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ABSTRACT

The Joint European Torus (JET, Culham, UK) is the largest tokamak in the world devoted to nuclear
fusion experiments of magnetic confined Deuterium (D)/Deuterium-Tritium (DT) plasmas. Neutrons
produced in these plasmas are measured using various types of neutron detectors and spectrometers.
Two of these instruments on JET make use of organic liquid scintillator detectors. The neutron
emission profile monitor implements 19 liquid scintillation counters to detect the 2.45MeV neutron
emission from D plasmas. A new compact neutron spectrometer is operational at JET since 2010
to measure the neutron energy spectra from both D and DT plasmas.

Liquid scintillation detectors are sensitive to both neutron and gamma radiation but give light
responses of different decay time such that pulse shape discrimination techniques can be applied to
identify the neutron contribution of interest from the data. The most common technique consists of
integrating the radiation pulse shapes within different ranges of their rising and/or trailing edges. In
this article a step forward in this type of analysis is presented. The method applies a tomographic
analysis of the 3-dimensional neutron and gamma pulse shape and pulse height distribution data
obtained from liquid scintillation detectors such that n/y discrimination can be improved to lower
energies and additional information can be gained on neutron contributions to the gamma events

and vice versa.

1. INTRODUCTION

Neutron counters and spectrometers based on organic liquid scintillation materials are of common
use in nuclear physics experiments [1][2]. The detector material consists of NE213 or, in most recent
years, the equivalent BC501A [3]. Liquid scintillation detectors are sensitive to both neutron and
gamma radiation.

At the Joint European Torus (JET, Culham, UK), the neutron emission profile monitor KN3
contains both NE213 detectors and plastic scintillation detectors [4, 5]. Depending on the plasmas
produced in JET, i.e., Deuterium (D) or Deuterium-Tritium (DT), the most optimal detector type can
be selected. NE213 is the choice for the diagnosis of 2.45MeV neutron emission from D plasmas
while thin plastic scintillation detectors are usually used for DT 14MeV neutrons. As KN3 is close
to the vessel, the detectors are shielded to reduce the effects of the strong magnetic field on the
detector photomultiplier tubes (PMT) [6].

The liquid scintillation material of the detector cell is sensitive to temperature variations as is
the PMT. Also the PMT may suffer from rapid variation in gain with count rate so that incoming
neutrons of the same energy give rise to pulses of different size and shape. For the purpose of counting
neutrons (and the accompanying induced gamma background) above an acquisition threshold, such
behavior has limited impact except for neutrons of the very lowest energies.

To monitor the long term stability of the detectors a gamma radiation source is usually implemented
in the setup. If neutron energy determination is the aim of the measurements, liquid scintillation

detectors need to be equipped with an extra reference source to monitor any short term count rate



variations during the measurements. This source can be a light emitting diode (LED) whose stability
is also monitored with the gamma radiation source. If gain variations occur, the shape of radiation
and LED pulses will be modified. Their correction is then obtained by comparing the areas of the
LED pulse shapes to a reference average LED area obtained in nominal operational conditions and
applying this correction factor to all pulse shapes recorded during the plasma discharge [6].

The instrument response function needs also to be measured to a high level of accuracy in order
to determine the neutron energy spectrum from the analysis of the measured neutron pulse height
spectrum (i.e., the distribution of the integral area of the pulses) which is extracted from the data [7].
A new compact spectrometer (KM12) based on BC501A liquid scintillation material was installed
at JET in 2010 [3, 8]. The detector cell is a cylinder of 2.54cm diameter and 2.54cm thickness
equipped with an LED control and monitoring system. With suitable high voltage settings of the
PMT, KM12 allows for measurement of neutron energy in the range 1-20MeV such that it can be
used as a compact broadband neutron spectrometer to measure simultaneously the 2.45MeV and
14MeV neutrons from D and DT plasmas. KM12 has already demonstrated such capability by
measuring 14MeV neutrons due to triton burn-up fusion reactions in D plasmas during high power
shots of JET experimental campaign C27 [8,9, 10]. Measurements of instrument response function,
detector setup and calibration were performed at the Physikalisch-Technische Bundesanstalt (PTB,
Braunschweig, Germany) [11].

