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Abstract
The Joint European Torus (JET) has recently conducted its second deuterium–tritium (DT)
experimental campaign DTE2, providing unique opportunity for studying both physics and
engineering aspects of nuclear fusion plasmas. This also allowed the exploitation of new
diagnostics and technologies that were not available during the first JET DT campaign held in
1997. Among these new instruments, the enhancement projects of the JET nuclear diagnostics
lead to the development and installation of synthetic single crystal diamond detectors along
different collimated line of sights. This paper describes the single crystal diamond-based
diagnostic suite of the JET tokamak and the enhanced 14 MeV neutron diagnostic capabilities in
terms of neutron yield and high resolution neutron spectroscopy. The diamond characterization
measurements and the calibration procedure at JET are shown, together with performance of the
diamond based neutron spectrometer as 14 MeV neutron yield monitor which allows the
separation of 2.5 MeV and 14 MeV neutrons in trace tritium plasmas. The first high-resolution
14 MeV neutron spectroscopy measurements in neutral beam injection-heated DT plasmas are
presented, allowing thermal and non-thermal neutron component separation. Prospects for the
diagnose of DT burning plasmas such as ITER and SPARC will be presented.

a See Mailloux et al 2022 (https://doi.org/10.1088/1741-4326/ac47b4) for JET Contributors.
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1. Introduction

The Joint European Torus (JET) is the largest tokamak in the
world and is the only one able to operate with tritium [1].
Recently, the second deuterium–tritium (DT) experimental
campaign, namely DTE2, has been successfully performed
giving the unique opportunity to study both physics and engin-
eering aspects of nuclear fusion plasmas [2]. This was allowed
by the exploitation of new technologies that were not avail-
able during the first DT JET campaign held in 1997. In the last
ten-years, the EUROfusion enhancement projects allowed to
significantly improve the diagnostics capability of JET [3–5].
In particular, significant efforts have been made to upgrade
the nuclear diagnostics by developing new dedicated instru-
mentation able to cope with DT plasmas. Among these, a
set of compact high-resolution diamond detectors has been
installed at JET, enabling neutron spectroscopy measurements
along different lines of sight. Neutron emission spectroscopy
(NES) is a diagnostic technique based on the measurement
of the neutron energy spectrum emitted along a collimated
line of sight (LoS). Neutrons are directly emitted by nuc-
lear fusion reactions carrying information on the fuel ions.
Their measurement provides quantitative information on the
fuel ion energy distributions integrated along the full field of
view of the detector [6–8]. In case of thermal plasma, the
neutron emission is isotropic and the energy distribution is
well approximated by a Gaussian, with a thermal Doppler
broadening that depends on the ion temperature (T i) via the
simple relationship: FWHM = 82.6√T i for DD plasmas and
FWHM = 177.2√T i for DT plasmas where the FWHM is the
full width at half maximum of the peak [6]. From the instru-
mental point of view, T i measurements are enabled when the
resolution of the spectrometer matches the thermal broaden-
ing of the plasma [7]. For 2 keV thermal plasmas, the required
energy resolution is at least of the order of 1.8%, which poses
strict requirements on the development of the instrument. For
non-Maxwellian plasmas, namely when external heating sys-
tems are applied, the simple relationship connecting the ion
temperature and the thermal broadening is not valid anymore.
When neutral beam injection (NBI) or ion-cyclotron radiofre-
quency are used, the fuel ion velocity distribution is not iso-
tropic, resulting in a neutron energy spectrum with supra-
thermal components. The supra-thermal components depend
on the viewing angle subtended by the spectrometer [6] and
their prediction requires the use of a proper model of the fuel
ion velocity distribution and Monte Carlo techniques. High
resolution neutron spectrometers allow to identify and separate
the thermal and non-thermal plasma neutron components, to
measure the ion temperature and to estimate the fuel ion ratio
nT/nD [7]. The state of the art 14 MeV neutron spectrometer

at JET is the magnetic proton recoil (MPR) [9]. It is based on
the proton recoil technique through elastic scattering of col-
limated neutrons on hydrogen nuclei occurring in a thin con-
verter foil (CH2). The recoiled protons are then momentum
selected viamagnetic fields and recorded by a scintillator array
plate [9, 10]. TheMPR has been the reference 14MeV neutron
spectrometer during the first DT campaign in 1997. Because
of its bulky volume and operational complexity, its integra-
tion in high performance tokamaks may be not straightfor-
ward. In this context, single crystal diamond detectors can
represent an alternative technology for NES measurements
combining compactness and high resolution. Furthermore,
diamond detectors are suitable to be installed on a multi-
lines of sight camera providing spectroscopy and tomography
information.

