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Abstract
Measurements of the response function of LaBr3(Ce) to 2.5MeV neutrons have been carried out at the
Frascati Neutron Generator and at tokamak facilities with deuterium plasmas. The observed spectrum
has been interpreted by means of a MCNP model. It is found that the main contributor to the measured
response is neutron inelastic scattering on 79Br, 81Br and 139La. An extrapolation of the count rate 
response to 14MeV neutrons from deuterium-tritium plasmas is also presented. The results are of 
relevance for the design of g-ray diagnostics of fusion burning plasmas.

1.	 Introduction
One of the primary goals of next step magnetic fusion devices is the understanding and control of 
a burning plasma. There is wide consensus among plasma physicists that the dynamics of a plasma 
close to ignition is largely dominated by the behavior of suprathermal particles [1], which can be 
generated as products of the main fusion reactions (such as a particles from the d+t → n+ a reaction) 
or by external auxiliary heating. For this reason, the distribution function of the energetic ions, that 
are confined by the magnetic field in the plasma, needs to be measured. g-ray spectroscopy is one 
of the few diagnostic techniques proposed for this scope [2]. Gamma-ray emission results from 
interactions between the energetic ions and impurities that are naturally found in the plasma [2-4]. 
Recently, g-ray measurements at low counting rates and high energy resolution in present tokamak 
devices [5,6] have shown that other parameters of the fast ion energy distribution can be obtained 
by combining information on the intensity and shape of characteristic peaks of g-ray reactions 
occurring in the plasma [7-10]. A review on neutron and gamma-ray measurements in tokamak 
plasmas for fast ion studies has been recently published in [3].
	 Unlike present devices, g-ray measurements in next step tokamaks, such as ITER, will have to be 
performed at MHz counting rates, still with high energy resolution, and under significant irradiation
from 2.5 and 14MeV neutrons produced by the main fusion reactions, d+d→ n+3He in deuterium 
plasmas and d+t → n+ a in deuterium-tritium. Dedicated solutions therefore need to be developed. A 
new scintillator material, LaBr3(Ce) [11-12], meets many of the requirements for g-ray measurements 
at ITER. This detector is resilient to neutron damage and first measurements at low counting rates 
at tokamak devices have been demonstrated [10,13]. High counting rate g-ray measurements up 
to a few MHz were also shown at nuclear accelerators without any significant degradation of the 
energy resolution [9]. The effect of 2.5 and 14MeV neutron irradiation on the detector has not been 
studied in detail yet, but for one work where the response of a 1.5’’ LaBr3 detector to neutrons 
produced by a conventional 241Am/9Be source was presented [14]. This result cannot be however 
easily extrapolated for applications in fusion plasmas, due to the very different neutron spectrum 
of 241Am/9Be from that of deuterium and deuterium-tritium reactions.
	 In this paper we present dedicated measurements of the LaBr3 response to 2.5MeV neutrons. 
The experiments were carried out at neutron accelerators and at tokamak devices with deuterium 
plasmas. The results are analyzed using a MCNP model to identify the main processes contributing 
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to the observed response. Implications of the results for g-ray measurements in a deuterium-tritium 
plasma of ITER are finally discussed.

2. LaBr3 response function to 2.5 MeV mono-energetic neutrons
Measurements of the LaBr3 response function to 2.45 MeV mono-energetic neutrons were performed 
at the Frascati Neutron Generator (FNG) [15]. At FNG a deuteron beam was accelerated on a 
deuterium target, providing a neutron yield of 2·108 neutrons per second during the measurements. 
The detector was placed at about 1 m from the target, which resulted in a neutron fluence on the 
detector front surface of approximately 8·104 neutrons per second. The light produced by neutron 
interactions with the crystal was detected by an eight stage Hamamatsu R6233-01 photo multiplier 
tube (PMT). The PMT was equipped with a custom developed active base for gain shift minimization 
at high counting rates [16] and was operated at a high voltage VHV =

