgkhardt’ calibration factors [16] can be applied. Actually, close to the tokamak, the 
neutron field inside the PE cylinder is not fully thermalized and the detectors are exposed to a significant 
fast neutrons component. The TLDs calibration factors from Burgkhardt et al. [16] are therefore not 
correct in these positions. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Overview of positions of the detectors for the 2015 DD JET neutron streaming experiments [5]. Note 
that the detectors are at different levels. 

 
Because of this, there was a need of more accurate TLDs calibration in real fusion radiation fields 

which will allow for more correct calculation of neutron fluence from TL measurements at JET. In order 
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to perform this task, MCP-N (natLiF:Mg,Cu,P) and MCP-7 (7LiF:Mg,Cu,P) TLDs produced by the IFJ 
PAN were calibrated in the ENEA facilities of Frascati and Casaccia laboratories in November and 
December 2016. TLDs in bare rectangular holders, and TLDs in rectangular and cylindrical holders inside 
moderators (same assembly as JET experiment) were irradiated under DD (2.5 MeV) and DT (14 MeV) 
neutrons at the Frascati Neutron Generator (FNG) [17]. Bare irradiations were performed at 6 positions 
from 5.5 to 88.5 cm distance from FNG target. Positions and irradiation times were selected on the basis 
of pre-analysis carried-out with MCNP5 [18] to cover a range of neutron fluence of 2 orders of magnitude 
relevant for JET experiment. Bare irradiations lasted about 3 hours (under DD) and 7 minutes (under DT) 
with a neutron yield of ~2.23x1012 n and the fluence at detectors positions in the range 3x107 -1010 n/cm2. 
Further separate irradiations (5 under DD and 5 under DT) were performed inside polyethylene 
moderators (cylindrical & rectangular holders in the plug assembly used during past JET streaming 
experiments) at the same positions as bare (except the first one). The irradiations lasted between 55 min 
and 106 min under DD and 3-6 min under DT, to provide to TLDs, inside the moderators, the same level 
of fluence as the bare configuration. This allows one to evaluate the moderator’s body influence on the 
enhancement of thermal neutron signal registered by TLDs. The results will allow one to increase the 
accuracy of neutron fluence calculation at JET by replacing the calibration coefficients from Burgkhardt 
et al. [16] designated in the field of thermal neutrons with new coefficients which take into account the 
characteristics of neutron fields at fusion facilities. Accurate MCNP simulations of the real experimental 
set-up were performed to calculate the neutron spectra at the TLDs positions under DD and DT neutrons, 
for the assessment of the new calibration factors. 

Irradiations of proper bare samples in cylindrical holders under Co-60 gamma source and in 
thermal neutron facility were carried-out at INMRI (Istituto Nazionale di Metrologia delle Radiazioni 
Ionizzanti) laboratories in ENEA Casaccia. The TLDs were exposed at Co-60 source to air kerma of 
100 mGy, 1 Gy and 5 Gy. Five samples in cylindrical holders (same as those used in JET assembly) were 
exposed to thermal neutrons from 30 minutes to 48 hours (neutron fluence in the range 2x107 -
2x109 n/cm2). TLDs were sent back to IFJ for read-out. Analyses of the results have been performed and 
determination of new calibration factors have been proposed. 
 

2. Materials and methods 

2.1 Preparation of the samples 

2.1.1. LiF:Mg,Cu,P production procedure 
 
All detectors’ batches have been produced at the IFJ in Kraków using sintering method. For 

producing the MCP-N, first undoped lithium fluoride was synthesized in chemical processes between 
LiCl (AlfaAesar 99% reagent grade) and HF >48% (Sigma-Aldrich, puriss p. a.). The obtained LiF 
powder was thoroughly mixed with activators: MgCl2 solution (obtained from magnesium oxide POCH 
S.A. pure p.a. with fuming hydrochloric acid for trace analysis by Sigma-Aldrich), CuCl2 solution 
(obtained from cooper oxide POCH S.A. pure p.a. with fuming hydrochloric acid for trace analysis by 
Sigma-Aldrich) and H3PO4 (POCH S.A> pure p.a.). After drying, the mixture was then melted in a 
platinum crucible at 1070oC under inert gas atmosphere. After a period of 70 minutes in the molten 
stage, the material in the crucible was quenched to 550oC and then cooled rapidly to room temperature. 
After cooling, the material was grounded into small grains and sieved. For production of the detectors 
the grains from 63 µm up to 212 µm were used. In one batch near 20 g of powdered phosphor was 
obtained. Each production batch had the TL properties checked out. If the TL parameters (such as 
sensitivity level and shape of glow-curve) were correct, the batches were blended homogeneously. 
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For producing the MCP-7, the starting substance was lithium hydroxide monohydrate (99.96% 
7Li). In first step the lithium chloride was obtained (with reaction 7LiOH*H2O + HCl  7LiCl + 2*H2O), 
then the following steps of MCP-7 productions were the same as for MCP-N. 