While neutron spectroscopy aims at investigating the ori-
gin of the fusion reactions (e.g. thermal vs non-thermal) and
the properties of the fuel ions distribution functions, abso-
lute neutron counting provides the total number of reactions
occurred in a plasma discharge. This quantity is an essential
tool for the operation of fusion reactors. The neutron yield
is a direct measurement of the fusion power, which is, ulti-
mately, the goal of fusion research. At JET, the neutron yield
is routinely provided by the fission chambers (FCs) and the
activation foils system (AFS) diagnostics. The AFS is able to
separate the 2.5 MeV and 14 MeV neutron contribution by
exploiting the use of reaction channels with defined neutron
energy thresholds. The measurement provides the integrated
neutron yield over the whole duration of the plasma discharge.
The FC, instead are used to monitor the time trace of the neut-
ron yield. At JET, there are three pairs of ion chambers with
235U and 238U and they are placed in three different position
around the tokamak in themid-plane [11]. The FC are surroun-
ded by a moderator material to thermalize the neutrons before
reaching the active part of the detector. Due to the modera-
tion process, the information on the neutron energy is lost,
resulting in the inability to distinguish direct and scattered
neutrons. Intensive Monte Carlo codes need to be run to
determine the fraction of scattered/direct neutrons in order to
apply a correction coefficient to the measurements. This ratio
strictly depends on the materials and geometry surrounding
the JET tokamak and new simulations are needed when signi-
ficant modifications in the Torus Hall or inside JET are made.
Furthermore, the flat response of the FC to neutrons of differ-
ent energies makes it impossible to discriminate of 2.5 MeV
and 14 MeV neutrons [12]. When the presence of 2.5 MeV
neutrons is significant, such as in DT plasmas with low tri-
tium concentration (less than 3%), the FC shows to be unreli-
able to determine the 14 MeV neutron yield. For this reason,
since the first DT campaign, silicon detectors have been used
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as 14 MeV neutron counters by exploiting the 28Si(n,p)28Al
and 28Si(n,α)25Mg nuclear reactions that may occur when
a neutron with energy higher than 7 MeV interacts with Si
nuclei [13]. In this situation, single crystal diamond detect-
ors can play a major role. Similar to silicon based detectors,
diamonds can exploit nuclear reaction channels which open
up at high neutron energy thresholds. Unlike silicon detect-
ors, diamonds have 100 times more radiation resistance [14],
showing stable performances up to 1014 n cm−2 with 14 MeV
neutrons [15].

The present paper presents the first 14 MeV neutron spec-
tra measured at JET with synthetic diamond detectors in
NBI-heated DT plasmas, and their data analysis. The ana-
lysis model considers both the thermal and the supra-thermal
components which have been calculated with TRANSP and
GENESIS simulations. Furthermore, the paper describes the
principles of 14 MeV neutron counting with diamond detect-
ors, with example of data from the DTE2 campaign.

2. Single crystal diamond detectors

The use of single crystal diamond detectors as neutron spectro-
meters for fusion plasma experiments started in 1997 when A.
Krasilnikov measured for the first time the DT neutron spec-
trum with natural diamonds at JET [16] and at TFTR [17]. In
the last twenty-years, significant progresses have been made
in growing synthetic crystals to overcome some limitations
of natural diamonds. Natural diamonds required for radiation
detection purposes are of high electronic quality and, in gen-
eral, their performances depends on the quantity of impur-
ities and defects inside the crystal [18]. Since natural dia-
monds are not standardized items, their use on large scale was
not practical and this called for artificial diamonds. So far,
the best production technique is the chemical vapor depos-
ition (CVD) which can grow electronic grade single crys-
tal diamonds detectors [19], suitable for radiation detection
purposes.

The ionizing radiation inside a diamond detector produces
free electrons-holes pairs inside the active volume of the crys-
tal. The charge carriers move toward the ohmic contacts thanks
to an applied electric field, resulting in an electric pulse. The
charge associated to the electric pulse represents the number
of collected electron–hole pairs which is proportional to the
energy deposited by the radiation inside the diamond. The
neutron detection is made possible by exploiting the nuclear
reactions occurring between the neutrons and the carbon nuc-
lei inside the crystal (see figure 1). Here the electron–hole pairs
are generated by the charged particles produced via neutron-
induced nuclear reactions. For 14 MeV neutrons, the main
reaction channels are:

• the elastic and inelastic scattering 12C(n,n′)12C, giving a flat
contribution to the measured energy spectrum, with max-
imum energy deposition less than 4 MeV;

Figure 1. Diamond response function to 14 MeV neutron irradiation
performed at the Frascati Neutron Generator (FNG-ENEA).

• the 12C(n,n’)3α with a negative Qvalue = −7.23 MeV, pro-
ducing an ‘edge’ in the spectrum, with maximum energy
deposition less than 7 MeV;

• the 12C(n,α)9Be with a negative Qvalue = −5.702 MeV, giv-
ing a Gaussian peak in the spectrum at roughly 8.3 MeV.
This energy region is not affected by other reaction chan-
nels contributions.