 800V (for reference, the PMT 
nominal gain at VHV =

 103 V is 2.7·105). A commercially available 1 Gsample/second, 12 bit digitizer 
was used to record individual pulses from the PMT. The corresponding pulse height spectrum (PHS) 
was reconstructed off-line using dedicated software [13].
	 The spectrum measured at FNG is shown in figure 1 and can be compared with that of figure 2. 
The latter is the spectrum measured by the same detector in the absence of neutron irradiation and 
entirely due to its intrinsic radioactivity. LaBr3 has an intrinsic background due to the radioactive 
138La isotope (present in trace concentrations of about 0.09%) and to actinides. These are manifested 
as distinctive structures in the spectrum from combined a, b and g decays [12]. In the presence 
of 2.45MeV neutron irradiation (figure 1), the intrinsic background spectrum cannot be anymore 
distinguished as neutron interactions with the crystal dominate the response function. The latter is 
non trivial, as revealed by the rather complex energy spectrum of figure 1, where peaks at several 
energies appear, the most significant being at E ≈ 800keV. All structures are found in the region E < 
2.5MeV, whose area is about 90% of the whole spectrum. In the region E > 2.5MeV, there is only 
a roughly exponential tail of events, at a much lower amplitude.
	 The observed difference between the regions E < 2.5MeV and E > 2.5MeV can be qualitatively 
understood on the basis of the processes contributing to the measured response. 2.5MeV neutrons 
can interact with the crystal through radiative capture, inelastic and elastic scattering. Of these three 
mechanisms, only radiative capture and inelastic scattering are of practical importance, as the recoil 
energy left behind by 2.45MeV neutron elastic scattering on the heavy 139La, 79Br and 81Br isotopes 
(≈100keV at most) is well below the experimental energy threshold of our measurements (≈ 500keV). 
The cross section for neutron inelastic scattering on these three LaBr3 isotopes is presented in figure 
3. Here we do not separate the individual curves corresponding to LaBr3 isotopes left in different 
excited states after scattering, but we rather show their sum. At En =

 2.5MeV, inelastic scattering 
on 79Br, 81Br and 139La is equally likely, with a cross section s ≈ 2 b. For comparison, the cross 
section for radiative capture is s ≈ 10mb at En =

 2.5MeV, which makes this process of relevance 
only in the presence of a significant amount of thermalized neutrons. Further processes involving 
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neutron capture with production of charged particles in the exit channel (such as 79Br(n,p)79Se) are 
negligible at all neutron energies, due to their cross sections.
	 The spectrum of figure 1 is compared with MCNP simulations in section 4. Here we finally note 
that neutron inelastic scattering would explain why, as reported by Roberts [14], no neutron/gamma
discrimination can be performed with LaBr3. Neutron interactions with this scintillating material 
also result in g-rays. The corresponding pulse shapes could not be thus distinguished from those of 
external g-rays traversing the detector.

3. 2.5 MeV neutron measurements at tokamaks with LaBr3

The LaBr3 response function to 2.5MeV from d+d reactions was further measured at two different 
tokamaks, the Joint European Torus (JET) and ASDEX Upgrade (AUG), using the same measurement 
setup of FNG. Measurements of the scintillator response to fusion neutrons at the AUG tokamak have 
been first presented in Ref. [18]. In both cases, deuterium plasmas were heated with deuterium neutral 
beam injection (NBI) at different power levels. In these conditions, the plasma is a good neutron 
source, where neutron emission mostly arises from reactions between deuterons in the beam and those 
in the plasma (beam-target reactions). The resulting neutron spectrum is roughly monoenergetic, 
with an energy spread of about 300keV around the mean neutron energy En =

