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Abstract

The fusion fuel ion ratio, nt/np, is an important plasma parameter that needs to be tuned to
maximize the power of a tokamak type fusion reactor. It is recognized as a parameter required
for optimizing several ITER operating scenarios, and will likely be continuously monitored in
future high-performance fusion devices such as DEMO. Tritium was recently introduced in the
Joint European Torus (JET) plasma for the first time since the 1997 DTE1 and 2003 TTE
campaigns, enabling the possibility to investigate fuel ion ratios. We present a method for
measuring nt/np using neutron time-of-flight (TOF) spectrometry. By fitting the measured
neutron spectral features, the relative reaction rate intensities between different ion species can
be inferred, from which the fuel ion ratio can be extracted for a corresponding modeled
reactivity. Unlike previous measurements of nt/np using neutron spectrometry, we utilize the
neutron energy continuum produced in the three-body TT reaction to determine the fuel ion
ratio for plasmas with large concentrations of tritium. Furthermore, the use of neutron TOF
spectrometry has never previously been demonstrated for evaluating nt/np. The method is
applied to TOF spectra acquired with TOFOR (JET name KM11) and shown to be consistent
with the optical JET diagnostic KT5P which uses optical spectroscopy of a modified Penning
gauge plasma to measure tritium and deuterium concentrations in the divertor exhaust gas.
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1. Introduction

The fusion fuel ion ratio, defined as the ratio of deuterium
(D) and tritium (T) number densities, nt/np, is an important
parameter for maintaining plasma control and performance of
future fusion plasmas. The reaction rate for two ion popula-
tions with densities n; and n, is

R=niny(ov),,, (1)

where the reactivity

(o), = /fl (V1)fo (V2) o (v) vdi dvy, ()

is given by integrating over the velocity distributions
(f1 and f>), the fusion reaction cross section (o) and the relat-
ive velocity (v = |, — ¥1|). If we replace the subscripts 1 and
2 with D and T, we find a maximum in the reaction rate for
equal amounts of deuterium and tritium (nt/np = 1), which
shows the significance of the fuel ion ratio for maximizing
the fusion power. nt/np has been identified as an important
parameter to monitor at ITER for several operating scenarios,
with a time resolution of 100 ms, a spatial resolution of a/10,
an accuracy of 20%, and for a range of 0.01 < nr/np < 10
[1], and will likely also be continuously monitored in future
high-performance fusion devices such as DEMO. The fuel
ion ratio has, in addition to neutron spectrometry, previously
been suggested to be measured through collective Thomson
scattering and charge exchange recombination spectrometry
[1, 2]. In preparation for the DTE2 campaign planned for the
end of 2021, tritium was added to the Joint European Torus
(JET) plasma with varying concentrations for the first time
since the deuterium-tritium experimental campaign (DTEI)
in 1997 and the trace tritium experimental campaign (TTE)
in 2003. In the work presented here, nt/np is determined in
trace deuterium, T(D), and trace tritium, D(T), JET plasmas
using neutron time-of-flight spectrometry based on simula-
tions and modeling techniques developed previously in e.g.
[3-5]. Three neutron-producing fusion reactions are of interest
here, namely

D+D —*He+n+3.3 MeV, 3)
D+T— *He+n+17.6 MeV, 4)
T+T—*He+2n+11.3 MeV, ®)

where the average energy obtained by the neutron in (3) and
(4)is2.45MeV and 14.1 MeV respectively. The TT reaction in
(5) is a three-body reaction, yielding a continuum of neutron
energies ranging between 0 and 10 MeV. The reaction rates

for DD and TT reactions can be set up similarly to (1), and
the contribution of neutrons from the different reactions can
be inferred from the measured neutron spectrum.

