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Abstract

In this work we present a method to evaluate the neutron response function of
a NE213 liquid scintillator. This method is particularly useful when the proton
light yield function of the detector has not been measured, since it is based
on a proton light yield function taken from literature, MCNPX simulations,
measurements of gamma-rays from a source and measurements of neutrons from
fusion experiments with ohmic plasmas. The inclusion of the latter improves
the description the proton light yield function in the energy range of interest
(around 2.46 MeV).

We apply this method to a NE213 detector installed at JET, inside the radi-
ation shielding of the magnetic proton recoil (MPR) spectrometer, and present
the results from the calibration along with some examples of application of the
response function to perform neutron emission spectroscopy (NES) of fusion
plasmas.

We also investigate how the choice of the proton light yield function affects
the NES analysis, finding that the result does not change significantly. This

points to the fact that the method for the evaluation of the neutron response
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function is robust and gives reliable results.
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NE213 scintillator; Neutron spectroscopy; response function; proton light yield;

1. Introduction

Neutron emission spectroscopy (NES) can provide valuable information about
a fusion plasma based on the emission of 2.5 MeV and 14 MeV neutrons from
the d4+d and d+t reactions respectively [II, 2] B]. Plasma parameters such as
fuel ion ratio [4], thermal emission fraction [5], and many others can be mea-
sured by means of NES analysis. Compact neutron detectors such as NE213
liquid scintillators are regularly employed as neutron counters and in neutron
cameras, but they have not been used much for NES analysis, since their energy
resolution is poor and their response to neutrons is far from optimal for spec-
troscopy. Nevertheless, they have the potential to provide profile information
of the above-mentioned fusion plasma parameters through NES analysis. Some
attempts to obtain plasma parameters with NE213 detectors has been presented
in

In this work we present a method to calculate a reliable neutron response
function of NE213 detectors. The neutron response function can then be used

to perform NES analysis, after applying the following integral transform:

M(ch) = / R(ch, E,)S(E,)dE,, 1)

where S is a neutron spectrum, R is the response function, M is the measure-
ment, ch is the measured quantity (total integrated charge for NE213 detectors)
and E,, is the neutron energy.

Some of the neutrons and gamma-rays that reach the detector transfer part of
their energy to protons and electrons respectively. The neutrons interact mostly
through elastic scattering, while the gammas through Compton scattering [6].
Since in both cases the recoil particle is charged, it induces the emission of

scintillation light in the detector, with an intensity that depends on the energy
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and type of the particle. The distribution of the intensity of the light emission
from the recorded events is referred to as the pulse height spectrum (PHS).
The experimental PHS is obtained from the integration of the voltage values of
the individual scintillator pulses (total charge of the pulses) and it is initially
expressed in arbitrary units. The actual light emission values, usually expressed
in units of eVee (electronvolt electron equivalent), can be obtained only after a
proper calibration has been performed.

The light output from the NE213 that results from the interaction of neu-
trons in the scintillator is related to the neutron energy through the detector’s
neutron response function. Therefore obtaining the response of the detector
to neutrons and gammas is a crucial step towards performing neutron spec-
troscopy analysis. In particular, the relationship between the neutron energy
and the corresponding maximum light output is not linear and it is referred to as
the proton light yield (output) function. In previous works either the response
function [7] or the proton light yield function [8, [] was measured at an accel-
erator facility. This is good practice, but sometimes it can be inconvenient or
impossible to perform the measurements. Furthermore, it is important to notice
that once the detector is moved to another facility, the response may change due
to changes in cables, background noise, acquisition system, deterioration of the
photomultiplier tube (PMT) etc. All these changes can introduce differences in
the resolution and in the response of the detector. Also the light output might
vary over time because of deterioration of the scintillation material. Thus, even
in cases when a calibration has been obtained prior to the installation at the
fusion device, monitoring and adjustment will be required in situ.

The neutron response calculation method presented here is based on MC-
NPX [10] simulations, a standard proton light yield function from literature and
measured data from a gamma source and from fusion experiments with ohmic
plasmas. This procedure means that the detector is calibrated and characterized
in-situ in its final measurement position. Specifically, the use of ohmic plasma
discharges as a calibration source allows to adjust the proton light yield function

to the exact experimental set-up that is used in later measurements where the
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NES analysis is performed to obtain physics results.