The homogeneously blended grain powders of each type were pressed mechanically into pellets 
of 4.5 mm diameter and 0.9 mm thickness. The last stage was the sintering of pellets at a temperature 
between 600-700ºC in gas atmosphere and platinum containers for a certain period of time, during which 
the LiF:Mg,Cu,P phosphor gains higher sensitivity. The pellets were then visually controlled. Cracked, 
deformed and smutted pellets were removed from the rest. The good quality pellets had TL properties 
controlled again. In this way batches of MCP-N and MCP-7 detectors have been produced and checked 
out. 400 pcs of MCP-N and 400 pcs of MCP-7 detectors were chosen for further preparation. All detectors 
were polished on both sides and labelled with numbers with a pencil.  

 
 

2.1.2. Dosimeters’ preparation for measurements. 
 
In order to prepare the TL detectors for measurement the standard pre-irradiation annealing cycle 

was applied (two-phase heat treatment): 260°C for 10 minutes followed by 240°C for 10 minutes. The 
individual response factors of the detectors were also measured. During this process, all detectors were 
irradiated with the same dose of 1 mGy and readout using automatic TL reader. Then the individual 
response factors (IRF) have been derived in relation to the mean value of TL signal for all detectors of 
the same type. Finally, all detectors have undergone pre-irradiation annealing procedure next time in 
order to prepare them for measurement campaign. 

Detectors’ boxes have been filled in with detectors. For all irradiations the same boxes were used 
as during the measurements at JET [1-2]. For six ‘bare’ DD and six ‘bare’ DT exposures at FNG 
rectangular boxes were used, each box filled with 5 pcs of MCP-N and 5pcs of MCP-7 detectors. For DD 
and DT exposures in moderators the standard configuration used at JET has been used [1-2], see figure 
2. For each of five DD and five DT exposures in moderators’ circular and rectangular boxes with detectors 
have been prepared (figure 3). Each box contained 5 pcs of MCP-N and 5 pcs of MCP-7 detectors. 

For thermal neutron exposures 5 circular boxes with 5 pcs of MCP-N and 5 pcs of MCP-7 
detectors each have been prepared. For Co-60 gamma exposures 3 circular boxes with 5 pcs of MCP-N 
and 5 pcs of MCP-7 detectors each have been prepared. Also dosemeters to measure the background and 
transport dose have been prepared for each experiment. Each of them contained 5 pcs of MCP-N and 5 
pcs of MCP-7 detectors and they were transported and kept together with experimental dosemeters. All 
dosemeters have been transported to Frascati on 20th November 2016. Some TLDs from each type were 
packed in 10 cm diameter polymethacrylate (PMMA) boxes  and kept in low dose lead container/house 
at IFJ TLD laboratory for calibration purposes and background evaluation for calibration (so called 
calibration TLDs).  
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Figure 2. The cylindrical polyethylene moderator (a) and its detectors’ boxes (b), plug and detectors’ 

boxes (c), plug with detectors’ boxes mounted (d). 
 

 

 
Figure 3. Detectors’ boxes for DD exposures: a) filled in with detectors, b) prepared for moderators, c) prepared 

for bare exposures and packed for transport. 
 

 

2.2. Irradiations at the Frascati Neutron Generator (FNG) 

Irradiations of TLDs samples have been performed in bare configuration (figure 4) and inside the 
moderators (figure 5) under 2.5 MeV (DD) and 14 MeV (DT) neutrons at the Frascati Neutron Generator 
(FNG) [17]. The layout of the irradiation and positions have been defined on the basis of pre-analysis 
performed with MCNP5 to cover a range of fluence of more than 2 orders of magnitude and greater than 
2x107 n cm-2, relevant for JET streaming experiment. 

 

c d
   

a b 

a 

b 

c 



 6 

 
Figure 4. Picture of bare irradiation at FNG. 

 
Figure 5. Pictures of the experimental assembly during irradiation in polyethylene moderator at FNG (two 

positions are shown). 
 