2. Experimental

Four JET discharges were selected for the fuel ion ratio ana-
lysis. Plasma parameters as a function of time for the given
discharges are shown in figure 1. The rows of the figure corres-
pond to (1) the neutron rate, (2) the gas injection rate (number
of molecules per second) and the corresponding gas type, (3)
the total neutral beam injection (NBI) power and beam ion
type, (4) the plasma electron density, and (5) the plasma elec-
tron temperature. The left column shows two D(T) plasmas
with JET Pulse Number (JPN) 98043 and 98044. These cor-
respond to discharges devoted to calibration of various neutron
diagnostics performed in late 2020, in which small amounts of
T gas were injected into a D plasma with D NBI heating. The
lines for the T gas injection for 98043 and 98044 nearly over-
lap in the figure. The right panel displays two H(T) plasmas
with JPN 99093 and 99134 corresponding to T NBI condi-
tioning discharges from early 2021. Hydrogen gas was injec-
ted into the plasma before and, to an extent, during the dis-
charge time window shown in the figure. Ohmic and T NBI
heating was utilized. The plasmas for these two shots consist
of a majority of hydrogen (approximately 60%—80% through-
out the discharge), however, since there is no source of injected
D, tritium is the dominating ion species with respect to nt/np,
hereafter these will therefore be referred to as T(D) plasmas.

2.1. TOFOR

The time-of-flight (TOF) neutron spectrometer TOFOR [6]
(JET name KM11) is optimized for high count rates and per-
forming neutron emission spectrometry on, in the first hand,
D plasmas. However, due to its broadband capabilities, it is to
a degree possible to perform the analysis on other fuel com-
positions as well. The spectrometer consists of two sets of
plastic scintillators, the first set providing a start signal, and the
second a stop signal for the TOF measurements. TOFOR has a
vertical sight-line through the core of the JET plasma, shown
in figure 2. TOFOR’s neutron spectral measurements are con-
sequently line-integrated averages, heavily weighted towards
the plasma core, due to the centrally peaked distribution of the
neutron emission profile [7, §].

3. Method

The measured neutron TOF (energy) spectrum depends on the
fuel composition (here corresponding to nrt/np), the applied
fuel heating scheme, and the sight-line of the diagnostic
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Figure 1. Plasma discharge parameters for JET pulse number (JPN) 98043 and 98044 (left column), and JPN 99093 and 99134 (right

column).

performing the measurement, as well as an unavoidable back-
ground component from random coincidences (coming from
the start and stop detectors triggering on different uncorrelated
events within the allowed TOF time window) and scattering in
JET materials. Two TOF spectra, measured by TOFOR, for the
two JET discharges with JPN 98044 and 99093, are shown in
figure 3. In panel (a) the plasma consists of a majority of deu-
terium with a low level of tritium gas injection. The fuel was
heated through Ohmic heating and NBI with D particles. Three
main features are visible in the spectrum: (1) a peak around
ttor = 4 ns corresponding to gamma rays () (which due to the
constant speed of light have a constant flight time irrespective
of v energy), (2) a DT neutron peak around fror = 27 ns cor-
responding to 14.1 MeV neutrons, and (3) a DD neutron peak
around #ror = 67 ns corresponding to 2.45 MeV neutrons. In
panel (b) the plasma consists of a majority of 'H, a minority of
T, and trace amounts of D, and was heated using Ohmic heat-
ing and a trittum NBI. Similar features are visible in the spec-
trum, however, the DD peak has been replaced by neutrons
from the TT reaction. In addition to these features, random
coincidences give rise to a flat background across the full TOF
spectrum, present regardless of the fuel composition. The aver-
age background component due to random coincidences can
be calculated by extending the TOF window to negative flight
times, exemplified from —20 to 0 ns in figure 3, where nothing

but random coincidences is expected. The average of the neg-
ative flight times is then used as a fixed component in the fit-
ting procedure, and subsequently subtracted from the positive
flight time region when plotting the spectrum. Finally, energy
degraded neutrons (caused by scattering in various JET com-
ponents and building materials) contribute to the spectra on
the low energy (high #roF) side of their respective direct, full
energy peaks. Consequently, energy degraded neutrons from
the DT peak may affect the visibility of the DD and TT peaks.
If the reaction rate in the plasma is to a large degree dominated
by DT reactions, typically for ion ratios in a broad range on the
order of 0.2 S nr/(ny+np) < 0.8, the DD and TT contribu-
tions to the spectrum can be completely drowned out by such
energy degraded DT neutrons.