Both KN3 and KM12 instruments implement the same type of digital data acquisition system
based on 200MSample/s 14-bit digitizers capable of count rate up to 5x10° Cps designed by ENEA
Frascati (Italy) [8, 12].

2. TOMOGRAPHIC ANALYSIS TECHNIQUE FOR N/y PULSE SHAPE

DISCRIMINATION
Organic liquid scintillation material is sensitive to both neutron and gamma radiation. Neutrons
and gammas induce different excited states of the organic molecules which decay with mechanisms
which give rise to pulses of different shape [13]. Specifically, gamma radiation generates sharp pulses
whereas neutron pulse shapes feature wider trailing edges due to the longer decay time constant of
the molecular excited states. Various techniques have been developed to discriminate neutron and
gamma radiation for this type of detectors with similar success [14, 15, 16].

The easiest and most common n/y discrimination method is the gate method which consists of
integrating the radiation pulse shape within ranges (i.e., gates) of different duration along the pulse,
i.e., on the rising and/or trailing edges [14, 17, 18].

In the past, this method was implemented directly in analogue acquisition systems with the use of
pulse shape discrimination units as the earlier KN3 [4, 5]. The analogue units feature various controls
to set the optimal n/y pulse shape discrimination using either an AmBe source installed in KN3 or the
direct radiation emitted from JET plasma discharges. The units give separate output pulse streams

for neutrons and gammas. In contrast, the availability of digital acquisition systems has allowed



recording the pulse shapes of the incoming radiation as a sequence of digital pulse amplitude values
(in mV) which can then be software analyzed off-line when the measurement is complete.

Since the installation of the new digitizers [8, 12], algorithms were developed to process KN3
and KM12 digital data either to remove offsets induced by the noisy measurement environment or
to identify pile-ups in the recorded pulse shapes. In case of KM 12, data are also corrected for PMT
gain variations using LED pulse shapes as a reference.

The gate method is adopted for n/y pulse shape discrimination of KN3 and KM 12 digital data.
It allows for the comparison of the integrals (i.e., areas) calculated within ranges of different width
along the pulse shapes. The comparison is typically represented in terms of the whole pulse area
(i.e., the Total gate proportional to the radiation deposited energy inside the detector) with respect to
the ratio of the areas obtained integrating each pulse within two optimal gates (i.e., Short and Long
gates). A study for assessing the optimal gate width and combinations was pursued for the analysis
of both KN3 and KM 12 data according to [18]. In this case, the optimal gates of 15ns (Short) and
70ns (Long) are measured along the pulse trailing edge from the peak of radiation pulse shape
such that the Short/Long ratio <1 [18]. Since neutron pulse shapes feature wider trailing edges than
gammas, neutrons give rise to lower Short/Long ratios. As an example, all the shots from KM12
neutron spectrometer measured during JET experimental campaigns C28-C30 with ITER-like wall
[19,20] were processed in order to extract the neutron and gamma radiation emitted from D plasmas
during the auxiliary heating phase only. The gamma radiation is generated from neutron interactions
in the tokamak structure, from plasma impurities and from the KM12 207Bj reference source. The
result of the gate method analysis can be represented as a 3-dimensional pulse shape distribution
of Short/Long ratio vs. radiation deposited energy referred to as PSD throughout the article
as 1s displayed in Figure 1. The figure also displays the LED pulse shape distribution arising
from the KM 12 control and monitoring system. In the data processing to account for PTM gain
variations, the pulse shapes are LED corrected. The correction proves to be satisfactory to the
level of the LED resolution of about 2.5% (full width at half maximum) as for individual shots
[6,8]. 14MeV neutrons due to triton burn-up fusion reactions in D plasmas are visible in the
PSD as well [8, 9, 10].

The discrimination of neutrons and gammas in the PSD can be achieved by setting up a separation
line (magenta line in Figure 1). The quality of the separation depends on the liquid scintillation
material, on its age and on the radiation deposited energy. As can be seen from Figure 1, if the
triggering threshold of the data acquisition is high (i.e., deposited energy >1000ke Vee), neutrons
and gammas are well separated. The impact of the analysis method and the optimization of its
parameters are then very limited. The n/y discrimination is easily achieved, the corresponding
neutron and gamma pulse height spectra can then be determined and further analyzed to obtain,
specifically, the profile of the plasma neutron emission for KN3 and the neutron energy spectrum
for KM12.