 
2.2.1. Simulations with MCNP5 

 
Monte-Carlo calculations were performed with MCNP5 code, and using the reference FNG 

MCNP model and source subroutine. In a first stage a pre-analysis was performed in order to define the 
experimental layout for the calibration under DD and DT neutrons. The MCNP geometrical model 
includes TLDs inside proper holders and PVC support rail in bare irradiation and inside PE-cylinder. The 
MCNP models are shown in figure 6. Six positions, for “bare” irradiation were selected: from 5.5 cm to 
88.5 cm. For configuration inside moderator, five separate calculations, at the same distances as bare 
were performed from 15.5 cm to 88.5 cm. Simulations were carried-out in DD, 2.5 MeV neutrons, and 
in DT, 14 MeV neutrons. 
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Figure 6. MCNP 3D model of: bare configuration (top left), top view of holders inside PE-cylinder (top 

right), cylinder + holders (bottom left) and front view of holders and TLDs (bottom right). 

 

 
A. Simulations of DD&DT irradiations in bare holders 

 
The total neutron and photon fluxes for DD (2.5 MeV) “bare” configuration have been 

calculated and are shown in figure 7. The total average flux over all MCP-7 is the same to that of MCP-
N with a negligible variation. The gamma flux produced by interactions of neutrons with FNG target 
and surrounding components is lower than the neutron flux.  

Figure 8 shows the average absorbed dose and air kerma in MCP-N and MCP-7 calculated for 
neutrons and gammas. The air kerma values due to neutrons are two orders of magnitude higher than 
those due to gammas. The air kerma shows negligible variations between MCP-N and MCP-7, whereas 
the absorbed dose due to neutrons is sensitive to Li-6 contents and the neutron dose in MCP-N is higher 
than in MCP-7. 

The same simulations were done for DT (14 MeV) “bare” irradiations. Neutron and gamma 
fluxes are shown in figure 9. The secondary gamma flux is lower than the neutron flux by a factor 5 near 
the target and by a factor 1.6 at 88.5 cm. There aren’t significant differences between MCP-7 and MCP-
N in this case as well as in DD. Average absorbed dose and air kerma in MCP-N and MCP-7 for neutrons 
and gammas are in figure 10. It can be noted that the dose and air kerma are higher in DT than DD by a 
factor from 2 to 5, depending on the particle and position. 

 
 

 
Figure 7. Neutron and photons fluxes per one source neutron vs. distance from FNG target in DD “bare” 

configuration. 
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Figure 8. Neutron (n) and gamma (p) average absorbed dose per source neutron in TLD and air kerma (Gy/n 

source) for MCP-7 and MCP-N for DD “bare” configuration. 
 

 
Figure 9. Average Neutron (n) and gamma (p) fluxes per source neutron in MCP-7 and MCP-N and overall TLDs 

under DT irradiation in “bare” configuration. 
 

 
Figure 10. Neutron (n) and gamma (p) average absorbed dose per source neutron in TLD and air Kerma (Gy/ n 

source) for MCP-7 and MCP-N for DT “bare” configuration. 
. 
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B. Simulations of DD&DT irradiations inside the PE moderators 
 

Simulations were performed in polyethylene moderator at five radial distances from FNG target 
for DD and DT irradiation. Figure 11 shows the MCNP models of circular and rectangular holder inside 
PE moderator. The neutron and gamma flux results under DD are shown in figure 12 for rectangular 
holders (the same values are obtained for circular holders). The neutron flux inside MCP-7 is about 30% 
higher than in MCP-N. The gamma flux is lower than the neutron flux, on average, by a factor 3 in the 
first position and 2 in the last one. 

 
The neutron fluxes distributions vary inside the cylindrical holders depending on TLD type and 

positions are shown in figure 13. The neutron flux inside the same types of TLDs inside circular holders 
is symmetric with respect to the Y-axis. MCNP results show these particular symmetries in the following 
pairs of TLDs: 8003 – 8004 (MCP-7), 8005 – 8013 (MCP-N), 8006 – 8012 (7), 8007 – 8011 (N). Total 
neutron and gamma fluxes are slightly lower in DT with respect to DD (figure 14). 

 
 

 
Figure 11. Circular (left) and Rectangular (right) holder for configuration inside moderator 

The neutron source (FNG target) is in front of holders 8002, and 8023-8024. 
 

 

 
Figure 12. Average neutron (n) and gamma (p) fluxes over MCP-7 and MCP-N and overall TLDs in 

rectangular holders (1/cm2/source). Irradiation inside moderators under DD. 
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Figure 13. Neutron flux per source neutron in individual TLDs inside circular holder at various distance 
from FNG source in moderator under DD irradiation (cells are in figure 9). 

 

 

 
Figure 14. Average neutron (n) and gamma (p) fluxes per source neutron over MCP-7 and MCP-N and 

overall TLDs in rectangular holders). Irradiation inside moderators under DT. 
 