3.1 Spectral features

The various heating schemes applied to the plasma give rise
to separate ion populations, each with its own characteristic
energy distribution. These, in turn, yield distinct features in
the neutron energy spectrum with different relative intensit-
ies. Normally, for an NBI heated JET plasma, the dominat-
ing contribution to the neutron spectrum consists of beam-
thermal (bt) reactions, i.e. reactions between NBI accelerated
fuel ions and thermal ions. Additionally, there is a contribution
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Figure 2. Sight-line of TOFOR relative to a poloidal cut of the JET
machine.

from thermal (th) reactions (reactions between two particles
from the thermal ion population). Finally, neutrons can scat-
ter in various JET components into the TOFOR sight-line. In
figure 4, these three components have been used to describe
(fit) the DD peak of JPN 98044 for the discharge time windows
7-8 s (left panel) and 12—13 s (right panel). The fitting proced-
ure for the thermal and beam-thermal components follow four
steps: (1) the ion velocity distributions of the reacting particles
are modeled, (2) the corresponding neutron energy distribu-
tions are determined, (3) the corresponding neutron TOF spec-
trum is estimated by folding the neutron energy distribution
with the instrumental response function, and (4) the calculated
TOF spectrum is fit to the data.

3.1.1. Thermal-thermal component.  The thermal ion velo-
city distribution is modeled with the assumption that an ion
population in thermal equilibrium conforms to a Maxwellian
energy distribution. This has been shown to yield a neutron
spectrum accurately resembling a Gaussian distribution [8]

DT ()

counts/bin

counts/bin

20 0 20 40 60 80 100 120 140 160
tror (0S)

Figure 3. Time-of-flight spectra measured over the full JET
discharge duration for (a) JPN 98044 and (b) JPN 99093.

E,— (E,))?
f(En) erxp< (VV<2>)>7 (6)
W dmy (Ey) T ™
ny +mHe—3’

where the width of the distribution, W, depends on the aver-
age neutron energy (E,), the reaction product masses m;, and
mpye-3 and, finally, the ion temperature 7;. Here, the assumption
T; = T, is made. Typically, at JET, the average ion temperat-
ure is higher than the average electron temperature. However,
since the DD peak in the spectrum is to a large degree domin-
ated by the beam-thermal DD component (green dash-dotted
line in figure 4), a slight change in the width of the thermal
component (magenta line) will not affect the overall fit to a
large extent.

3.1.2. Beam-thermal component. ~ The NBI ion velocity dis-
tribution is modeled using a one-dimensional Fokker—Planck
equation [9]

o _ 10

ot VZov | f+’7(ﬁvf) +S(vi)+L(vi), ®)

where « and /3 are Coulomb coefficients derived by Spitzer
[10], S (v;) is a source term for injected NBI particles and L (v;)
is a loss term for removing thermalized ions. A steady state
solution of (8) can be found by setting 9f/0¢ = 0, and used to
calculate the expected ion velocity distribution of injected NBI
ions slowing down in a thermal ion population. From the NBI
and thermal distributions, the corresponding neutron energy
spectrum can be estimated and, after folding with the instru-
mental response function, used in the fit to the TOF spectrum.
In figure 4, the analysis is performed using a D NBI with an
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Figure 4. TOF spectra of JPN 98044 measured between 7-8 s (left panel) and 12—13 s (right panel) of the discharge. Four components,
described in section 3, are fit to the spectra. The beam-thermal DT (blue dashed line) and total (red line) components overlap in the left
panel. The uniform component due to random coincidences has been subtracted in the figure.
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Figure 5. TOF spectrum of JPN 99093 measured between 11-13 s
of the discharge. Three components, described in section 3, are fit to
the spectrum. The background due to random coincidences has been
subtracted in the figure.