The n/y discrimination becomes more difficult for radiation of low energy (i.e., the pulse height).



For example, the first Compton edge usually falls within a few hundreds of ke Vee and its measurement
is important to monitor the detector stability to define the energy scale and the detector efficiency.
Moreover, depending on the PMT gain setting, a good compromise has to be achieved between
measuring low energy neutrons and gammas and, at the same time, minimizing the contribution of
spurious noise of energy-downgraded radiation in this region.

Low energy neutrons and gammas induce similar pulse shapes in liquid scintillation detectors.
These end up in the region of deposited energy below 1000keVee of Figure 1. Here neutron and
gamma events overlap and a separation line, usually set visually, would just rigidly discriminate
the two types of events.

To improve the n/y discrimination in this low energy region, a further step in the PSD analysis
obtained with the gate method has be taken using a tomographic technique to find the locus of the
minimum in the pulse shape separation between accumulated neutrons and gamma events at each
total energy [21]. The tomographic analysis consists of slicing the PSD distribution into arbitrary
energy ranges, in which the corresponding Short/Long distribution can be determined and studied
individually. For this, specific algorithms were designed in Fortran and Python [22, 23]. For each
slice relative to a radiation energy range, the minimum point between the two lobes of the Short/
Long distribution is determined (see magenta vertical line in Figure 2). The minimum defines the
coordinates of the separation line in that specific PSD slice.

The model was firstly developed for the gamma radiation obtained from the reference *7Bi source
of KM12 [8]. Various distribution functions were used for comparison with the data using a Python
script to implement the minimization of normalized Cash statistics (C) [24], which theoretically
should result in C=1 if the model perfectly matches the data. In this study, the various models were
compared in terms of mean value and width of the distribution of the C values from the model

comparison to the data of each PSD slice. The best results were obtained using the sum( of)za Rayleigh
(e

function and a constant representing the background level (b): f(A, i, o, b) = A 52¢ 20° 4 b where

A is the amplitude, ¢ the mean value and o the standard deviation of the Rayleigh function and x the
bin number of the Short/Long distribution within [0, 1] of the PSD slice. With the gamma model
in place, the analysis focused on the Short/Long distributions of the PSD obtained for neutron
and gamma measurements as displayed in Figure 1. Here, instead of using for the neutron lobe
the same model developed for gamma radiation independently, the combination of two Rayleigh
functions and a constant background (Double Rayleigh model) proved to give a good representation
of the data compared to other distribution functions such as Gaussian and Log-normal functions
(see yellow line for the Double Rayleigh model in Figure 2). In case of convergence of the model
to large values of C (i.e., C>10), which might happen for Short/Long distributions of PSD slices
where the event density is low (i.e., <<1 event per bin), the number of free parameters is reduced to
only amplitudes and/or standard deviations. The initial conditions of the parameters for the model
comparison are set using the maximum amplitudes and positions of the neutron and gamma lobes

of the Short/Long distribution. Once the Double Rayleigh model converges to a reasonable C value,



the individual Rayleigh functions can be extracted and used to represent the neutron and gamma
lobes of the Short/Long distributions. To fit the LED component in the PSD which is already well
separated from neutrons and gammas, the linear combination of two Gaussian functions and a
constant background (Double Gaussian model) is used.

The tomographic analysis of the whole PSD distribution allows for an accurate definition of the
n/y separation locus and for the identification of low energy neutron and gamma contributions in the
overlapping region such that the individual neutron and gamma distributions can be reconstructed
and used to determine the specific pulse height spectra.

This type of analysis can be pursued for PSD slices of radiation deposited energy of different
width which would then affect both the statistics of the Short/Long distribution for the model
comparison to the data and the accuracy (energy step) of the separation line between neutrons and
gammas. The tomographic analysis presented here is run for PSD energy slices of SkeVee which
is the width of the energy bin of the KM 12 response function [11].

Figure 2 shows examples of the Double Rayleigh model comparison obtained for PSD slices
of radiation deposited energy about 120keVee and 135keVee and of the definition of the minimum
point of the Short/Long distribution. The local minimum of the model defines the coordinates of
the accurate n/y separation line for that specific PSD energy range. The neutron and gamma lobes
are then obtained from the model as individual Rayleigh distributions. If the comparison converges,
the model is normalized to the data to preserve the total number of PSD events.