 
2.2.2. DD and DT irradiations 

 
Bare samples in rectangular holders and configuration in rectangular and cylindrical holders 

inside moderators (same assembly as JET experiment) were irradiated under DD neutrons in the week 
22-25 November 2016 and under DT neutrons on 6 December 2016, after the replacement of the FNG 
target. Bare irradiations were performed at 6 radial positions from 5.5 to 88.5 cm as shown in figures 4 
and 15. Detectors in rectangular holders have been fixed on a PVC support rail. An indium foil has been 
located behind the holder in the last position for an independent measurement of the neutron fluence. 
Bare irradiations lasted about 3 hours under DD and few minutes under DT. The total neutron yield in 
both irradiations was fixed to ~2.23x1012 n and the fluence at detectors positions was estimated by the 
MCNP calculations reported above for DD and DT irradiations (Table 1). FNG neutron yield was 
measured through the calibrated surface barrier silicon detector installed close to the FNG target. 

Irradiations were also performed inside polyethylene moderators in the same five positions as 
the “bare” configuration (except for the first one at the 5.5 cm as it was too close for holder in 
moderator). The isocentre of the FNG beam was directed to the middle of rectangular holders facing the 
beam. The positions of the experimental set-up are in figure 16. The irradiations lasted between 55 min 
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and 106 min under DD, and few minutes under DT to provide to the TLDs, inside the moderators, the 
same levels of fluence as bare. The neutron yield from bare to irradiation in moderator was scaled on 
the basis of the MCNP calculations. The details of the irradiations under DD and DT are reported in 
Tables 2 and 3, respectively.  

 
 

 
Figure 15. Layout of TLD bare irradiation at FNG. 

 

Table 1. Neutron fluence at the detectors in bare holders under DD and DT* 

Distance from target (cm) 
N fluence (n/cm2) 

DD DT 
5.5 1.08x1010 5.60 x109 
15.5 1.27x109 6.98 x108 
30.5 2.94x108 1.76 x108 
48.5 1.08x108 6.96 x107 
68.5 5.22x107 3.51 x107 
88.5 2.97x107 2.14 x107 

*from MCNP analysis 

 

 

 

 
Figure 16. Layout of TLD irradiations in moderators at FNG. 
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Table 2. Details of irradiation in moderator under DD and estimated neutron fluence at the detectors positions. 

Irrad. # Distance from 
the target (cm) Irrad. time (s) DD yield (n) 

Fluence in 
rectangular 

holder (n/cm2)* 

Fluence in  
circular holder 

(n/cm2)* 

#1 15.5 6374 1.18 x1012 9.92x108 9.55x108 
#2 30.5 4369 1.07x1012 2.39x108 2.41x108 
#3 48.5 3398 9.26x1011 1.31x108 1.32x108 
#4 68.5 3614 8.87x1011 4.07x107 4.29x107 
#5 88.5 3314 8.81x1011 2.51x107 2.59x107 
* from MCNP analysis 

 

Table 3. Details of irradiation in moderator under DT and estimated neutron fluence at the detectors positions. 

Irrad. # 
distance from 

the target 
(cm) 

Irrad. time (s) DT yield (n) 
Fluence in 
rectangular 

holder (n/cm2)* 

Fluence in 
circular holder 

(n/cm2)* 
#1 15.5 306 1.85x1012 1.08x109 1.06x109 
#2 30.5 274 1.72x1012 2.52x108 2.53x108 
#3 48.5 237 1.53x1012 8.98x107 9.38x107 
#4 68.5 221 1.47x1012 4.51x107 4.59x107 
#5 88.5 221 1.49x1012 2.80x107 2.87x107 

* from MCNP analysis 

 

 

2.3. Irradiations at the thermal neutron facility 
 
Irradiations in thermal neutrons field were carried-out in the thermal neutron facility at INMRI 

(Istituto Nazionale di Metrologia delle Radiazioni Ionizzanti) laboratories in ENEA Casaccia. The 
facility consists of a reactor graded graphite cylinder (25 cm diameter, 20 cm high), surrounded by a 
13.5 cm thick polyethylene reflector, which acts as moderator and shielding. Six Am-Be neutron sources 
(individual neutron emission rate of about 106 s-1) are located in the polyethylene reflector at angular 
distances of 60°. The standard was recently calibrated giving a fluence rate of 1.15·104 ±1% cm-2s-1, a 
spatial uniformity of ±0.2% over a volume 4 cm high and 2 cm in diameter and a cadmium ratio equal 
to 8 ±2%. The facility and the neutron spectra calculated with FLUKA code are shown in figure 17. 