 2.45MeV [19]. This 
makes the experimental conditions of the measurements at JET and AUG comparable to those at 
FNG. The difference between the two measurements was the position of the detector with respect 
to the plasma. At AUG, LaBr3 was placed 12m from the plasma, along a collimated horizontal line 
of sight [20], providing a neutron flux at the detector position of 1.7·104 neutrons/sec/cm2. At JET, 
instead, the distance from the plasma was 23m, with a collimated vertical view. The neutron flux 
(0.8·104 neutrons/sec/cm2) was here reduced by a factor 2 only with respect to AUG. In both cases, 
the detector was directly exposed to the 2.5MeV neutron flux, with no shielding.
	 In order to verify that the measured signals are dominated by 2.5MeV d+d neutron interactions 
with LaBr3 (and not, for instance, by nuclear radiation of different origin emitted from the plasma), 
we can compare the measured counting rate as function of time with variations of the plasma neutron 
yield, measured by fission chambers (figure 4). The strong correlation between the two traces is a 
clear indication of the 2.5MeV neutron origin of the signal. Time variations in the measured traces 
are due to the specific plasma conditions of the measurements: slower variations can be ascribed to 
changes in the plasma temperature/density and NBI power; faster variations originate from plasma 
instabilities, such as sawteeth.
	 The energy spectra measured at the JET and AUG tokamaks can be compared to the one measured 
at the FNG neutron source (see Fig.5). Each spectrum was separately calibrated in energy using 
radioactive 137Cs and 60Co sources and normalized to an equivalent 150 kHz count rate.
	 The three spectra show remarkable similarities in terms of peak positions and structures. In each 
case the main component of the spectrum presents counts recorded in the region Eγ < 2.5MeV, while 
there are only few events at Eγ > 2.5MeV. This fact confirms that the response is mainly dominated 
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by 2.5MeV inelastic neutron scattering. The differences between the three spectra can be ascribed 
to the following effects. The first is the additional contribution of γ-rays produced by neutrons that 
interact with materials surrounding the detector. This further background source was different in the 
three experiments, as it depends on details of the specific environment where the experiment was 
carried out. A second effect comes from the differences in the neutron energy spectra among the three 
measurements. At JET and AUG, high energy NBI deuterons reacting with the bulk plasma give 
rise to neutrons of energy En =

 2.45±0.3 MeV. At the FNG accelerator, instead, the neutron energy 
spectrum is narrower around En =

 2.45MeV. Moreover, the scattered and moderated components 
of the neutron spectrum are different depending on details of the line of sight of each experiment. 
Although these differences, the strong similarity between the measurements strongly indicates that 
the contribution from 2.5MeV neutrons interacting with the detector is the dominant one. Finally, 
we note that neutron induced events mostly lie in the region E< 2.5MeV, which is promising for 
g-ray observations in deuterium plasmas, as most of the g-ray emission from fast ions is expected 
in the range 2MeV < Eg <6MeV.

4. Data analysis
The role of nuclear inelastic scattering from fusion neutrons as the main contributor to the measured
 response function has been investigated in detail using a MCNP [21] model. The interaction process 
has been divided into two steps, according to the optimal use of the F8 tally, i.e. the energy distribution 
of pulses created in a detector by radiation. In the first step, the energy distribution of γ-rays born 
from the interaction of a uniform, mono-energetic beam of 2.5MeV neutrons impinging on the crystal 
is simulated. In the second step, the resulting neutron induced gamma-ray spectrum is used as input 
for a new MCNP simulation aimed at evaluating the interaction of these neutron born γ-rays with 
the crystal. The continuous-energy neutron data libraries ENDF62MT [22] are used to simulate 
g-rays emitted by neutron interactions with lanthanum and bromine nuclei. The model used in the 
simulation includes a uniform beam of 2.45MeV mono-energetic neutrons impinging on the front 
side of a 3’’×6’’ LaBr3 crystal. No other material is included in the simulation. Figure 6 separately 
shows the g-ray energy spectrum emitted by each individual isotope 139La, 79Br and 81Br. The number 
of excited levels, and therefore the number of corresponding g-ray energies from de-excitation, is 
considerably high. Some of these lines are expected to be overlapped in the measured spectrum, due 
to the finite energy resolution of the spectrometer, thus appearing as complex structures. A second 
MCNP simulation was then carried out to take into account the efficiency of the crystal to neutron 
born g-rays of different energy. In this case the output g-rays of the first simulation are used and are 
assumed to be uniformly distributed in the whole crystal volume. The simulation of the detector 
response to mono-energetic g-rays was benchmarked with measurements as presented in Ref.[18]. 
Table 1 summarize the main results of the simulations. On average, Ng =