The quality of the tomographic analysis relies upon a good selection of the model functions
adopted for the data comparison and it is assessed in terms of Cash statistics which should converge
to C=1 in case of perfect representation of the data (Figure 3).

The trend for the Double Rayleigh model is quite flat about C=2 which is the best values obtained
compared to the other models. About 250keVee, C values give rise to a peak which rapidly decays.
This region corresponds to radiation events of low energy, above the data acquisition threshold but
lower than the first *'Bi Compton edge [25]. Concerning the LED model comparison shown in the
bottom panel of Figure 3, the trend features larger C values at the extremes corresponding to the wings
of the LED energy distribution with <70 events per bin in the PSD slices. At about 15650keVee, C
is about 10 with some scattering due to the event density of the specific LED distributions. These
results achieved with the Double Gaussian model are much better than those obtained using only

one Gaussian function (plus background) which C is a factor of 10 larger at 15650keVee.

3. RESULTS ON THE TOMOGRAPHIC ANALYSIS OF KM12 PULSE SHAPE
DISTRIBUTION

The tomographic analysis was developed using PSD’s with good statistics. Firstly, the distribution

model was determined considering the gamma PSD from the KM 12 207Bj reference source. Then,

two PSD’s were produced considering KM 12 digital data recorded during heating and ohmic phases

of all the D plasma shots performed in JET experimental campaigns C28-C30. The heating phase



PSD corresponds to 5.7x10” events while the ohmic phase PSD to 1.7x10 events. Figures 4 and
5 display the n/y separation line defined using the PSD tomographic analysis for the heating and
ohmic phase PSD’s, respectively.

The separation line is determined from the local minimum of the Double Rayleigh model in each
specific energy range the PSD is divided while the neutron and gamma lobes of the Short/Long
distribution are obtained from the individual Rayleigh functions of the model and allow for the
assessment of the neutron and gamma contributions in the overlapping region about the minimum.
The tomographic analysis results in the determination of the individual neutron and gamma PSD’s
from the Double Rayleigh model. For instance, the PSD for the heating phase is composed of
4.1x10" neutrons, 1.1x10’ gammas and 4.8x10° LED events as displayed in Figures 6 and 7. The
amount of identified events in the overlapping region of the PSD on one side of the n/y separation
line can be compared to the total number of certain events on the other side of the n/y separation
line through their ratio R. This to highlight the identified event fraction with respect to a rigid n/y
separation as shown in Figure 1. In this case, R=0.2 % for neutrons and R=1.9 % for gammas.

Figure 6(a) shows a discontinuity at about 1000keVee energy which corresponds to the maximum
deposited energy of energetic neutrons above 2.45MeV generated by accelerated D ions fusion
reactions during the heating phase. The tomographic reconstruction reproduces the step in this energy
region of the neutron event distribution of the heating phase PSD visible in Figure 4(b) where the
number of neutron events drops by one order of magnitude. Another discontinuity is recognizable
at 2000keVee of the reconstructed neutron and gamma PSD’s of Figures 6 and 7. Although the
Double Rayleigh model comparison could be pursued up to 6000keVee (see Figure 4(a)), neutrons
and gammas are already well separated above 2000ke Vee (see Figure 4(b)) and there is no need of
a model comparison. Real neutron and gamma data are used for the tomographic reconstruction
above 2000keVee. A similar analysis was carried out for the ohmic PSD whose neutron pulse height
spectrum will be used to verify the energy resolution of the KM 12 spectrometer at JET [26]. This
spectrum contains 4.8x10° neutrons (R=1.6 %), 9.8x10° gammas (R=0.04 %) and 6.5x10° LED
events.

The tomographic analysis was then carried out also for individual JET shots. Specifically, Pulse
discharges: 83550 and 83551 are the ones featuring the highest neutral beam injected (NBI) power
of JET experimental campaign C30 with 25.65MW and 25.5MW, respectively. The analysis was
pursued during a specific time interval of these Pulse discharges (9.5-12.3s) where the NBI heating
was stable and KM 12 reached a maximum neutron count rate of 7.5x10* Cps with averages of
6.2x10* Cps for neutrons and 8.9x10° Cps for gammas. For the definition of the n/y separation line,
the same initial Short/Long value of 0.6 as for the KM12 heating phase PSD was used. Figure 8
shows the PSD distribution of Pulse discharge: 83550.