The latter reaction is the best candidate for high resolu-
tion 14 MeV neutron spectroscopy measurements. It leads to
a peak centered at the energy of the incoming neutrons plus
the Qvalue of the reaction. The analysis of this peak provides
information on the 14MeV neutron spectrum. The peak shape,
in fact, comprises two contributions: the energy resolution of
the detector (≈120 keV) and the additional kinematic broad-
ening of the energy distribution of the incoming neutrons. This
method has been successfully exploited in [20] when synthetic
diamonds with unprecedented energy resolution allowed to
resolve for the first time the different neutron components con-
tributing to the peak, and to estimate the beam ion composi-
tion of a 14 MeV neutron generator. The measurement and
the related data analysis validated the excellent spectroscopy
performances of diamonds in preparation of the DTE2 JET
campaign.

The energy resolution is not the only parameter to take
into account when developing a nuclear diagnostic for fusion
plasma applications. Diamonds, in fact, are radiation hard
instruments [14, 15], reliable and able to operate at room
temperature. In addition, they are very fast (typical pulse
length ≈ 30 ns), allowing to follow the plasma evolution
with a time resolution better than 100 ms (when the neutron
flux allows it) and with limited pile-up contribution. Diamond
detectors can also be used to detect 2.5 MeV neutrons emit-
ted by deuterium plasmas. Here, the only reaction allowed is
the elastic scattering on 12C nuclei. The energy transferred to
the recoiled 12C nuclei is determined by the scattering law

3



Nucl. Fusion 64 (2024) 016016 D. Rigamonti et al

E12C = 0.284 ·En · cosθR2 and depends on the incoming neut-
ron kinetic energy (En) and on the 12C recoiling angle (θR)
in the laboratory coordinate system. The 12C recoil nuclei are
fully stopped inside the crystal, resulting in a continuum in
the deposited energy spectrum from zero to a maximum value
which is obtained with θR = 90◦ and it is =0.71 MeV in case
of 2.5 MeV neutron. This results in a clear separation between
2.5 MeV and 14 MeV neutrons when a threshold higher than
2 MeV (conservatively) is applied.

3. Characterization measurements at nuclear
facilities

The diamond detectors have been calibrated and character-
ized before their installation at JET in order to measure
their response function and energy resolution. First, alpha
particle measurements have been performed in laboratory.
The detectors were irradiated with a 3-alpha source (Pu-
239, Am-241, Cm-244) inside a vacuum chamber to reduce
the alpha particles energy straggling. A FWHM of about
96 keV has been estimated for Eα = 5.486MeV, giving an
energy resolution R= FWHM/Eα = 1.74% [21]. Neutron
irradiation, instead, has been performed at nuclear facilit-
ies using quasi-monoenergetic neutron beams. In particular,
the detector response function (see in figure 1 the example
of diamond response to 14 MeV neutrons) has been meas-
ured at the Frascati Neutron Generator (FNG-ENEA), at
the Peking University van de Graaff neutron source and
at the CN facility at the INFN-LNL in the energy range
2.5–5.5 MeV and 14–20 MeV. Neutrons were produced via
nuclear reactions between an accelerated ion beam interact-
ing with a solid target. In particular, the exploited nuclear
reactions are:

• T(d,n) 4He where the deuterons were accelerated up to
270 keV or 3.3 MeV on a T-Ti target;

• T(p,n)3He and 7Li(p,n)7Be.

The broadening of the n-α peak resulted to be mainly due
to the Doppler width of the neutron beam (see figure 2). For
each nuclear reaction, the incoming neutron energy distribu-
tion has been calculate with the TARGET code [22] by mod-
eling the target, in terms of materials and geometry, and the
beam-target reaction. The obtained neutron energy distribu-
tions are significantly affected by the energy loss of the ions
beam inside the solid target and the geometrical parameters of
the experimental setup, such as the angle between the detector
and the accelerated ion beam. Figure 2 shows the n-α peak
recorded when the diamond is irradiated with 20 MeV (top)
and 15 MeV (bottom) neutrons, respectively. The black dots
are the measured data, the dash line represents the calculated
neutron energy distribution, while the solid line is the calcu-
lated neutron energy distribution convolved with the detector
response function in the n-α peak, which is a Gaussian dis-
tribution. The FWHM of the Gaussian distribution represents
the finite energy resolution of the detector and resulted to be

Figure 2. Energy spectra measured by the diamond under
19.9 MeV (top) and 15.3 MeV (bottom) neutron irradiation. Black
dots are the measured data, the blue dashed line is the expected
neutron distribution calculated with TARGET plus the reaction
Qvalue (-5.7 MeV), while the red solid line is the calculated neutron
distribution convolved with the detector response function (DRF).

120–130 keV. The obtained energy resolution does not depend
on the energy of the neutrons, indicating that the main con-
tribution to the resolution comes from the electronic noise of
the preamplifiers [23]. More details of all the characterization
measurements at nuclear facilities are given in [21, 23, 24].