Five samples of MCP-N and MCP-7 in circular holders were exposed to thermal neutrons from 
30 minutes to 48 hours, providing thermal neutron fluence in the range 2x107 -2x109 n/cm2 (Table 4). 
Pictures of the lay-out of installation of the TLDs are shown in figure 18. The irradiation time and 
fluences are summarised in Table 4. 
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Figure 17. FLUKA model of the thermal neutron facility at INMRI (top) and neutron fluence energy 

spectrum inside the cavity (bottom). 

 

 
Figure 18. Lay-out of installation of TLDs holder on the plug for irradiation in thermal neutron facility. 

 

Table 4. Exposure time and thermal neutron fluence of TLDs irradiation. 

Exposure time (hours) Thermal fluence (n/cm2) 

0.5 2.1x107 
2 8.3x107 
4 1.7x108 
18 7.5x108 
48 2.0x109 
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2.4. Irradiations under Co-60 gamma radiation 

Irradiations with Co-60 gamma radiation at ENEA INMRI irradiation facility currently used for 
calibration of radiotherapy dosimeters were performed on 23 November to complement the gamma 
calibration with Cs-137 carried-out in Poland. TLD samples of MCP-N & MCP-7 in proper circular 
holder were exposed at Co-60 source to air kerma of 100 mGy, 1 Gy and 5 Gy. The dose range was 
selected to be relevant for JET application and below saturation at high doses. The TLDs irradiations 
were carried out at a distance from the source of 100 cm with a beam size of 10 cm x10 cm and air 
kerma rate of 2.84 mGy s-1. The beam uniformity across the samples was within 0.2%. The samples 
were irradiated free in air with a build-up material realizing the electronic equilibrium conditions.  

 

2.5. TLDs’ readout process and elaboration of experimental results. 

After the experimental campaigns, the TLDs were transported back to IFJ Kraków. Here they 
have been unpacked from the PE containers/boxes and prepared for the readout process. The calibration 
TLDs (remained at the IFJ) have been divided in two parts and irradiated with gamma rays to provide 
10 mGy Cs-137 air kerma at the Secondary Standard Calibration Laboratory of the IFJ (detectors were 
irradiated in the PMMA box providing proper secondary electron equilibrium condition).  

The readout campaign started on 12 December 2016 and ended on 9 January 2017. Readout has 
been done using Harshaw 3500 manual TL reader. All detectors together with the calibration detectors 
have been annealed at 100°C for 10 min. before readout, then readout in nitrogen atmosphere (140 l/h 
flow) with rate 2°C/s in the temperature range 100-270°C. 
 
 
3. Experimental results 
 
3.1. Results of DD, DT and thermal neutron exposures derived in γ-ray calibrated air kerma 

 
The TL signal measured for all detectors have been calibrated in terms of air kerma with Cs-

137 gamma rays. For gamma rays, it can be demonstrated that air kerma is equivalent to dose in air 
under the charged particle equilibrium conditions provided by the PE boxes. Results of measurements 
taken at the different positions are derived as the mean value of the signals of MCP detectors’ of the 
same type (five detectors at each position) The standard uncertainty of measurements given with the 
values includes not only the uncertainty of detectors readout but also the uncertainty of the Cs-137 
gamma calibration. 

 
3.2. Results of Co-60 exposures 

 
The results after background subtraction for air kerma for MCP-7 and MCP-N detectors 

irradiated by Co-60 gamma are shown in Table 5. Good accuracy of gamma measurements was achieved 
taking into account the combined standard uncertainty of irradiation (0.7%). The difference in efficiency 
of MCPs’ detection of gammas with Co-60 (exposure source) and Cs-137 (calibration source) energy 
which is close to 10% for bare detectors (see e.g.: [19, 20]). This is well established in the literature of 
the subject that MCPs’ efficiency of gammas for Co-60 energy is higher than for Cs-137 gammas’ 
energy, while for MTSs’ the difference is opposite. The differences in doses absorbed by MCP-N and 
MCP-7 are very small taking into account the uncertainty of the measurements. The same situation is 
observed for all background dosemeters. The background and transport dose registered is at the level of 
0.1 mGy during the whole period between annealing and readout of the dosemeters.  
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Table 5. MCP-7 and MCP-N detectors’ Co-60 gamma results derived as mean value of the same type 
detectors’ response calibrated in air kerma with Cs-137 gamma rays. 