 1.14 g-rays per neutron 
are produced. The fact that Ng is larger than 1 is due to multiple inelastic neutron scattering. In fact, 
the mean free path of a 2.5MeV neutron in LaBr3 is about 7cm, which is about half of the crystal 
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length (15.24cm = 6 inches). The probability for an emitted g-ray to give a count, i.e. the number 
of g-rays that deposit in the crystal an energy above a certain threshold divided by the number of 
histories, is 0.7 when the threshold on deposited energy is Eth = 2keV. This value decreases for higher 
thresholds; for instance, it becomes 0.65 at E >100keV. Therefore we can calculate the detection 
efficiency to 2.5MeV neutrons by combining Ng with the g-ray detection probability. The result is 
0.76 counts per neutron in the region E > 2keV.
	 The spectrum obtained with MCNP simulations can be compared to that measured from JET 
deuterium plasmas (figure 7). An experimental energy broadening has been added to the MCNP 
simulation for comparison with measurements at JET. Both spectra in figure 7 are normalized to 
same height. Simulation and measurements are consistent, as the same peaks and structures are 
found. The small differences observed are due to the following reasons. First of all, we have not 
included any other material in the simulation but the LaBr3 crystal. Background gamma rays 
induced by neutron interactions with the tokamak main components and materials surrounding the 
detector are therefore not accounted for by the MCNP result. For example, the peak at 0.8MeV 
can be attributed to the interaction of fast neutrons on iron, an abundant element in most tokamak 
structures. Similarly, we expect that environmental g-rays induced by neutron interactions can fill 
the gaps in the energy region 1 to 1.5MeV of the simulated spectrum. The second reason that could 
explain such differences is that the simulation considers only 2.5MeV mono-energetic neutrons, 
and does not include other components of the neutron spectrum. For example, a deuterium plasma 
can also generate the so-called triton burn up neutrons [23,24]. These are 14 MeV neutrons born 
from deuterium-tritium reactions (here, tritium is generated in the plasma by d+d ×→ p + t) and 
constitute about 1% of the total neutron emission. The corresponding contribution to the LaBr3 
signal is estimated to be about 2%. A more detailed MCNP model could be developed to account 
for these effects. This goes however beyond the level of accuracy needed for our applications. 
	 As a final test of the MCNP model, we can compare the predicted detector count rate as a function of the 
total neutron yield of JET with that measured (see Fig.8). Three different discharges have been considered 
with NBI powers up to 17MW, corresponding to neutron yields as high as 4·1015n/s. Measurements have 
been integrated on time windows of 0.04 seconds. Errors are from counting statistics.
	 Simulations of neutron transport from the plasma along the detector line of sight [25] predict the 
ratio of neutron fluence on the detector to the total neutron yield of JET to be (1.36 ± 0.4) · 10–10. 
This value is known with 30% uncertainty as it can vary depending on plasma shapes and neutron 
emission profiles. According to the MCNP simulation, the number of counts on the detector per 
incoming neutron is 0.76, of which 88% are above the 200keV threshold used in the measurement. 
For this reason the predicted linear function relating the LaBr3 count rate to the total JET neutron 
yield has a slope of 0.76 · 0.88 · (1.36 ± 0.4) · 10-10 = (0.9 ± 0.3) · 10–10, while the predicted intercept 
is the intrinsic background count rate 1.5 · 103 of the LaBr3 crystal.
	 Table 2 compares the parameters of the linear function predicted by the simulations to the same
parameters obtained from a linear fit of the experimental data in figure 8. Results are in good 
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agreement. The scattering of the data points around the best fit line is mostly due to neutron transport 
to the detector, that depends on plasma shapes and neutron emission profiles (See details in [25]). The
dashed lines in the figure correspond to the ± 30% uncertainty on the predicted slope of the LaBr3

count rate as a function of the total JET neutron yield. The scattering of the experimental data lies
within these limits.