4. Experimental setup at JET

At JET, three diamond detectors with spectroscopic capabilit-
ies have been installed on three different LoSs (see figure 3).
The first one is a 4 × 3 diamonds matrix, named KM14,
based on 12 independent single crystal diamonds (see figure 4)
[25]. It is placed on the vertical LoS sharing the same LoS
with the time-of-flight neutron spectrometer optimized for
high count rate measurements [26], the reference spectrometer
for 2.5 MeV neutrons. The choice to have a diamond matrix
with more pixels is to boost the detection efficiency and so
the counting statistics of the diagnostic, since it is far away
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Figure 3. Schematic of the three lines of sight of the diamond
detectors installed at JET. Figure (A) shows the tokamak from the
top. Figure (B) shows the tokamak and the LoS on the poloidal
plane.

from the plasma (about 20 m). The remaining two diamonds,
namely KM15 and KM7D, are single pixel crystal diamond
detectors installed tangentially and viewing the plasma at 46◦

and 52◦, respectively [27, 28]. KM15 shares the same LoS of
the MPR spectrometer, while KM7D is deployed in the same
LoS of the tandem annular-radiator proton-recoil spectrometer
(KM2) [28] and the liquid scintillator (KM12) [29]. Picture of
a single crystal diamond detector is shown in figure 5. The dia-
mond detectors are made by electron grade diamond samples
grown via CVD by the Element Six Ltd [30]. The ohmic con-
tacts on the top and bottom surfaces have been provided by
CNR-ISM institute in Rome. They have been obtained via

Figure 4. Picture of the diamond matrix installed in the vertical line
of sight at JET.

Figure 5. Picture of a single crystal diamond detector.

sputtering deposition of a multilayer metal structure and then
finished with a gold layer deposition. Finally, the diamonds
are leaning on a dedicated 1 mm thick alumina printed circuit
board and protected by ametal case working as Faraday shield.
The electronic chain of the three diamond based diagnostics
exploits the same technology (see figure 6). The output sig-
nal is fed into a fast charge preamplifier CIVIDEC C6 [31]
and then, by using a fan-in fan-out module, it is split in two
channels optimized for DT and D neutrons, respectively. The
first one goes directly into a 14 bits-500 Msps CAEN digitizer
DT5730 [32] while the second channel is further amplified by
using a CIVIDEC C1 and then digitized. The CAEN digitizer
is provided with a dedicated firmware able to perform online
analysis in order to reduce the amount of data to store. For each
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Figure 6. Schematic of the electronic chain.

event, the digitizer provides the timestamp and the integral of
the signals under two selectable gates. The integral is propor-
tional to the energy deposited by the neutron inside the dia-
mond and is used to produce the energy deposited spectrum.
The gain stability of the diamonds is continuously monitored
with a 3-alpha source (Pu-239, Am-241, Cm-244) placed in
front of the detector (figure 7). The alpha spectra are recor-
ded before and after each JET discharge for 40 s, which are
enough to collect a suitable counting statistics. The idea to
have the same technology looking at the plasma with differ-
ent angles with respect to the toroidal magnetic field, allows
to investigate the anysotropicity of the fuel ion distribution
function which is due to the use of the external heating sys-
tems. The vertical LoS better highlights the features due to the
radio frequency heating, while the tangential one highlights
the features of the beams. Furthermore, the three diagnostics
are placed at different distances with respect to the JET plasma
allowing to cover the whole neutron yield range of JET (1016–
1019 n s−1). For this paper, a few JET plasma discharges
with D and T NBI heating systems have been considered and
analyzed.

4.1. Calibration and characterization method at JET

The diamond detectors have been calibrated and characterized
in-situ at JET by using both the tri-alpha particles sources (see
figure 7) and the 14 MeV neutron peak measured during the
ohmic phases of DT plasmas (see figure 8). The latter can be
used as calibration point since the neutron emission in ohmic
plasma is isotropic and its energy is well known and it does not
depend on the angle of the LoS at which the neutrons are detec-
ted. The ohmic plasmas at JET are characterized by a low neut-
ron yield, typically less than 1 × 1013 n s−1. In order to have
a reasonable counting statistic in the peak, the neutron spec-
tra related to the ohmic phases of 44 JET plasma discharges
(from 99 304 to 99 347) have been summed together, after the
one to one gain correction with alpha sources. The calibration
resulted to be extremely linear (see figure 9). The calibration
point related to the 14 MeV neutron peak (blue square in

Figure 7. Example of energy spectrum measured by the diamond
detector at JET when exposed to a 3-alpha calibration source.

Figure 8. Example of 14 MeV neutron peak measured by the
diamond in ohmic DT plasmas at JET. Data come from summing 44
discharges. X-axis in the bottom are the non-calibrated channels
from the digitizer, x-axis in the top represents the energy deposited
in MeV inside the diamond.

figure 8), which translates in ≈8.3 MeV of energy depos-
ited, perfectly leans on the line even when it is not included
in the fit. The remaining calibration points are related to the
tri-alpha source and their difference in energy. The tri-alpha
source has also been used to cross check the detectors per-
formances after their installation al JET. A Monte Carlo sim-
ulation with MCNP code has been performed to calculate the
deposited energy spectra of the alpha particles inside the dia-
monds, taking into account their straggling in air before reach-
ing the detectors. Then the simulated spectra have been con-
volved with a Gaussian function, whose width (FWHM) rep-
resents the finite energy resolution of the detector, and then
fitted to the measured data. The lowest reduced Chi square has
been obtained by using an energy resolution of 125 keV, in
terms of FWHM. This confirmed the value found at the nuc-
lear facilities (see section 3).
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Figure 9. Example of calibration line obtained with the tri-alpha
source (black dots) and the 14 MeV neutron peak (blue square) with
ohmic DT plasmas.