 
Co-60 

exposure 
value (mGy) 

MCP-7 MCP-N 
Average 𝐾𝐾𝑎𝑎 
(mGy) 

𝐾𝐾𝑎𝑎 uncertainty 
(mGy) 

Average 𝐾𝐾𝑎𝑎 
(mGy) 

𝐾𝐾𝑎𝑎 uncertainty 
(mGy) 

100 95.700 1.599 97.024 1.912 
1000 965.094 17.343 970.445 19.078 
5000 5044.783 78.471 5043.749 100.408 

 

 

 

3.3. Results from neutron irradiations 

LiF detectors are sensitive to neutrons, their response to neutrons being enhanced by 6Li-enriched 
lithium or almost suppressed by using lithium consisting entirely of 7Li. In general, the response of the 
TLDs can be expressed as follows: 

 
MCPnMCPtot NRRNR ),7(),7( += γ  (1) 

where Rtot is total response of detector of each type (MCP-N or MCP-7), Rɣ is its response to non-
neutron part of the radiation field (in our case at JET mostly gamma radiation), while Rn is its response to 
thermal neutrons. These quantities are calibrated with gamma rays in terms of air kerma:  

 
),7(),7( NKKNK na += γ  (2) 

where Kɣ is the air kerma (gamma dose) due to ɣ-rays and Kn is air kerma due to neutrons. Ka 
represent the net air kerma from which the background has been already subtracted. The part of the 
registered signal which is due to neutron component of the field when calibrated with gamma rays depends 
not only on the type (7, N) and material (MCP) but also on geometry of the detector. As MCP-7 detectors 
contain only about 0.03% of Li-6, it can be assumed in a first approximation that almost all their response 
is due to non-neutron component of the field of radiation.  

 
)3()7( γKKa ≈  

Under this assumption, the difference Ka(MCP-N)-Ka(MCP-7) represents, in a first approximation 
the contribution due to the neutron component of the field. However, it should be noted that actually MCP-
7 are also sensitive to neutron component, though much less than non-neutron (as they contain only about 
0.03% of Li-6), and the equation (3) is no longer valid. In the approach followed for JET assessment 
described below, its response to neutrons is also considered. 

The difference Ka(MCP-N)-Ka(MCP-7) derived for thermal neutron exposures’ results at each 
position is given in table 6. The registered background and transport dose is on the level of measurement 
accuracy (0.001±0.003 mGy) and was subtracted from all values. The same difference derived from 
measurement for both DD and DT exposures’ results at each position are presented at table 7. For both 
MCP-7 and MCP-N detectors we used the mean value of all detectors response measured at each position 
together with total uncertainty calculated for each value. The background and transport dose was 
subtracted (0.004±0.004 mGy for DD and 0.001±0.005 mGy for DT irradiation). Ka(MCP-N)-Ka(MCP-
7) values in DT bare conditions are negative or too small, so these data are unreliable. 
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Table 6. Ka(MCP-N)-Ka(MCP-7) difference for thermal neutron irradiation. 
 

Thermal 
fluence 
(n/cm2) 

 
Ka(MCP-N)-Ka(MCP-7) 

(mGy) Total uncertainty (mGy) 

2.0x109 155.829 4.412 
8.3x108 58.413 0.963 
1.7x108 12.604 0.227 
8.3x107 6.308 0.108 
2.1x107 1.544 0.029 

 
 

Table 7. Ka(MCP-N)-Ka(MCP-7) difference for DD and DT irradiations. 
 

   DD irradiation DT irradiation 

 

H
ol

de
r 

Distance 
from the 

FNG 
target 
[cm] 

Ka(MCP-N)-Ka(MCP-7) Ka(MCP-N)-Ka(MCP-7) 

 

Average 
values 
[mGy] 

Total 
uncertainty 

[mGy] 
Average values 

[mGy] 

Total 
uncertainty 

[mGy] 

M
od

er
at

or
 ci

rc
ul

ar
 

15.5 64.108 5.038 34.806 1.981 
30.5 17.025 0.969 8.790 0.369 
48.5 9.255 0.561 3.206 0.125 
68.5 2.721 0.139 1.525 0.065 

88.5 1.733 0.088 0.964 0.040 

re
ct

an
gu

la
r 15.5 63.212 0.816 35.647 1.002 

30.5 16.438 0.187 8.567 0.250 
48.5 8.967 0.127 3.134 0.096 
68.5 2.595 0.044 1.504 0.046 

88.5 1.676 0.021 0.932 0.031 

B
ar

e   

5.5 0.617 0.231 -1.922 2.647 
15.5 0.130 0.015 -0.210 0.263 
30.5 0.065 0.006 -0.024 0.072 
48.5 0.053 0.005 0.000 0.033 

68.5 0.050 0.005 0.018 0.020 
  88.5 0.039 0.005 0.022 0.015 

 
 

