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Abstract

CrossMark

An effect due to fusion born triton production has been observed in JET high-performance
deuterium plasma discharges with neutral beam injection (NBI) and H-minority ion cyclotron
range of frequencies (ICRF) heating, using DD and deuterium tritium (DT) neutron spectrometry
as well as fusion product loss measurements. The observations show that a decrease of the
second harmonic w = 2w.p enhancement of the DD neutron rate correlates with an increase

of the triton burnup rate. An acceleration of tritons due to absorbing ICRH power at the third
harmonic w = 3w, has been observed. This effect could indicate a redistribution of ICRH power
absorption at w &~ wey = 2w.p = 3w, With increasing triton concentration at the ion cyclotron
resonance layer. Also, the reduction of the second harmonic enhancement of the DD neutron

rate can be caused by burning of the accelerated deuterium as the tritium concentration grows.
This is an extremely non-linear process as both mechanisms intensify with triton concentration.
It determines the necessity to consider the ICRH power absorption w = 3w,r in modelling of
high-performance deuterium discharges with simultaneous NBI and H-minority ICRF heating as
well as the assessment of enhanced burnup of ICRF accelerated deuterium for the development
of high-performance plasma scenarios and DT fusion rate predictions.

Keywords: tokamak, fusion products, ICRF heating

(Some figures may appear in colour only in the online journal)

In addition to the deuterium neutral beam injection (NBI),
heating of deuterium plasmas with waves in the ion cyclotron
range of frequencies (ICRF) is exploited to develop high-per-
formance scenarios (H-mode, hybrid and advanced) in the prep-
aration of forthcoming Joint European Torus (JET) deuterium

2 See the author list of Litaudon et al [1].

1741-4326/19/064001+7$33.00

tritium (DT) experiments [1]. In our case, in the hybrid sce-
nario discharges with plasma current Ip = 2.2 MA and central
toroidal field Br(0) = 2.8 T, a combined deuterium NBI and
hydrogen-minority ICRF heating w ~ wey = 2w.p = 3w,r at

f=wl(2m) =~ 42.5 MHz of dipole phasing is used. Applying

ICRF heating (ICRH), power damping at w = w.g dominates,
the neutron rate increases due to w = 2w.p damping by D-ions

© EURATOM 2019 Printed in the UK
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and the fusion performance is enhanced. As rule, ICRH power
damping at w = 3wt is neglected referring to a low tritium
content. Here we will show that ignoring the w = 3w, damp-
ing by fusion born tritons is not reasonable in high-perfor-
mance discharges.

In the deuterium plasmas, neutrons are produced due to the
fusion reaction D + D = n (2.45 MeV) + *He (0.82 MeV).
With roughly the same probability, the second branch of this
fusion reaction, D + D = p (3.02 MeV) + ¢ (1.01 MeV) gives
rise to tritons. These tritons ‘burnup’ during slowing down
generates 14 MeV neutrons due to the reaction D + T = “He
(3.5 MeV) + n (14.1 MeV) with a maximum of the emission
at resonance Et =~ 160keV in the cross-section. Previously,
triton burnup measurements have been carried out on differ-
ent tokamaks [2-7] studying confinement and slowing-down
of fast tritons in deuterium plasmas. The DT neutron emission
can reach up to 3% of the total neutron rate in JET high-per-
formance deuterium discharges.

In this letter we report on experimentally observed varia-
tions in DD and DT neutron spectra as well as fusion prod-
uct losses which correlated with the rate of fusion born triton
production in JET high-performance deuterium plasma dis-
charges with NBI and H-minority ICRF heating.

Measuring neutrons by means of the time-of-flight spectro-
meter TOFOR [8] in the high-performance JET discharges, we
observed some changes in DD neutron spectra, which are cor-
related with the increase of the triton burnup rate, i.e. 14 MeV
neutron rate. We selected several similar hybrid discharges
#492393, 92394, 92395 and 92398, characterised by quiet
and stable plasmas in two specific time periods, which were
chosen for the analysis. As an example, waveforms of the dis-
charge #92394 are shown in figure 1. We defined the time slot
46.25 s—47.25s as a period of low average triton burnup rate
(LTB) and the time slot 47.25 s—47.85s as the period of high
average triton burnup rate (HTB).

In the LTB period the neutron rate is growing at a stable
ICRH power. The average electron density and temperature
in the plasma centre were 4.45 x 10" m~3 and 6.7keV, corre-
spondingly. The triton slowing down time in the plasma centre
Tl ~ TS /2 /ne [9], grows with some saturation at the end. Note,
the triton burnup rate and the delay of 14 MeV neutron emis-
sion relative to total neutron rate depend on this parameter.
Triton losses measured with the fast ion loss detector (FILD)
[10] follow the neutron rate, which indicates a classical type
of prompt fusion product loss.

The HTB period is characterised by quite steady param-
eters with very small increase of neutron rate along with the
slowing down time increase. The average electron density and
temperature in the plasma centre were 4.95 x 10" m~3 and
7.8keV, correspondingly. This time slot was chosen in such a
way as to avoid the unstable fishbone period of strong triton
losses with typical spikes seen.