5. First experimental results and data analysis on
JET DT plasmas

In this section, first results achieved during the DTE2 on
14 MeV neutron measurements with diamond detectors will
be presented. The first part will report the 14 MeV neutron
yield measurements. In this context, diamond detectors are an
essential tool for monitoring the 14 MeV neutron production
which are of particular interest at low tritium concentration in
DT plasmas. Diamonds, in fact, can operate with no limita-
tions related to the D or T concentration as they provide spec-
tral separation of 2.5 MeV and 14 MeV neutrons. The second
part will be dedicated on high resolution spectroscopy meas-
urements showing the capability to resolve the different neut-
ron components in order to measure the thermal/non-thermal
fraction, to isolate the thermal component and to infer back the
ion temperature.

5.1. DT neutron yield measurements in DT plasmas

As demonstrated in [33], diamond detectors are reliable instru-
ments for neutron counting on tokamaks. Unlike the diamonds
used in [33], where their design was optimized for counting
2.5 MeV neutrons by exploiting a deposited layer of Li on the
diamond surface, this paper is focused on the intrinsic capab-
ility of single crystal diamond detectors to separate 2.5 MeV
and 14 MeV neutrons. Since the diamond detectors installed
at JET are not absolutely calibrated, the counts measured by
the diamonds have been compared to the JET FC data. Then, a
calibration factor has been estimated to convert frommeasured
counts to neutron yield. Due to a significant difference in term
ofmaximum energy deposited inside the diamond for 2.5MeV
and 14 MeV neutrons, that is about 0.7 and 8.3 MeV respect-
ively, a simple energy threshold can be used to count only
DT neutrons. For this purpose, the number of events under
the n-α peak have been used for counting the 14 MeV neut-
rons. This also provides a net separation between direct and
scattered neutrons which, under the peak, can be at the level of

Figure 10. Correlation between the diamond counts and the
integrated total neutron yield measured by the fission chambers in
plasma discharges with tritium percentage higher than 10%.

a few percent (≈3%). Thanks to the alpha calibrationmeasure-
ments performed before and after each JET shot, the counting
threshold was ad hoc corrected taking into account the gain
shift of the detector. More than 200 JET plasma discharges in
wide dynamic range from about 5 × 1015 to 2 × 1019 total
JET neutrons were selected for the analysis. A linear correla-
tion (see figure 10) with the FCs has been found in DT plas-
mas with tritium percentage higher than 10%. The error on the
value of the total emitted neutrons is 7%, as provided by JET,
while the errors on the diamond counts is the square root of
the counts. It has been found that the total neutron emission
provided by the FCs in low tritium discharges (T < 3%) is
affected also by the contribution due to the 2.5 MeV neutrons
(see figure 11). At low tritium discharges the DD fusion reac-
tions are significant and the total neutron emission cannot be
ascribed only to 14 MeV neutrons.

5.2. High resolution 14 MeV neutron spectroscopy
measurements at JET

From the analysis of the measured neutron energy spec-
trum, different information on the plasma parameters can be
inferred. In the following analysis, only the n-α peak will
be considered, because it is an accurate representation of
the incoming neutron energy spectrum. The peak position
is defined by the average energy of the incoming neutrons.
A Doppler energy shift ∆E= c · cosϑ · vrot produced by the
plasma rotation can appear [34]. It depends on the emission
angle (ϑ) of the neutrons (defined by the LoS), the plasma rota-
tional velocity (vrot) and a c coefficient related to the interested
fuel ion population (and it is equal to 0.542 for the bulk emis-
sion component, 0.217 for the NBID on T bulk and 0.325 for
the NBIT on D bulk [35]). Finally, the measured neutron peak
consists of multiple neutron components which are gener-
ated by different fuel ion populations characterized by differ-
ent velocity distributions, such as the thermal one, the beam-
thermal and the beam–beam (BB) component. The thermal
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Figure 11. Total neutron yield measured by the fission chambers
(y-axis) vs the counts of the diamond detector related to 14 MeV
neutrons. Orange squares refers to JET plasma discharges with
T < 3% which are not in agreement with the correlation line found
in high tritium plasma discharges.