In section [2| we describe the experimental set-up, the data processing, and
the method for the calculation of the response of the detector; in section [3] we
briefly discuss the modeling of the neutron emission; in section [4)) we show the
results of the calibration and of the NES analysis of data collected during JET

experiments; finally we discuss the results in section

2. Materials and methods

2.1. Detector Installation

The NE213 detector used in this study is installed inside the radiation shield-
ing of the Magnetic Proton Recoil (MPRu) neutron spectrometer [I1] at the JET
fusion experimental facility, UK. The NE213 is positioned in front of the MPRu
beam dump, and the two instruments share the same tangential line of sight
through the plasma. The distance from the NE213 to the plasma center is about
11 m. The NE213 active volume is a cylinder with 12.3 mm diameter and 8.4
mm thickness. The scintillation light is detected by a Hamamatsu R5611 [12]
PMT. The PMT electrical pulses are transmitted through about 90 m of low
loss coaxial cable to the data acquisition equipment. The PMT voltage pulses
are digitized by an SP Devices ADQ214 [I3] digitizer (14 bit, 400 MSPS) and
the full pulse shapes are stored on a local computer for a later offline analysis.
The detector is equipped with a 22 Na gamma source that provides an absolute
reference for calibration and monitoring of the PMT gain. An LED pulse gen-
erator is connected to the PMT through a light fibre and it is used to monitor
short term gain drifts of the PMT.

2.2. Data processing

Converting the raw data to the PHS requires a few steps. First of all a
general voltage offset (baseline level) needs to be subtracted from the pulses.
Then the pulses are integrated by summing the sample values in two different

time ranges, a short and a long range, as shown in Figure



85

90

95

We use two ranges of integration in order to perform pulse shape discrim-
ination (PSD) between pulses induced by gamma rays and pulses induced by
neutrons. The total integrated charge is just the sum of the short and long
charge (Qtot = Qshort + Qiong), While the PSD factor is given by:

psp = Qons. (2)

tot

The events can then be displayed in a 2D plot, with Q. on the x axis and
PSD on the y axis. One can then apply cuts to select the regions containing
gamma, neutron and pile-up events, as shown in Figure 2] For the counting
rates that were measured with the detector in the present study, this method is

sufficient to get rid of most pile-up events.

2.83. Response function generation

The response function of the detector to gamma and neutron irradiation is
estimated from a combination of MCNPX simulations and measurements. The
simulations are used to calculate the shape of the response of the detector to
monoenergetic gamma and neutron interactions. However the simulations do
not include the energy resolution of the detector or the conversion between total

charge (pulse height spectrum “channel”) and light yield, i.e. the energy cali-
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50 100 150 200 250
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Figure 1: Example of scintillator pulse recorded with the NE213 detector, after the baseline
restoration has been performed. The colored areas show the short charge (red with black

lines) and long charge (blue).



w0 bration. These effects need to be parametrized and the parameters estimated by
comparison with measurements. The resolution is modeled as a three-parameter
formula [I4]:

_ FWHM(E) 2 42

R(E = 24 4 T 3
where «, 8 and v are the parameters and E is the energy.

The energy calibration is described by the linear relationship:

ElkeVee] =k - ch 4+ m, (4)

105 where ch represents the total charge value and F is the detector light output,
expressed in keVee.

In the case of gamma interactions, the light output (in keVee) is directly
proportional to the energy deposited by the recoil electron (in keV). In contrast
the light output of recoil protons from neutron interactions cannot be described

no by a linear relationship with the deposited proton energy, and it is usually
described by a 3rd or higher degree polynomial, with different coefficients for
different energy intervals. The method we developed here allows to obtain
reliable results even when the proton light yield function has not been measured.

We start from a light yield function taken from literature and we adapt this

o 10000 20000 30000 40000 50000 60000
Qror [a.u.]

Figure 2: PSD vs total charge plot for JET discharge 86459. The red lines show the cuts

applied to select the gamma, neutron and pile-up region.
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assumption to our detector by introducing a further calibration parameter, A,
which acts on the proton light yield as a multiplication factor:

L;, =X Ly, (5)

where L; is the calibrated proton light yield function, while L, is the one
from literature.

To estimate the impact of this assumption on the NES analysis, we calculated
three separate response functions, using three different light yield function. We
then compared the results obtained with each of them to have an indication
of the sensitivity of the results on this choice. Figure [3| shows the light yield
functions that we used. Two of them are taken from publications (“Hawkes” [15]
and “’Verbinski” [16]), one (“ED”) is taken from the database of the simulation
code NRESP [17].