injection energy of 100 keV, slowing down in a D plasma, and
interacting with a thermal D population (yielding the green
dash-dotted line) and a thermal T population (yielding the blue
dashed line). Due to the limited resolution of TOFOR at higher
energies (lower flight times), the DT peak (at 27 ns) cannot be
resolved in the same way as the DD peak. Consequently, the
DT peak is fit using a pure beam-thermal component. A sim-
ilar analysis can be performed for the T(D) plasmas, as exem-
plified in figure 5. Since the majority of the plasma, in this
case, consists of 'H, the trittum NBI velocity distribution is
calculated using (8) for a T NBI with an injection energy of
100 keV, slowing down in a 'H plasma, and interacting with
a thermal T population (giving rise to the blue dashed line)
and a thermal D population (producing the green dash-dotted
line).

3.1.3. Scattered component.  The scattered neutron energy
component is evaluated by multiplying the neutron energy
spectrum calculated previously (beam-thermal and thermal-
thermal components) with a simulated scatter matrix [11]
which tells us which fraction of plasma core neutrons of a
given energy is expected to scatter into the TOFOR sight-
line. The scattered contribution, folded with the instrumental
response function, is shown in figure 4 as the black dash-dot-
dotted line. The contribution from the scatter component is too
small to be visible for the given scale in figure 5.

To determine the fuel ion ratio, nt/np, we apply the reac-
tion rate equation from (1), separating the different relevant
components contributing to the TOF spectrum. The applied
methods for determining the ion ratio are described for a D(T)
plasma and a T(D) plasma in sections 3.2 and 3.3 below.

3.2. Trace tritium plasma

For the D(T) plasma shown in panel (a) of figure 3, the reaction
rate of the two components are

(€))

Ry, DT = Npygg it (O V>bt, DT

Ry, DD = NDyy ip (O V>bt, DD (10)

where bt (beam-thermal) signifies interactions between the
NBI accelerated ion population and the thermal population,
and np,, is the particle number density of the beam ions.
The reactivities are calculated by solving the corresponding
integrals from (2) where the velocity-dependent fusion cross
section of the reaction is multiplied by the velocity distribution
estimated using the one-dimensional Fokker—Planck equation
mentioned earlier. By dividing (9) by (10) and rearranging we
obtain the fuel ion ratio

nr _ Ru. ot (7V)1e DD an
np ’

Rot, oD {0V)p pr
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where the ratio Ry, pr/Ru. pp is estimated using the fits to
the corresponding TOF components, examples of which are
shown in figure 4.

3.3. Trace deuterium plasma

Similarly, for the T(D) plasma shown in panel (b) of figure 3,
the reaction rates for the TD component (here labelled TD to
signify that T is the NBI accelerated ion) and the TT compon-
ent are given by

Rbt, TT = NTyp 1T <Uv>bt, TT> (12)

Rbt, TD = M7y 1D (OV) 11y 5 (13)

where the reactions are dominated by NBI T ions with thermal
D and T populations. By dividing (12) by (13), we find

nr_ Rygrr (OV)ie. D

_ 7 14
np  Rui D (0V)y 7 19

where Ry, 1/Ry, Tp is estimated using the fitting procedure
described above, and exemplified in figure 5 for an integrated
discharge time window of 11-13 s.

4. Results

The results from the analysis, performed for a number of dis-
charge time intervals, are shown in tables 1 and 2. The same
fuel ion ratios are also presented in figures 6 and 7 where the
points correspond to the center of the given time intervals. The
start and end time of the tritium gas puffing is indicated with
the dashed black lines in figure 6. The fuel ion ratio measured
by the JET diagnostic KTSP is shown in the same figures as
the dashed orange lines. KTSP is an optical diagnostic which
measures the light generated through excitations of neutral
deuterium and tritium in a Penning gauge sampling the sub-
divertor region [12]. The intensity of the Balmer « lines from
D, and T, is directly proportional to the concentration of the
different hydrogenic isotopes in the divertor exhaust gas [13].
The KT5P optical spectroscopy signal provides measurements
on a time basis of 0.05 s. The response time of the system is
however limited by the neutral gas conductance to approxim-
ately 0.5 s. Therefore, the KTSP values shown in the figure are
averaged over time intervals of 0.5 s, which is not an issue for
the comparison, since the TOFOR results are obtained with
a lower time resolution than this. The orange bands show the
410 standard deviation in the averaged KTSP values.