 
3.4 Calibration in terms of neutron fluence 
 
It is worth noting that, while calibrating TLDs in terms of gamma air kerma is straightforward 

using calibration gamma sources, it is not so for TL neutron signal and therefore, usually, the response of 
TLDs due to the neutron components is related to the neutron fluence in a well-defined neutron energy 
spectrum, which is measurable, using the following definitions (instead of Eq.2): 

 

( )
( )5)(
4)7( 7

nNa

na

KNK
KK

Φ+=

Φ+=

α

α

γ

γ
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where Φn is the neutron fluence and αN,7 are coefficients (specific also for material used). In particular, the 
part of TLDs response due to neutron component of the radiation field can be related to the local neutron 
fluence using the LiF detectors’ calibration performed in 2006 by Burgkhardt et al. at the PTB Thermal 
Neutron Reference Field at GeNF [15, 16], see the Table 8. It can be noted that the response of MCP-7 
detectors to neutrons is much smaller than for MCP-N detectors’ type, although not zero. (αN-α7) value 
according Burgkhardt et al. [16] (see table 8) is 3.97x10-8 mGy/(n/cm2). 

 

Table 8. TLDs and their experimentally determined thermal neutron responses derived by Burgkhardt et 
al. [16]. 

 

Detector Coefficient 
Response to 

1 n/cm2 
[mGy] 

Standard uncertainty 

meas. [%] total [%] 

MCP-N αN 4.10x10-8 1.5 5.2 
MCP-7 α7 1.30x10-9 1.2 5.1 

(MCP-N)-(MCP-7) αN- α7 3.97x10-8 1.6 5.4 
 
In the case of JET measurements, although the neutron spectrum is not thermal in the Torus Hall, 

the large PE moderators are used to ensure that the enclosed TLDs "see" a pure thermal neutron field. 
With this assumption the ‘Burgkhardt’ coefficients have been used at JET for evaluating the neutron 
fluence from TLD measurements up to now [1-5]. Actually, the TLDs calibration factors from Burgkhardt 
are not rigorously correct for detectors located close to the tokamak because the neutron field inside the 
PE cylinder is not fully thermalized in such positions and the detectors are exposed to a non negligible 
fast neutrons component. Analyses of the results of the calibration experiments at the ENEA allowed for 
determination of new calibration factors, i.e. αN-α7  coefficients calculated for real fusion environment. 

Taking into account evaluated results presented in &3.3 we have calculated the new calibration 
coefficients ‘air kerma to neutron fluence’ and the related uncertainty according to formulas presented 
below.  

The Air kerma to neutron fluence coefficients were evaluated using Eqs.4-5. The αN,7 coefficients 
were first obtained from Eqs.4-5 as angular coefficients of the straight lines of Ka(N) and Ka(7) versus 
the total fluence Φn. The results are given in Table 9. 
 

Table 9. Average αN and α7 coefficients for the MCP-N and MCP-7 detectors system in different neutron energy 
spectra. 

 
  Thermal DD mod DT mod DD bare DT bare 

αN 8.22x10-8 7.09x10-8 3.89x10-8 5.44x10-10 1.07x10-8 

α7 4.53x10-9 2.99x10-9 4.91x10-9 4.67x10-10 1.11x10-8 

αN −α7 (*) 7.77x10-8 6.79x10-8 3.40x10-8 7.63x10-11 -3.85x10-10 

Error on average αN −α7 2.49x10-9 1.74x10-9 1.02x10-9 5.48x10-11 6.31x10-10 
% error on average αN −α7 3.21% 2.56% 3.01% 71.76% 164.15% 

         (*) difference obtained from αN and α7  evaluated separately 

 
The method provides also the Kγ values as intercepts on the y axis which, however, are not very accurate 
due to the fact that the gamma contribution is very small. As a consequence, the use of Eq.(4) and Eq.(5) 
separately, i.e. the use of only MCP-N or MCP-7 to determine the neutron fluence can be affected by 
the uncertainty on Kγ. The combined use of both MCP-N and MCP-7 can be more accurate by using 
Eq.(6). 
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The calculated values of αN-α7 coefficients from Eq.6 for all measurements in all performed experiments 
are presented in Figure 19. The coefficients show a flat fluence response in all experiments and the 
variability of the values are caused by the differences in the applied neutron energy spectra. Due to the 
large spread of results (over one order of magnitude), for bare irradiation an additional scale on the axis 
on the right side of the graph was used. The total uncertainty in αN-α7 is obtained by considering the 
standard deviations of 𝐾𝐾𝑎𝑎(𝑁𝑁) and 𝐾𝐾𝑎𝑎(7), and the standard deviation of neutron fluence assumed to be 
±10% for DD experiment, ±4-6% for bare irradiation under DT, ±4% for DT experiment in moderators 
and ±5% in thermal neutron field. 