Since the calibration is based on data that consists mostly of neutrons of en-
ergies near 2.46 MeV, the agreement between the three functions is largely im-
proved around this value. However relatively large differences remain at higher

energies.
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Figure 3: Proton light yield functions used for the simulation of the neutron response.

The measurements used to estimate the response parameters (a, 3, v, k, m,
\) are: i) gamma-rays from a 22 Na source permanently installed in front of the
detector, which emits monoenergetic gammas at 1275 and 511 keV, and ii) the

neutron PHS accumulated during the ohmic phase of about 650 JET plasma
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discharges. The latter provides us with information about the proton light yield
function, allowing us to estimate the calibration parameter A. This would not
be possible with the sodium source.

To describe the gamma data we only simulate the two energies of interest,
while for the neutron data we produce a response matrix built from MCNPX
simulations of the response of the detector to monoenergetic neutrons of different
energies (from 1 to 20 MeV in 50 keV steps). The comparison with measure-
ments is performed after folding the response with Gaussian distributions with
a spread that follows the resolution function of equation |3| and after calibrating
it according to equation [} The neutron response function is further calibrated

according to equation

3. Neutron spectra model

An estimate of the neutron spectrum at the detector position is obtained
from Monte Carlo calculations [I8] [I9]. The starting point for these calculations
is the velocity distribution of the ions in the plasma, which needs to be mod-
eled. The ion velocity distribution model depends on the heating scheme and
the plasma parameters. In this work we analyzed data collected from plasmas
heated with three different heating schemes: ohmic heating (used for calibration
of the detector response), neutral beam injection (NBI) heating, and NBI + ion
cyclotron resonance heating (ICRH).

The ohmic neutron spectrum is very well known, therefore we use it as a
known source for the calibration of the response. It is well described by a Gaus-
sian distribution [20] whose parameters depend on the plasma ion temperature.
At JET the temperature of ohmic plasmas is about 2 keV [2I], which results in a
Gaussian centered at about 2.46 MeV, with full width half maximum (FWHM)
of about 117 keV.

For plasmas with NBI heating only the ion velocity distribution is calculated
using the TRANSP code, a simulation tool widely used in fusion research [22].

For the more complex heating scheme which uses a combination of NBI



165

170

175

180

185

190

and ICRH, the modeling is more complicated. We chose to analyze discharges
where the ICRH was tuned on the 3rd harmonic of the deuterium ion cyclotron
frequency, because this heating scheme produces highly energetic D fuel ions
(up to a few MeV) whose energy is reflected in the emitted neutron spectrum as
a high energy tail of considerable intensity. In this case the ion distribution is
obtained using a previously developed 1D Fokker-Planck model [23]24]. The two
main parameters in the model are connected to the intensity and the endpoint
(cut-off) energy of the ICRH-induced fast ion tail. For the analysis performed
here, these two parameters were fixed from a fit to data collected with the
TOFOR neutron spectrometer for the studied JET discharges [25]. We also
here note that this model contained an assumption that the ICRH-induced fast
ions will have pitch angles (the angle between the velocity of the ion and the
magnetic field) evenly distributed in the range 80-100 degrees. A more detailed
discussion about the assumptions of this model have been presented in [26] and
will not be part of the discussion in this paper.

In all of these cases, a fraction of the neutrons that reach the detector have
undergone scattering against the tokamak structures. We call these “backscat-
tered” neutrons, and we include this effect in the neutron spectrum model by
having a backscatter component calculated with MCNP [27].

Furthermore, in the NBI + ICRH case, we include also a triton burn-up
neutron (TBN) component in the neutron spectrum. TBNs are produced from
DT reactions (D + T — a + n) that occur in pure DD plasmas because the
reaction D 4+ D — p+t produces tritons, which in turn can interact with the D
in the plasma. Even though the TBN emission is a small fraction (about 1%) of
the total emission, it is relevant because it affects the end-point of the PHS tail,
where the counting statistics is low. This end-point is particularly important
in the NBI 4+ ICRH scenario, therefore the inclusion of a TBN component is

necessary for the correct description of the data.
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4. Results

Examples of the NE213 pulse height spectra produced by the three different

heating schemes that we analyzed are shown in Figure [4]

v NBI + ICRH

]
2 .
§ 107 ¥
o L]
el
E ; !EQ% ;""!l
g t
s PR T

A2
by

80 00

40 60
channel

Figure 4: NE213 normalized pulse height spectra for JET discharges with ohmic heating (blue
squares), NBI heating (green circles) and NBI + ICRH (red triangles).