neutron component is generated by the fusion reactions of the
two fuel ions (DT) from the bulk thermal distribution. It is
known that the neutron spectrum emitted by ohmic plasma
is well described by a Gaussian distribution so that the DT
fuel ion distributions are assumed to be in thermal equilib-
rium with a temperature T i [36]. Example of neutron spec-
trum emitted from thermal plasmas is shown in figure 8, in
which the ohmic phases of 44 JET plasma discharges (from
99 304 to 99 347) have been summed together. Here, the width
of the neutron peak is a measurement of the ion temperature
which resulted to be about 2.3 keV with an energy Doppler
shift of ≈13 keV corresponding to a rotational velocity of
35 km s−1 [36]. Previous measurements of the ohmic ion tem-
perature at JET performed with neutron spectroscopy during
the first DT campaign in 1997, provided values between 2 and
3 keV which are in line with the one found with diamonds
[37–39]. The beam-thermal component, instead, is produced
by the ions from a thermal distribution interacting with the
ion population from the neutral beam slowing-down distribu-
tion. Finally, the BB neutron component is generated by the
fusion reaction of the ions resulting from the neutral beam
slowing-down distributions [7, 34, 37]. In this context, in case
of plasmas heated by external heating systems, high resol-
ution neutron spectroscopy measurements allow to identify
and resolve the different neutron emission components and
to extrapolate the thermal/non-thermal ratio, which is a cru-
cial parameter for high power performance tokamaks. Here,
the analysis is based on the numerical fit of the measured data
with the expected neutron components. The model relies on
the fuel ion velocity distributions simulated by TRANSP [37,
40, 41]. The interpretive TRANSP simulations have been per-
formed using validated fits of the electron density and temper-
ature, ion temperature, in addition to a prescribed D–T com-
position based on measurements of the residual gas analysis
diagnostic, as described in detail in [42]. The resulting fuel ion

Figure 12. Energy spectrum measured in JET pulse number (JPN)
99346 by the oblique diamond detector in linear (top) and
logarithmic (bottom) scale, together with the best numerical fit and
the calculated neutron components. The TH component represents
the thermal one. The NBI_D and NBI_T components represent the
beam-thermal component of D and T beam ions interacting with the
T and D thermal distributions, respectively. The BB neutron
component is the beam–beam one, while the SCATT component is
the scattered one. On the bottom, the distribution of the normalized
residuals is shown.

velocity distributions have been used as input for calculating
the expected neutron components. To do this, a Monte Carlo
code named GENESIS [43–45] has been exploited simulat-
ing the neutron components integrated along the full LoS of
the selected instrument. Figure 12 shows the neutron spectrum
measured in JET pulse number (JPN) 99346 by the tangen-
tial diamond detector, together with the full analysis model.
An overview of the main plasma parameters of the JPN99346
discharge are shown in figure 13. The neutron rate is the one
measured by the FCs, the electron density is a line averaged
measurement performed by the High Resolution Thomson
Scattering diagnostic, providing also the electron temperat-
ure (Te) on magnetic axis. Finally, the ion temperature (T i)
is measured by the charge exchange diagnostic. The green
region in figure 12 represents the energy interval used for the
fit while the red line is the numerical fit that overlaps the meas-
ured data (black dots). A reduced chi square lower than 1 has
been found highlighting the goodness of the fit. The numer-
ical neutron components have been used for the analysis in
terms of spectral shape, while their intensity is the output res-
ult of the numerical fit (see table 1). The analysis revealed a
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Figure 13. Overview of the main plasma parameters of the
JPN99346 discharge.

Table 1. Table of the neutron components.

Neutron component Intensity %

Thermal 17 ± 4
NBI_D 32 ± 8
NBI_T 23 ± 10
Beam–beam 24 ± 13
Scattered 3.7 ± 1.4

thermal/non-thermal neutron emission fraction of the order of
21%, which is a crucial parameter for high power perform-
ance tokamaks. In this particular JET plasma discharge, both
deuterium (NBI_D) and tritium (NBI_T) beams were injec-
ted. This resulted in a third neutron component, namely BB
(in figure 12), generated by the fusion reactions of the beam
ions themself. These three components are quite similar in
terms of mean energy and spectral shape, producing a signi-
ficant statistical error when their intensity is inferred with the
numerical fit. The thermal component has been fitted using the
ion temperature both as a predefined input and as a free para-
meter. No significant differences have been achieved with the
two approaches, resulting in a line integrated ion temperature
of about 3.5 ± 1 keV, in agreement with the value provided
by the JET charge exchange diagnostic. The measured spec-
trum shows an almost flat contribution ending at 9 MeVwhich
represents the neutrons losing their energy via scattering reac-
tions before reaching the spectrometer. This contribution res-
ulted to be of the order of a few percent with respect to the
total neutrons. A structure in the energy range 10–10.5 MeV
appears at level of 2 order of magnitude less with respect to
the main peak. It is due to the n-α reaction on the isotope 13C
and is a nuisance contribution in case of investigation of high
energy tails of low intensity, such as the alpha knock-on. A
total energy shift of 93 ± 10 keV has been found for the main
neutron peak, revealing a plasma rotational velocity of about
250 km s−1 that is in disagreement with the value found by
CXRS [46].