The minimization of Cash statistics for the radiation and LED models proved to be a very robust
method when the tomographic analysis was pursued for the time sliced data of Pulse No’s: 83550 and

83551. Here, although the statistics of the Short/Long distributions is low, the models comparison



converges and allow for similar analysis as for the heating and ohmic cases. Figure 9 show a flat
trend of C, which is about 2 for the most of the PSD energy slices. The high statistics-low energy
and low statistics-high energy regions features an increase of C up to 3 and 6, respectively. The
reconstructed neutron PSD with the identification of the neutron events falling into the gamma
region is displayed in Figure 10.

The total number of events KM 12 measured within the NBI power steady state corresponds to
2.0x10° whose 1.7x10° are neutron events (R=0.2 %) and 3.0x10” are LED events. The gamma
events are 2.2x10* and R results 2.3 %. To attain the neutron energy spectrum relative to these
specific plasma conditions, the neutron pulse height spectrum will be further analyzed making use
of the measured KM 12 response function [11][27].

The tomographic analysis presented here is carried out for ranges of radiation deposited energy of
SkeVee. In principle also the opposite could be pursued, i.e., slicing the PSD in terms of Short/Long
ratios. This choice however is much more complex in view of the shape of the neutron lobe of the
PSD distribution (see Figures 4, 5 and 8). The distribution of neutron deposited energies <1000ke Vee
in KM12 spectrometer (typical of 2.45MeV neutron emission from D plasmas) is slanting and
it grows towards the gamma lobe for higher neutron energies. This means that, differently from
gamma interactions, the response of organic liquid scintillation materials depends on the energy
of the incoming neutrons. Neutrons emitted in D plasmas can make single or multiple scattering
on Hydrogen and Carbon nuclei or induced p(n,y)D reactions with the production of 2.2MeV
gammas. The scattered protons or Carbon nuclei are responsible for the transitions of the organic
molecules of the scintillation material to different excited states from which they decay through the
specific scintillation light emission [13]. For neutron energies larger than SMeV, inelastic scattering
on Carbon and the products of 12C(n,n’)?)oc and 12C(n,oc)gBe reactions can also contribute to the
scintillation process [28]. This type of tomographic analysis would require a much more complex
modeling especially for the identification of the events in the PSD overlapping region for specific

Short/Long slices.

4. RESULTS ON THE TOMOGRAPHIC ANALYSIS OF KN3 PULSE SHAPE
DISTRIBUTION
The tomographic analysis was then carried out for KN3 data. The KN3 NE213 detectors were
installed in early 1990’s and they do not implement a LED monitoring system [4][5]. The gamma
reference source is *°Na (about 10 Cps). Figure 11 shows the PSD KN3 channel 15 measured
during the Pulse discharge 83550 steady NBI phase. The detector measured a maximum neutron
count rate of 1.3x10° Cps, 77 % higher with respect to KM 12, with averages of 1.1x10° Cps for
neutrons and 1.3x10* Cps for gammas.
The Double Rayleigh model set up for KM 12 was then tested on KN3 data. Here in view of the
specific response of the scintillator detectors, which is different from each other and from KM12

one, particular efforts has been devoted to adjust the number of free parameters of the model and the



initial conditions for the comparison. Figures 12 and 13 show the results in terms of Cash statistics
and tomographic reconstructed neutron PSD and pulse height spectrum of 2.8x10° events with
R =1.2% neutrons identified in the gamma region (see Figure 14).

The amount of identified neutrons and gammas in the overlapping PSD region of each KN3
channel is presented in Figure 14 in terms of ratio R. Depending on the line of sight, efficiency,
age and performance of each KN3 counter, the PSD’s feature different shapes resulting in different
degree of separation of neutrons and gammas. The KN3 detectors at the edge are exposed to higher
gamma background with respect to the central channels. The trend of gamma R depends on the
shape of the converging Double Rayleigh model whose gamma component is smaller than the
neutron one but wider into the neutron region such that a relative higher number of gamma events
are identified in the overlapping region of the PSD.