5. Discussion

The fuel ion ratios measured by TOFOR and KT5P are to a
large degree consistent, however, there are a number of dif-
ferences between the two shown in figure 6 for the D(T) plas-
mas (JPN 98043 and 98044) and figure 7 for the T(D) plas-
mas (JPN 99093 and 99134). For 98043 and 98044 the first

Table 1. Time intervals and corresponding fuel ion ratios measured
by TOFOR for D(T) plasmas corresponding to (a) JPN 98043 and
(b) 98044.

(@)
Interval (s) it (%)
7-8 0.22(3)
8-9 0.19(3)
9-10 0.15(2)
10-11 0.59(5)
11-12 1.37(12)
12-13 1.93(17)
13-14 1.74(14)
14-15 1.45(14)
15-16 1.13(16)
(b)

Interval (s) nT'fF‘nD (%)
7-8 0.15(2)
8-9 0.20(3)
9-10 0.24(3)
10-11 0.94(8)
11-12 1.70(16)
12-13 2.02(18)
13-14 2.09(20)
14-15 1.50(12)
15-16 1.33(13)

Table 2. Time intervals and corresponding fuel ion ratios measured
by TOFOR for T(D) plasmas corresponding to (a) JPN 99093 and
(b) 99134.

(@)
Interval (s) it (%)
11-13 95.53 (36)
13-15 96.05 (27)
15-16 96.30(29)
16-17 96.27(26)
17-18 96.05 (28)
18-19 95.81(37)

(b)
Interval (s) it (%)
12-13 96.43 (56)
13-14 96.93 (30)
1415 96.73(21)
15-16 96.84(17)
16-17 96.86 (53)
17-18 96.79(18)

three points disagree with KTSP within the given uncertain-
ties. However, after a recent upgrade in preparation for DTE2
[14], KT5P reached a lower detection limit of T concentra-
tions on the level of 1%, which is close to the first three points
according to the TOFOR measurement. Further, the measured
concentration, derived from fitting the optical spectra from the
Penning gauge, will stay in the range of 0%—1% even when
no T is present [15]. The TOFOR and KT5P measurements
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Figure 6. Fuel ion ratios averaged over a number of time intervals
for (a) JPN 98043 and (b) JPN 98044, measured by TOFOR (black
points) and KT5P (orange dashed line) including 10 statistical
uncertainties (orange band).

agree within the given uncertainties for the points after 11 s
at which the T concentration is on the level of 2%. From the
two examples shown in figure 4, the increase of the DT peak
amplitude between the two panels is reflected in the fuel ion
ratios in figure 6, showing the corresponding expected increase
in the T concentration between the first point (7-8 s) and the
sixth point (12-13 s). The increase in T concentration can be
attributed to the T gas puffing between 8 and 13 s. A significant
increase in the T concentration is detected by TOFOR around
2.5 s after the T gas valves are opened. A similar decrease in
T concentration is subsequently detected approximately 1.5s
after the T gas valves have closed. Given the TOFOR sight-
line through the plasma core, our measurements suggest that
it took approximately two seconds for a significant amount of
the tritium to reach the plasma core. A similar observation
is made by the total neutron rate shown in the top left panel
of figure 1; approximately 2 s after the T gas is switched on
there is a significant increase in the neutron rate. The main
contribution to this time delay comes from the transport of
gas from the tritium reservoir through the pipework to the
torus. In the case of 99093 and 99134 (figure 7), the KTSP and
TOFOR measurements follow similar trends. There is however
a consistent vertical offset (more prominent in the upper panel)
between the two systems throughout the discharge. A similar
observation was made in an analysis of the JET DTE1 exper-
iment from 1997 comparing data from the magnetic proton
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Figure 7. Fuel ion ratios averaged over a number of time intervals
for (a) JPN 99093 and (b) JPN 99134 measured by TOFOR (black
points) and KT5P (orange dashed line) including £ 10 statistical
uncertainties (orange band).