Figure 2 demonstrates why we selected these time slots
as LTB and HTB rate periods. You can see waveforms of
the total neutron rate together with relative 14 MeV neu-
tron and 17 MeV ~-ray rates, which are associated with
DT fusion. We used a NE213 detector based on a liquid
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Figure 1. Waveforms of the discharge #92394 at Br(0) = 2.8 T,
Ip = 2.2 MA with 26 MW deuterium NBI and 5 MW H-minority
ICRH at f = 42.5 MHz. Grey vertical lines denote time slots: 46.25
s—47.25s is the low average triton burnup rate (LTB) and 47.25
s—47.85s is the high average triton burnup rate (HTB).
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Figure 2. Waveforms (different arbitrary scales) of total neutron
rate (solid line), DT-neutron rate detected with NE213 spectrometer
(filled circles) and v-ray rate in the energy window 12—-17 MeV
detected with the bismuth—germanite (BGO) detector (open circles).

scintillator with a tangential line-of-sight [11] for 14 MeV
neutron measurements. This is a broadband neutron spectro-
meter of MeV energy-range, which makes it possible to
record DD and DT neutron spectra. Gamma-rays related to
triton burnup are produced in the reaction D 4+ T = He + ~y
(16.84 MeV), which is a weak branch (~107%) of the main
DT fusion reaction giving rise to 14 MeV neutrons. These
~-rays were measured with a BGO detector, which is view-
ing the plasma in the tangential line-of-sight [12]. In the
figure you can see that maxima of both the 14 MeV neutrons
and 17 MeV gammas are shifted to later times due to slowing
down of tritons and increase of their density.
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Figure 3. DD-neutron spectra recorded with the time-of-flight
spectrometer TOFOR (dots): (a) spectrum recorded during the LTB
rate period; (b) spectrum recorded during the HTB rate period.
Lines are the fitted components of the spectra related to thermal
(TH) and NBI beam-target neutrons (BT), neutrons due to ICRF
D-ion acceleration at w = 2w.p (RF), backscattered neutrons (scatt).

It was found that the TOFOR spectra recorded in LTB and
HTB are rather different in all selected high-performance
discharges. Indeed, in the discharge #92394 (figure 3), the
number of neutrons detected with time of flight in the range
ftor = 45-55 ns is much higher in the LTB period than in

the HTB one. We need to note that the time of flight varies

inversely with neutron velocity and energy: frop ~ Vi ~ \/IE,

and this frorp range is related to DD neutron energies E;, ~ 3.5—
5.1 MeV. The measured TOFOR spectra can be partitioned
into components due to thermonuclear (TH), beam-thermal
(NBI), ICRF heating induced (RF) and scattered neutrons [8,
13]. Such spectrum partitioning is displayed in figure 3 where
the ICRH DD fusion neutrons in the LTB period are more
energetic than those in the HTB period. This is also seen in
figure 4, which presents the fitted TOFOR neutron spectra as
a function of the neutron energies E, in the LTB and HTB rate
periods.

According to kinematics of the D(D, n)’He reaction, the
energy of neutrons depends on the energy of reacted deuter-
ons. In our case, the energy of ICRF accelerated deuterons
is much higher than the bulk ion temperature, Ep > Tp, and
E, =245 MeV + 0.5Ep + 0.5 \/1.5ED (3.27 MeV + 0.5Ep)cosb, ,
where 6, is an angle between neutron and deuterium veloci-
ties in the lab system [14]. So, neutrons detected in the
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Figure 4. A comparison of neutron spectra fitted to the TOFOR
data during the LTB and HTB rate periods.

energy range E, ~ 3.5-5.1 MeV were produced by deuter-
ons with energies Ep ~ 0.5-1.9 MeV (based on the assump-
tion of fully trapped deuterons and cos#, =~ 1 for TOFOR).
Since the NBI deuterium energies were below 125keV, such
energetic neutrons appeared in the spectra due to ICRF
acceleration of D ions at w ~ w.y = 2wcp, and thus on aver-
age ELXTB > ENTB

We observed similar distinctive features of TOFOR spec-
tra in all selected discharges. The sums of the spectra in both
chosen periods are presented in figure 5. It is important to note
that in contrast to the spectrum in figure 5(a) referring to the
LTB periods, a peak at fror = 27 ns is evident in figure 5(b),
which is related to 14 MeV neutrons due to triton burnup in
the HTB period.

For analysis of the ICRH neutron enhancement we used
the ratio Irr/ (Ity + Ingi) obtained from the least-square fit-
ting procedure of the spectrum components shown in figure 3.
As an example, the ICRH neutron enhancement factors have
been calculated and presented in figure 6 together with the
waveforms of total neutron, DT neutron and 17 MeV ~-ray
rates. In the LTB period this factor is ~0.35, which drops dra-
matically to ~0.15 in the HTB period. This decrease may be
attributed to both the reduction of the w = 2w.p dumping by
deuterons with the increase of the w = 3w, dumping by tri-
tons and a burnup of energetic deuterons along with increase
of fusion born triton density. These are extremely non-linear
processes as far as both mechanisms are intensifying with tri-
ton concentration.