The profile of the counts measured in each KN3 channels induced by neutron and gamma radiation
emitted from NBI steady phase of Pulse discharge 83550 is shown in Figure 15. The neutron and
gamma emission profiles will then be obtained considering the efficiency and attenuation of the
KN3 detectors along each individual line of sight: This work requires modeling and calculations

which are in progress.

5. OBSERVATIONS UPON KN3 PERFORMANCE

The installation of the new fast digital data acquisition system [12] has improved the KN3 count
rate capability up to <5x10° Cps compared to about 3x10" Cps for the old analogue acquisition
system demonstrated already in shot 83550. To prove the count rate limit higher auxiliary heated
D plasmas need to be produced as planned for the coming experimental campaigns at JET.

As mentioned before, the KN3 NE213 detectors PMTs can be sensitive to count rate variations and
there is no information upon their behavior in such conditions. Count rate variations would modify
the pulse shapes induced by radiation events of the same characteristics. For instance, neutrons of
the same energy but emitted with different intensity during the plasma discharge result in measured
pulse height spectra of different shape. This would hamper the interpretation of the neutron and
gamma emission profile for specific plasma conditions. An experiment upon the dependence of
the pulse height spectrum on the count rate was carried out under controlled conditions at the PTB
accelerator for the BC501A cell and PMT of the KM12 neutron spectrometer [29]. Accelerated
deuterons were beamed on a tritiated target to produce 14MeV neutrons. The KM12 spectrometer
was placed at different distances from the target to vary its count rate and prove the capability of its
digital acquisition system and the reliability of the data correction of its LED control and monitoring
system. The neutron pulse height spectra corresponding to count rate measurements of 1.2x 10* Cps,
1.5x10° Cps and 4.2x10° Cps were compared. The LED corrected neutron spectra are similar for
the first two measurements within 0.1%. The 4.2x10° Cps measurement induced a PMT gain drift
of 23% but the corresponding neutron pulse height spectrum obtained after LED correction was
similar to the one of 1.2x10* Cps to within 1.1% [29].



The KN3 detectors do not implement a LED control monitoring system. In principle, a first order
correction could be applied using the **Na reference source. If the Compton edges of the *Na
gamma spectra measured in each KN3 detector during the calibration routinely performed in
between shots (nominal conditions) and during the specific plasma time interval could be compared,
the measured neutron pulse height spectrum could be corrected for the PMT gain drift. Figure 16
displays a comparison of the *Na gamma pulse height spectrum in KN3 channel 15 measured
during the calibration for 2389.0s before Pulse discharge 83550, during the whole Pulse discharge
83550 (120.5s) and for the specific time interval of its NBI steady phase (9.5-12.3s).

The **Na Compton edges of the calibration pulse height spectrum are well defined before the
shot while during the shot most of the gammas measured are induced by neutron interaction in the
tokamak structure or from D plasma impurities. A hint of the first *Na Compton edge is visible for
the pulse height spectrum for the whole shot at about 100a.u.. In these conditions the comparison
and correction mentioned before cannot be carried out.

For these reasons, the installation of new gamma reference sources of higher activity together
with a LED control and monitoring system to the 19 counters of KN3 would be beneficial to achieve
reliable diagnosis of the plasma neutron profile emission and fully exploit the capability of the new
digital data acquisition system. However, this task is not easy due to design constraints of the KN3
detectors whose cells lack the opening for the required optical fibers. Furthermore, in view of the
age of the NE213 scintillation cells installed in the early 1990’s, it would be easier to replace all
KN3 counters with detectors of performance similar to the KM12 neutron spectrometer. In this
case, for the KN3 horizontal and vertical central channels (i.e., 4-6 and 14-16, respectively) it is
recommended to couple new BC501A cells with PMTs which are insensitive to gain drifts up to 10°
Cps to maintain the LED correction efficient for high count rate measurements [30]. These KN3
channels could be then energy calibrated as for KM 12. A similar upgrade of KN3 would allow for
spectroscopic information along the individual view lines such that the neutron emission of plasma
ion populations of different temperature can be also identified.

Concerning DT experiments, calculations to assess neutron rates for various D:T density ratios
plus direct, scattered and background radiation levels are necessary to verify the possible performance
of the upgraded KN3 instrument.