As mentioned before, we use the ohmic data to calibrate the neutron response
function. We then analyze NBI heated data because, besides the ohmic data,
they are the simplest to model. Finally we analyze the more complicated case
with ICRH, where the fast ion distribution is not as well known as in the case

with NBI only.

4.1. Calibration

The result of the sodium spectrum fit is shown in Figure [5| Since the scintil-
lation cell of the detector is small, we assume o = 0 (in equation [3| « is related
to volume effects). From this fit we obtain 3, v, k¥ and m. The normalization
factor of the two gamma components (511 keV and 1275 keV) are also free
parameters of the fit.

The result of the fit to ohmic-heating neutron data is shown in Figure [6]
From this fit we obtain A. Also in this case the normalization factor of the two
components is a free parameter.

Some example values of the calibration parameters obtained from the fits

are shown in Table[I] These values can change over time and therefore they are

10
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Figure 5: Experimental pulse height spectrum of the data from the 22Na gamma source
(points). The blue dash-dotted and the black dashed lines are the MCNPX responses of the
detector to the two gamma energies (511 keV and 1275 keV respectively) after convolution

with the resolution function. The bold red line is the sum of the two.
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Figure 6: Left panel: neutron energy spectrum components used in the fit. Right panel:
experimental neutron pulse height spectrum (sum over about 650 ohmic discharges) with the
fitted components. The blue solid line is the thermal component, the black dashed line is the

backscatter component, the red bold line is the sum of the two.

4.2. NBI heated discharges

As a first step of validation of the method we chose to analyze plasma dis-
charges where the neutron emission is dominated by beam-thermal interactions,

following what was done with the TOFOR spectrometer in [28]. This type of

11
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Parameter | Value | Uncertainty Units
k 16.939 0.010 keVee/ch
m 17.58 0.22 keVee
B 8.76 0.26 MeVeel/?
vy 4.53 0.20 MeVee
Am 0.967 0.02 -

Ay 0.885 0.02 -

AE 0.930 0.02 -

Table 1: Example values of the calibration parameters resulting from the gamma and ohmic
fits. The values of A for the three light yield functions used are given (“Hawkes”, “Verbinski”,
‘LED” ).

discharges is the simplest to model, besides thermal plasmas which we already
used for calibration purposes. We selected 5 suitable time intervals from 3 JET
discharges (number 85227, 86996 and 86997). We observed that a satisfactory
fit to the TOFOR data can be obtained using a beam-thermal component alone.
Hence we concluded that beam-thermal interactions are the dominating source
of neutrons in this scenario and we performed the analysis of the NE213 data
with only such a component.

Figure[7]shows the neutron spectrum components and the experimental PHS
for discharge 86997 with the fitted components. Since the fuel ion distribution,
and hence the spectral shape of the neutron emission, was completely deter-
mined based on the TOFOR analysis, the only free parameter in this case is
the normalization factor for the beam-thermal component. The normalization
factor for the backscatter component was fixed from the total neutron yield
measured by the fission chambers. It is worth noticing that, despite the PHS
looking very similar to the ohmic one (Figure @, it extends to higher integrated
charge values. The difference between the two can be seen more clearly in Figure
4

Table [2| shows the reduced Cash statistics values [29] obtained from the

comparison of all the time intervals that we analyzed.

12
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Figure 7: JET discharge number 86997. Left panel: neutron energy spectrum components
used in the fit. Right panel: experimental neutron pulse height spectrum with the fitted
components. The blue solid line is the beam-thermal component, the black dashed line is the

backscatter component, the red bold line is the sum of the two.

Discharge number and time interval | Reduced Cash statistics
85227 9-14 s 1.91
85227 14-18 s 0.85
86996 7-13 s 1.14
86996 13-17.5 s 1.04
86997 7-17.5 s 1.29

Table 2: Reduced Cash statistics values obtained for JET discharges 85227, 86996 and 86997.

4.8. NBI + ICRH discharges

We compared the modeled and the measured PHS for three JET discharges:
86459, 86461 and 86464. As in the NBI heating only case, the normalization
factor of the backscatter component is fixed from the total neutron yield mea-
surement, while the normalization factors of the two direct components (NBI +
ICRH and TBN) are free parameters.