6. Discussion

The presented analysis highlighted the unprecedented capab-
ilities of the diamond detector. Its enhanced energy resolution
allowed for the first time with NES techniques to measure low
ion temperatures of the order of a few keV in a significant non-
thermal plasma. If we extrapolate this result to more favor-
able future scenarios in which the plasma is mainly thermal,
such as on ITER and SPARC [47–50], this could open to real
time monitoring of the ion temperature. So far, the measure-
ment of the ion temperature with NES in non-thermal plasmas
relies on the detailed analysis of the neutron peak that exploits
the use of models based on simulations which cannot be done
in real time. In a quasi thermal plasma, instead, the measure-
ment of the ion temperature simply relies on the analysis of
the Gaussian thermal distribution which is not expensive in
term of computational resources and can be done online on
FPGA (field programmable gate array). Here, the integral time
of the measurements would be limited only by the counting
statistics of the detector which, based on the experience, allows
time resolutions as low as 10ms. Time resolvedmeasurements
of neutron spectra and separation of thermal and non-thermal
components as a function of time have also been possible with
diamond detectors at JET. Concerning measurements of the
neutron yield, a linear correlation between the integral neut-
ron yield measured by the FCs and the counts collected by
the diamonds has been demonstrated with plasmas with tri-
tium percentage higher than 10%. It has been found that the
total neutron emission provided by the FCs in low tritium dis-
charges cannot be ascribed only to 14 MeV neutrons. At low
tritium percentage, in fact, the 2.5MeV neutron contribution is
significant and depends by the deuterium quantity weighted on
the DD cross section with respect to the tritium one weighted
on the DT cross section. For this reason, JET shots with low
tritium percentage (below 10%) were not taken into account
in the fit. No neutron emission profiles and plasma positions
were taken into account in the analysis. The diamond used for
the analysis is the one behind the MPR and it is placed inside
a oblique collimated LoS, viewing only a portion of the total
plasma. The LoS passes twice through the center of the plasma
and it is slightly tilted to reduce the effect of different plasma
positions on the z-axis. A dedicated work will be done in order
to evaluate the goodness of the LoS and to correct the effects
due to different emission profiles and to decrease the spread
of the data, as done for the MPR spectrometer in [51] during
the first JET DT campaign in 1997.

7. Conclusions

The recent DT experimental campaign DTE2 conducted at
JET in 2021 offered the unique opportunity to study both phys-
ics and technological aspects of nuclear fusion plasmas. In
particular, it allowed for 14 MeV NES measurements with
synthetic diamond detectors installed on multi-lines of sight.
The measurement, together with a numerical model based
on TRANSP and GENESIS simulations allowed for identi-
fying and resolving the different plasma components, i.e.
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NBI_D, NBI_T, BB and the thermal component. The latter is
a Gaussian distribution whose broadening is representative of
the ion temperature of the plasma. The limit to the measure-
ment of low ion temperatures is given by the energy resolu-
tion of the detector that needs to be at least comparable to the
thermal Doppler broadening itself. The enhanced energy res-
olution of diamond detectors enabled to extract the ion tem-
perature of 3.5 KeV in a predominantly non-thermal plasma
(JPN99346). When we extrapolate this result to future fusion
reactors in which the neutron emission is dominated by the
thermal plasma, it opens up to real time measurements of the
ion temperature. This would be based on the simple analysis
of the Gaussian thermal peak which can be achieved online
on FPGA. The exploitation of the same instrument on two dif-
ferent lines of sight provides information on the anisotropy
of the neutron emission. This work highlights the potential
capabilities of the single crystal diamond detectors as high
resolution neutron spectrometers whose compactness allows
their easily integration on multi-lines of sight in the future
DT fusion reactors. The use of diamond detectors as 14 MeV
neutron counter for DT fusion power measurements has been
demonstrated.
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Thesis Università di Milano-Bicocca, Milan, Italy

[45] Rigamonti D. et al 2019 JINST 14 C09025
[46] Negus C.R., Giroud C., Meigs A.G., Zastrow K.-D. and