If achievable, a spectroscopic neutron camera operational at JET would be an important test
in view of the design and operation of the ITER neutron camera and of the capability of a similar
instrument for DEMO [31, 32].

CONCLUSIONS

A further step in the use of the gate method of n/y pulse shape discrimination for liquid scintillation
detectors has been presented. This consists of the tomographic analysis of the PSD through the
comparison of model functions to the Short/Long distribution obtained considering ranges of

radiation deposited energies through the minimization of the Cash statistics. The method was



developed firstly for the KM 12 neutron spectrometer and then adapted to the 19 counting detectors
of the neutron emission profile monitor KN3. The tomographic analysis allows the identification
of the contribution of neutrons in the gamma region of the PSD and achieves a better accuracy in
the definition of the pulse height spectra which is useful to set the data acquisition thresholds and
to define the detector efficiency.

From the analysis of these spectra the energy (for KM 12) and the emission profile (for KN3) of
the plasma neutron emission can be obtained. The tomographic method is general and robust and
can be applied to the analysis of other types of data in the form of PSD distributions.

For KN3, the overlapping region of neutrons and gammas in the PSD is wider. This follows from
the age of the detectors (more than 20 years old), the lines of sight and the effects of photomultiplier
gain variations which cannot be LED corrected. A proposal to upgrade KN3 to spectroscopic
capability is also mentioned in the article to exploit the performance of its new digital data acquisition

system and of the tomographic analysis hereby presented.
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Figure 1: (Color online) KM12 PSD distribution of Short/Long gates vs. radiation deposited energy (proportional to
the Total gate) obtained for just the heating phase of all shots of JET experimental campaign C28-C30 (5.7x1 0 events ).
The magenta n/y separation line is defined visually [8].
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Figure 2: (Color online) Short/Long distributions obtained from the PSD shown in Figure 1 for radiation energy
deposited about 120keVee and 135keVee. They are compared to the Double Rayleigh model (yellow line) in terms of
Cash statistics C. The magenta vertical line corresponds to the local minimum of model and it is used as n/'y separation
point in that specific PSD slice. The red and blue lines represent the individual Rayleigh distribution of the neutron
and gamma lobes.
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Figure 3: (Color online) Results of radiation and LED models comparisons in terms of Cash statistics C.
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Figure 4: (Color online) KM12 heating phase PSD of 5.7x1 0’ events (a) and a detail (b) showing the separation line

(magenta) for n/y discrimination using tomographic analysis.
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Figure 5: (Color online) As Figure 4 but for the ohmic phase PSD of 1.7x1 0’ events.
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Figure 6. (Color online) Tomographic reconstructed KM 12
neutron PSD for the heating phase of JET experimental
campaigns C28-C30 (4.I><]07 events). In (a), the neutron
contribution into the gamma region is visible above the n/y
separation line (magenta) with R=0.2 %. The color scale
is relative to model amplitudes. In (b), the corresponding
neutron pulse height spectrum as a projection of the
neutron PSD onto the energy axis in log scale.
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Figure 8: (Color online) PSD of Pulse No: 83550 during
9.5-12.3s of NBI steady phase. The total number of events
is 2.0x10° of which 3.0x1 0’ are due to the LED control

and monitoring system.
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Figure 7: (Color online) As Figure 6 but for gammas
(1.Ix1 0’ events ) where R=1.9 % are identified as being
in the neutron region.
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Figure 9: (Color online) Results of radiation and LED
models comparison in terms of Cash statistics C for Pulse
No: 83550 during the NBI steady phase (9.5-12.3s).
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Figure 12: (Color online) KN3 channel 15 results of Double ~ Figure 13: (Color online) As Figure 10 but for KN3
Rayleigh model comparison in terms of Cash statistics C channel 15 with 2.8x1 0’ neutron events (R=12%).

for Pulse discharge 83550 during the NBI steady phase

(9.5-12 3s).
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Figure 14: (Color online) Event ratio R for each KN3
channel relative to the NBI steady phase of Pulse discharge

83550.
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Figure 16: (Color online) KN3 channel 15 gamma pulse
height spectra measured during the calibration, the shot
and for 2.8s of the NBI steady phase of Pulse discharge

83550.
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Figure 15: (Color online) Profile of neutron and gamma
counts KN3 measured during the NBI steady phase of

Pulse discharge 83550.
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