5. LaBr response to 14 MeV neutrons from DT reactions
Based on the results for 2.5MeV neutrons, we can discuss the expected LaBr3 response function to 
14MeV neutrons from deuterium-tritium plasmas. More nuclear processes play a role at this neutron 
energy. Although inelastic scattering cross sections are reduced for 14MeV neutrons with respect to
2.45MeV neutrons by a factor 3 (see Fig.3), Fig.9 shows that (n,2n) reactions can occur at 14MeV.
These are threshold reactions that are active above 9MeV, 10MeV or 11MeV for 139La, 81Br and 
79Br, respectively, with an increasing cross section as a function of the mass number A. The two 
neutrons resulting from each (n,2n) reaction can be themselves a source of signal, since they have 
enough energy to undergo inelastic scattering reactions with the other nuclei into the large crystal 
volume. The nuclei left behind by (n,2n) process, which are produced at mass number A-1, are 
generated in an excited state and, in turn, de-excite by emission of g-rays. For this reason, a higher 
counting rate can be expected from 14MeV neutrons than from 2.5 MeV. Besides, the A-1 nuclei 
78Br and 80Br bred by (n,2n) reactions are unstable and undergo a b decay with a half life of 6 and 
17 minutes, respectively. Their activity can be ignored for short discharges (say, a few seconds), 
such as those at JET, but will give a large contribution to the background counting rate for long 
tokamak discharges, like those expected at ITER.
	 Preliminary MCNP simulations have been performed for 14MeV neutrons using the same method 
and simplifications discussed for 2.5MeV. In the model, 14MeV neutrons are impinging on the front 
side of a 3’’×6’’ LaBr3 crystal. A first simulation is carried out to determine the number of photons 
emitted per impinging neutron via inelastic scattering or following a (n,2n) reaction. The number 
of neutrons that undergo (n,2n) reactions also gives the number of radioactive nuclei produced. 
The results of these simulations are presented in Table 3. Using these values we can make a first 
prediction of the detector counting rate. Here we note that, when the neutron flux is not constant 
as a function of time, the corresponding LaBr3 counting rate is not necessarily proportional to the 
instantaneous flux. The reason is that the amount of radiation from b decays of 78Br and 80Br at time 
t depends on the number of radioactive A-1 nuclei produced at time t-Dt and is thus proportional to 
the neutron flux at that time. For the sake of clarity, we shall here assume a constant neutron flux 
and we limit the estimation of the counting rate to the cases of a very short pulse (t<<1min) and a 
very long one (t >> 20min). The number of counts we obtain per 14MeV neutron is 1.3 and 1.7 in 
the two cases, respectively. An energy threshold of Eg =

 2keV in the g-ray spectrum is assumed.
	 Preliminary experiments at FNG were also dedicated to measurements of background induced by 
14MeV neutrons. The fluence to the detector was 3.8 · 105 neutrons s–1 and the measured detector 
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count rate was 5.2 · 105 s–1, in the limit case of a short pulse. This yields 1.4 counts per 14MeV 
neutron, which is in agreement with the predicted value (1.3) within 10%.
	 The measured energy spectrum of a 3’’×6’’ LaBr3 detector is shown in Fig.10. The calibration 
was obtained from 60Co and 137Cs laboratory sources. Several structures are observed, which are 
the result of g-rays induced by neutron interactions. The spectrum is however rather flat at high 
energies (Eγ >

 3MeV). This is again promising in view of γ-ray measurements for fusion plasma 
diagnostics, as g-rays from plasma reactions are mostly expected in the range 2MeV < Eg < 6MeV.