We performed the comparison using the three response functions produced
for the three proton light yield functions presented in section We chose to
do this using data from the 3rd harmonic ICRH experiment because in this case

the neutron spectrum extends to high energies that go far beyond the energy

13
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range of the ohmic discharges that we used to calibrate the light yield function.

The time intervals selected for the analysis were 10.5-12.1 s, 11-13 s and
11-13 s for the three discharges respectively.

Figure[8|shows the neutron spectrum components and the experimental PHS
for discharge 86459 with the fitted components. Figure [J] shows instead a com-
parison of the results obtained using the three different proton light yield func-
tions for the generation of the response function.

The comparison is performed using Cash statistics, and the results for all

the discharges and light yield functions are presented in Table

10" — total [ — total
E — TBN e — TBN
r --- NBI + ICRH E --- NBI +ICRH
N e backscatter e backscatter
5 100 <= r
S k 3 ek
|Z] E
g R
= =1 RN
Z 3 r
(S © F
10°F
E 105
104‘lmH"‘mumumumumu\Hm 1‘\”‘\‘0«”\”‘\‘\‘
2 4 6 8 10 12 14 16 40 60 80 100 120 140 160
E, [MeV] channel

Figure 8: JET discharge number 86459. Left panel: neutron energy spectrum components
used in the fit. Right panel: experimental neutron pulse height spectrum with the fitted
components. The blue dash-dotted line is the NBI + ICRH component, the black dashed line
is the backscatter component, the purple solid line is the TBN component and the red bold

line is the sum of the three.

Discharge number | Hawkes ED  Verbinski
86459 1.29 1.27 1.40
86461 1.38 1.27 1.21
86464 1.47 1.54 1.77
A 0.967 0.885 0.930

Table 3: Reduced Cash statistics values obtained for JET discharges 86459, 86461 and 86464
using the three different response functions. The last line is a reminder of the values of the

calibration parameter A, which differs depending on the light yield function.

14
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Figure 9: Comparison between the measured PHS for discharge 86459 and the model using
the three different proton light yield functions. The lines are the sum of the different spectral
components (backscatter, NBI + ICRH and TBN). Each line corresponds to a different proton
light yield function.

5. Discussion and conclusions

In this work we have adopted a practical approach to the generation of a
neutron response matrix for the used NE213 detector. We introduced a calibra-
tion parameter for the neutron response which we evaluated using experimental
neutron data collected in the exact same conditions as the data that we later
analyzed to obtain physics results. The introduction of this parameter makes
the evaluation of the response robust, since the assumed proton light yield func-
tion is adjusted to better describe the system. The same procedure used in the
calibration could be used even in cases where the neutron response or the proton
light yield of the detector was measured at an accelerator, because changes of
the experimental environment might affect the response (different cables, dif-
ferent noise levels etc.) and the proton light yield might change over time, for
example due to deterioration of the scintillation material.

We analyzed the simple case of data from plasma discharges with NBI heat-
ing only. The neutron energy range is roughly the same as for ohmic plasmas,
which were used to calibrate the response of the detector. The agreement be-

tween model and data was good, as shown by the Cash statistcs values obtained

(Table [2)).

15
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The analysis of data from the NBI + ICRH heating experiments presented
a more complex case. First of all, the ion velocity distribution is not as well
known as in the NBI only case. Secondly, the neutron energies extend to high
values, far from the energy range used in the calibration of the response of the
detector. The comparison between model and experimental data gave good
values of the Cash statistics (Table . However it can be noticed from Figure
that the model slightly underestimates the PHS in the total charge interval
from 80 to 100. This slight discrepancy could be explained by some simplified
assumptions made in the model. Indeed, it has been shown that modifications
to these assumptions can result in a better fit. A more detailed discussion of
this is outside the scope of this paper, but it has been presented in [26].

The use of different light yield functions for the response of the detector has
a small effect on the results (see Table . The difference is small mostly due to
the fact that the calibration factor A reduces the differences between the light
yield functions in the energy range near 2.46 MeV, which is the energy range of
the majority of the neutron events in the analysed spectra. Furthermore, the
inclusion of the A\ parameter and its evaluation “on site” gives stability to the
system, because of the possibility to monitor changes in the response.

We can then conclude that the method that we presented here for the eval-
uation of the neutron response function produces reliable results, and that the
response function obtained can be applied to perform neutron emission spec-
troscopy of fusion plasmas. The method has indeed been applied to obtain

physical results which were presented in [26] and [30].
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