Hillis D.L. (JET-EFDA Contributors) 2006 Enhanced core

10

https://orcid.org/0000-0003-0183-0965
https://orcid.org/0000-0003-0183-0965
https://orcid.org/0000-0003-0471-1718
https://orcid.org/0000-0003-0471-1718
https://orcid.org/0000-0003-0170-5275
https://orcid.org/0000-0003-0170-5275
https://orcid.org/0000-0002-0892-3358
https://orcid.org/0000-0002-0892-3358
https://orcid.org/0000-0002-6191-7280
https://orcid.org/0000-0002-6191-7280
https://orcid.org/0000-0002-9608-280X
https://orcid.org/0000-0002-9608-280X
https://doi.org/10.1088/1741-4326/ac47b4
https://doi.org/10.1088/1741-4326/ac47b4
https://doi.org/10.1063/1.5038839
https://doi.org/10.1063/1.5038839
https://doi.org/10.1063/1.4961060
https://doi.org/10.1063/1.4961060
https://doi.org/10.1063/5.0101767
https://doi.org/10.1063/5.0101767
https://doi.org/10.1088/0741-3335/36/2/002
https://doi.org/10.1088/0741-3335/36/2/002
https://doi.org/10.1007/s10894-019-00213-9
https://doi.org/10.1007/s10894-019-00213-9
https://doi.org/10.1088/1361-6587/aad8a6
https://doi.org/10.1088/1361-6587/aad8a6
https://doi.org/10.1063/1.1321738
https://doi.org/10.1063/1.1321738
https://doi.org/10.1016/j.nima.2009.09.025
https://doi.org/10.1016/j.nima.2009.09.025
https://doi.org/10.1016/j.fusengdes.2014.07.019
https://doi.org/10.1016/j.fusengdes.2014.07.019
https://doi.org/10.1063/1.1143707
https://doi.org/10.1063/1.1143707
https://doi.org/10.1088/0029-5515/28/12/001
https://doi.org/10.1088/0029-5515/28/12/001
https://doi.org/10.1063/1.4940929
https://doi.org/10.1063/1.2973668
https://doi.org/10.1063/1.2973668
https://doi.org/10.1016/S0168-9002(01)01497-8
https://doi.org/10.1016/S0168-9002(01)01497-8
https://doi.org/10.1063/1.1147651
https://doi.org/10.3390/jne2040032
https://doi.org/10.3390/jne2040032
https://doi.org/10.1002/pssa.201532191
https://doi.org/10.1002/pssa.201532191
https://doi.org/10.1088/1361-6501/aaa675
https://doi.org/10.1088/1361-6501/aaa675
https://doi.org/10.1063/1.4960490
https://doi.org/10.1063/1.4960490
https://doi.org/10.1063/1.4960307
https://doi.org/10.1063/1.4960307
https://doi.org/10.1063/1.4961557
https://doi.org/10.1063/1.4961557
https://doi.org/10.1016/j.nima.2008.03.010
https://doi.org/10.1016/j.nima.2008.03.010
https://doi.org/10.1063/1.4870584
https://doi.org/10.1063/1.4870584
https://doi.org/10.1016/S0168-9002(01)01495-4
https://doi.org/10.1016/S0168-9002(01)01495-4
https://doi.org/10.1063/1.5038549
https://doi.org/10.1063/1.5038549
http://www.e6.com
http://www.cividec.at
http://www.caen.it
https://doi.org/10.1016/j.nima.2008.07.107
https://doi.org/10.1016/j.nima.2008.07.107
https://doi.org/10.1063/1.1320999
https://doi.org/10.1063/1.1320999
https://doi.org/10.1007/s10894-018-0195-9
https://doi.org/10.1007/s10894-018-0195-9
https://doi.org/10.1063/1.1138559
https://doi.org/10.1063/1.1138559
https://doi.org/10.1088/0741-3335/47/10/010
https://doi.org/10.1088/0741-3335/47/10/010
https://doi.org/10.1063/5.0041126
https://doi.org/10.1063/5.0041126
https://transp.pppl.gov/index.html
https://doi.org/10.1103/PhysRevLett.107.205002
https://doi.org/10.1103/PhysRevLett.107.205002
https://doi.org/10.1088/1748-0221/14/09/C09025
https://doi.org/10.1088/1748-0221/14/09/C09025


Nucl. Fusion 64 (2024) 016016 D. Rigamonti et al

charge exchange recombination spectroscopy system on
Joint European Torus Rev. Sci. Instrum. 77 10F102

[47] ITER Organization ITER Research Plan within the Staged
Approach (Level III—Provisional Version) ITER Technical
Report No. ITR–18–003

[48] Eriksson L.-G. et al 2007 Report on the Task: ICRF, NBI and
ITER Diagnostics TW6-TPDS-DIADEV (Istituto di Fisica
del Plasma “P. Caldirola”)

[49] Greenwald M. 2020 Status of the SPARC physics basis J.
Plasma Phys. 86 861860501

[50] Creely A., Greenwald M., Ballinger S., Brunner D., Canik J.,
Doody J. and Zhu J. 2020 Overview of the SPARC tokamak
J. Plasma Phys. 86 865860502

[51] Sjöstrand H. et al (JET EFDA Contributors) 2010 Fusion
power measurement using a combined neutron spectrometer-
camera system at JET Fusion Sci. Technol. 57 162–75

11

https://doi.org/10.1063/1.2222170
https://doi.org/10.1063/1.2222170
https://doi.org/doi:10.1017/S0022377820001063
https://doi.org/doi:10.1017/S0022377820001063
https://doi.org/10.1017/S0022377820001257
https://doi.org/10.1017/S0022377820001257
https://doi.org/10.13182/FST10-A9370
https://doi.org/10.13182/FST10-A9370

	The single crystal diamond-based diagnostic suite of the JET tokamak for 14 MeV neutron counting and spectroscopy measurements in DT plasmas
	1. Introduction
	2. Single crystal diamond detectors
	3. Characterization measurements at nuclear facilities
	4. Experimental setup at JET
	4.1. Calibration and characterization method at JET

	5. First experimental results and data analysis on JET DT plasmas
	5.1. DT neutron yield measurements in DT plasmas
	5.2. High resolution 14 MeV neutron spectroscopy measurements at JET

	6. Discussion
	7. Conclusions
	References