The difference of about a factor 2 between αN, α7 and αN-α7 coefficients obtained in thermal field 
in this work and ‘Burgkhardt’ factors can be explained by the irradiation geometry. The GeNF thermal 
neutron radiation field was a plane parallel beam; the ‘Burgkhardt’ coefficients were evaluated as mean 
value of results for three applied neutron fluences. In contrast, here we have applied thermal neutron field 
isotropically in the volume of irradiation chamber. In this approach we have exposed the entire surface of 
the detectors with thermal neutrons whilst at GeNF experiment only one side of detector absorbed 
neutrons. 

The average values αN-α7 of with related uncertainty are given in table 10. These values represent 
the calibration coefficients for the MCP-N and MCP-7 TLDs system to measure the neutron fluence in 
different neutron energy spectra. Ka(MCP-N)-Ka(MCP-7) values in DT bare conditions are negative or 
too small (see table 7), so these data are unreliable. DT fast neutrons are not registered by the MCP-N 
detectors without a moderation hence the signals for MCP-N and MCP-7 are comparable for DT. Note 
that the αN-α7  coefficients obtained from Eq.6 and given in table 10 differ from those obtained from 
Eq.4 and 5 and given in table 9 by less than 1.5% for thermal neutron and DT/ DD irradiations in 
moderators.  

 
 

Figure 19. αN-α7 coefficients (air kerma to neutron fluence) evaluated from the difference of responses of MCP-N 
and MCP-7 detectors’ types for different neutron spectra in comparison with Burgkhardt et al. [16] calibration 
factors. 
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In order to see whether the results could be generalized to any type of spectrum, (αN-α7)-1 has been 
plotted against the fraction of low energy component (i.e. E<1 eV) of the neutron spectrum in the 
conditions of the carried-out calibration campaign. Figure 20 shows the inverse of the average αN-α7 values 
versus the percentage of neutrons with energy below 1 eV derived through the spectra calculated with 
MCNP: the observed correlation indicates that the TLDs assembly can be related to the fraction of thermal 
neutrons. For the specific MCP-N and MCP-7 system, the calibration curve is 1.59x109 Φn(E<1eV)-1.06.  
 
 

Table 10. Average αN-α7 coefficients obtained from the difference of responses of MCP-N and MCP-7 detector 
system in different neutron energy spectra 

 
  Thermal DD mod DT mod DD bare DT bare 

Average αN-α7 7.67x10-8 6.70x10-8 3.37x10-8 5.25x10-10 1.29x10-10 
Error on average αN-α7 4.14x10-9 7.33x10-9 1.87x10-9 1.07x10-10 5.12x10-10 

% error on average αN-α7 5% 11% 6% 20% 398% 
 

 
Figure 20. (αN-α7)-1 versus the % of thermal neutron component in the calibration campaigns at the ENEA 

facilities. The obtained values can be fitted with a power function. 
 

4. Summary 

A neutron fluence measurement system based on the use of MCP-N (natLiF:Mg,Cu,P) and MCP-
7 (7LiF:Mg,Cu,P) TLDs, used at JET to measure low level neutron fluence, have been calibrated in 
different neutron and gamma fields. The results of the calibration experiments were analysed and the new 
calibration factors were derived with the related uncertainties. The new coefficients show a flat fluence 
response in all experiments and the variability of the values are caused by the differences in the applied 
neutron energy spectra.  

The calibration obtained in this work in a thermal neutron field is about a factor 2 higher than 
that obtained by Burgkhardt in 2006. The difference can be explained by the different irradiation 
geometry adopted in this work (isotropic neutron field) as compared to that adopted by Burgkhardt (plane 
parallel neutron beam).  
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In DD and DT neutron fields the PE moderators do not provide complete moderation of neutrons 
and the TLDs still “see” fast neutrons. However, it has been found that the calibration factors can be 
expressed as a function of the fraction of thermal neutron fluence at the position of TL dosemeters in the 
moderators’ centre. Therefore, the measuring system can be applied to neutron fluence measurements in 
generic fast neutron fields provided that information on the energy neutron spectrum can be obtained, for 
instance by simulations. To this end, we will conduct further calibration campaigns at other neutron 
facilities. 

The new calibration factors will be applied to the past and to future JET measurements and will 
reduce the discrepancies between calculations and measurements observed in past neutron streaming 
experiment [1-6]. 
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