recoil spectrometer and KTSP [5]. At that time, the difference
between the two diagnostics was substantially larger than the
results in this paper. The plasma in 99093 and 99134 consist to
alarge degree of 'H and T. Tritium NBI and H gas puffing was
employed throughout the discharges, therefore, any D present
in the tokamak comes solely from residual deuterium in the
walls from previous experiments. As is argued in [5], it is thus
possible that KT5P, which samples the sub-divertor region,
measures a higher concentration of D, picked up from the toka-
mak walls, divertor gas exhaust ducts leading to the Penning
gauge, or from deuterium trapped in the Penning gauge itself.
Contributions of D from the walls will not affect TOFOR to
the same degree since TOFOR’s line-of-sight goes through the
plasma core. Due to the centrally peaked neutron emissivity
profile, the wall deuterium is only noticeable once it has pen-
etrated to the central region of the plasma.

An important limitation of TOFOR’s ability to measure
the fuel ion ratio lies in the possibility to discern the DD
peak (or TT continuum) among a tail of energy degraded
DT neutrons originating from e.g. multiple scattering in the
detector elements (this is taken into account in the instrumental
response function) and in the JET machine materials (this is
included in the scatter component of the fitting procedure).
Further, the count rate dependent background due to random
coincidences limits the peak visibility. In the DTE2 experi-
mental campaign of high-performance DT discharges at JET
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conducted during late 2021, there is a possibility to investig-
ate the limits of nt/ (nt + np) at which the analysis/method
presented in this paper is possible using TOFOR. Such invest-
igations are of further interest for future neutron spectroscopy
efforts at, for example, ITER where there are plans to con-
struct a high-resolution neutron spectrometer (HRNS) con-
sisting of several neutron detection concepts, one of which
may be a TOFOR-like spectrometer. The main purpose of
such a TOF spectrometer would be to measure 2.5 MeV neut-
rons during pure D operations as well as the 14 MeV con-
tribution of neutrons from tritium production associated with
the DD reaction. In addition, measurements can also contrib-
ute in D(T) and T(D) scenarios, as shown here. The lessons
learned regarding the possibilities and limitations identified
for TOFOR in determining the fuel ion ratio, or other relev-
ant plasma parameters, are valuable for the design of a future
HRNS.

6. Conclusions

A method for measuring the fuel ion ratio for plasmas with low
(nr/ (nt +np) ~2%) and high (nr/ (nr +np) ~ 96%) con-
centrations of tritium at JET is presented. As opposed to previ-
ous measurements of the fuel ion ratio using neutron spectro-
metry, we have shown that the continuum of neutron energies
from the TT reaction can be employed in the determination of
nt/np for T(D) plasmas. Further, we have demonstrated the
first use of a forward TOF neutron spectrometer for determin-
ing the fuel ion ratio. The method is applied to several plasma
discharges in the JET experimental campaigns of 2020 and
2021. By fitting the different neutron TOF (energy) compon-
ents in the measured TOF spectrum, it is possible to estimate
nt/np by determining the ratio of the reaction rates for reac-
tions between different fuel ion populations. The presented
results are consistent with the JET Penning gauge diagnostic
KT5P in the limits at which KT5P is expected to provide
reliable fuel ion estimates (typically for nt/(nt + np) > 1%).
At high T concentrations, TOFOR’s estimate is consistently
higher than KT5P, which is likely due to a tendency of KT5P to
measure an additional D contribution from the tokamak walls
and divertor.
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