6. Outlook and implications for ITER
At ITER, g-ray spectroscopy has been proposed for fast ion diagnostics in high power plasmas and, 
in particular, for a particle diagnosis. LaBr3 is currently the most promising scintillator given its 
high rate capability and resistance to neutron damage. The possibility to implement a γ-ray camera 
system composed of an array of LaBr3 crystals is currently under study for ITER [26]. One of the 
main challenges is the background on the detector produced by high neutron fluxes up to 108–109 
neutrons cm−2s−1 at the possible detector position without neutron filters. The present work aims 
at contributing to that particular problem. The fact that, as shown in figure 1, neutron induced 
background is mostly distributed on the low energy part of the spectrum, is promising for g-ray 
observations from fast ions. However, the overall background count rate of the detector must also 
be kept sufficiently low, in order not to exceed its few MHz total count rate capability, leading to 
paralysis. Further work needs to be addressed to the design of neutron attenuators that can reduce 
the overall detector load at an acceptable level to enable measurements. A promising candidate 
is 6LiH, as both 6Li and H, being light nuclei, are good neutron moderators. Besides, 6Li is also 
a neutron absorber, with a capture cross section of 3 · 103 b for thermalized neutrons. Clearly, a 
deeper understanding of the LaBr3 response to 14MeV neutrons is a preliminary requirement for 
the attenuator design.

Conclusion
The response function of a 3’’×6’’ LaBr3 detector to 2.5MeV neutrons has been measured to 
understand the relevance of neutron induced background in view of γ-ray measurements at ITER. 
The experiments were carried out at the FNG neutron source and, with deuterium plasmas, at the 
ASDEX Upgrade and JET tokamaks, showing a remarkable similarity. A simple MCNP model has  
been implemented and can reproduce the experimental data both in terms of the main features of 
the pulse height spectrum and expected counting rate. The model reveals that inelastic scattering 
of 2.5MeV neutrons with lanthanum and bromine nuclei gives the most important contribution to 
the response function. Based on the results for 2.5MeV neutrons, first extrapolations to 14MeV 
neutrons show that (n,2n) reactions will play a significant role at this energy, yielding an increased 
contribution to the background. The presented results are of relevance for the design of g-ray 
diagnostics of fusion burning plasmas, such as ITER.
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Figure 1: Energy spectrum measured by a 3’’×6’’ LaBr3 
detector from mono-energetic 2.5 MeV neutron irradiation 
at FNG.

Figure 2: Measured energy spectrum of the intrinsic 
background of a 3’’×6’’ LaBr3 scintillator..

Table 1: Summary of the MCNP simulation results for 2.5MeV neutrons impinging on a 3’’×6’’ LaBr3 detector.

Table 2: Parameters of the linear function relating the LaBr3 count rate to the total JET neutron yield, as obtained 
from measurements (left) and simulations (right).

Table 3: Summary of MCNP simulation results considering 14 MeV neutrons on a 3’’×6’’ LaBr3 detector.
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Figure 3: Neutron inelastic scattering cross section on 
the three LaBr3 isotopes 79Be, 81Br and 139La [17]. For 
each isotope, the summed curve for excitation into any 
level after neutron scattering is shown. The dashed line 
corresponds to 2.5MeV.

Figure 4: Time evolution of the counting rate of the LaBr3 
spectrometer (dashed line) and JET total neutron yield 
measured with fission chambers for Pulse No: 82539 
(solid line).

Figure 5: Energy spectra induced by 2.5MeV fusion 
neutrons on a LaBr3 scintillator, measured at AUG 
(dashed) , JET (solid) and FNG (dotted).

Figure  6: Energy distribution of g-rays induced by 2.5MeV 
mono-energetic neutrons simulated with MCNP for a 
3"×6” LaBr3 detector. The contribution of each individual 
isotope is shown separately.
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Figure 10: Energy spectrum measured at FNG using 
14MeV fusion neutrons on a LaBr3 scintillator.

Figure  8: LaBr3 detector count rate as a function of the 
JET total neutron yield. Scattered points are from different 
JET discharges. The dashed lines correspond to the 
uncertainty on the slope for the linear relation between 
the LaBr3 counting rate and the JET neutron yield, as 
predicted by simulations.

Figure 9: (n,2n) reaction cross sections for the three 
isotopes of LaBr3 [17]. The dashed line corresponds to 
14MeV.
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