‘We need to note that in high-performance discharges, when
the concentration of tritium become rather high, the burnup of
fast deuterons in DT fusion could be essential as well. Indeed,
there is a strong resonance in the DT cross-section and there-
fore the ICRF heated deuterium with energies around 110keV
will intensively leave the acceleration process. So, the reduc-
tion of the second harmonic enhancement of the DD neutron
rate could be caused by a deficit of energetic deuterons with a
highest DD fusion reactivity at ~1 MeV.

There is an interpretation of this effect, which is based on
an analysis of a synergy between NBI and the second har-
monic ICRF heating and influence of the H concentration [15].
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Figure 5. Sum of neutron spectra recorded with time-of-flight
spectrometer TOFOR in similar high-performance discharges
#+92393, 92394, 92395 and 92398: (a) spectrum related to the
LTB rate periods; (b) spectrum related to the HTB rate periods.
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Figure 6. Waveforms (as shown in figure 2) of the high-
performance discharge #92398. Grey rectangles denote the changes
of the ICRH enhancement factor inferred from the TOFOR data.

Measurements with the NE213 detector allowed us to
confirm the TOFOR results and to study the triton burnup
directly, analysing both DD and DT neutron spectra. Neutron
detection with the NE213 detector is based on elastic scat-
tering of neutrons by light nuclei (ordinary hydrogen) in the
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Figure 7. Sum of normalised neutron spectra recorded with NE213
spectrometer in similar high-performance discharges ## 92393,
92394, 92395 and 92398; blue—spectrum recorded during the LTB
rate period; red—spectrum recorded during the HTB rate period;
ADC—analog-to-digital converter.
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Figure 8. A part of the neutron spectra shown in figure 7, which
is related to the high energy tail of DD-neutrons. The spectra are
normalised at maximum of counts.

scintillator. This is a recoil/proton-recoil detector. Neutron
transfers a portion of its kinetic energy E, to a nucleus of mass
A (recoil nucleus/proton) Eg = (lj_—AA);En(coan)z, where 0,
is the angle between the velocity of the neutron and that of
the nucleus. The recoil nucleus/proton loses its energy Eg in
the scintillator. So, the recoil energies are distributed continu-
ously between zero and the maximum possible, E, in the case
of mass A = 1; in our case it is related to EPP ~2.5 MeV and
EPT ~ 14.1 MeV.

The sum of normalised neutron spectra recorded with the
NE213 spectrometer in the high-performance discharges ##
92393, 92394, 92395 and 92398, which are the same as those
used for the TOFOR data analysis, is presented in figure 7.
The summation was made in both LTB and HTB periods. An
intensive DD peak and DT neutrons with a 14 MeV edge are
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Figure 9. Re-binned neutron spectra shown in figure 7, which are related to DT-neutrons: (a) spectrum related to the LTB rate period;
(b) spectrum related to the HTB rate period; solid line—a fitted logistic curve (see text).

clearly seen in the recoil spectra. A zoom of the high-energy
tail of the DD part of the neutron recoil spectra is shown in
figure 8. The ‘wiggles’ in the traces are representative of the
measurement statistical uncertainty and the fact that the lines
do not overlap means the comparison is valid. The NE213
data confirm the TOFOR results, i.e. neutrons in LTB period
are more energetic than in the HTB and thus E5™® > EHTB,

Neutron recoil spectra related to DT-neutrons are shown in
figure 9. Since the count rate in the high energy range is poor,
the data shown in figure 7 was re-binned, increasing the chan-
nel width. For the analysis of this low statistics data, we used
a fitting of the logistic function F (x) = HC;?TXO).

These fitted logistic curves related to the LTB and HTB
rate periods are presented in figure 9. In the first approx-
imation, the derivatives of the logistic function shown in
figure 10 characterise neutron emission spectra due to tri-
ton burnup at the edge EPT =~ 14.1 MeV. One can see that
despite statistics, DT neutron spectra obtained in such a way
contain features which are opposite to those of DD neu-
tron spectra in the chosen time slots. The difference in the
broadness of the logistic functions (~10%), though small, is
consistent with the triton energy in the HTB period being
greater than in the LTB period. Taking into account the

kinematics of the reaction T + D = “He (3.5 MeV) + n (14.1
MeV) in the case of Er > Tp, which gives the dependence
E, =14.1 MeV + 044Et1 + 0.62\/ET (17.6 MeV + 0.4Er)cost,, we
conclude that tritons are, on average, more energetic in the
HTB period, EXT8 > ELTB,

Hence, this effect indicates an acceleration of tritons by
absorbing ICRH power at w = 3wt due to an increase of
ICRH power dumping associated with the increase of triton
concentration at the ion cyclotron resonance layer.

A correlation with triton production was also observed by
FILD measured fusion product losses. A typical footprint of
the losses recorded in discharge #92394 is presented in fig-
ure 11. Striking the scintillator plate, both lost fusion tritons
(=1 MeV) and protons (/3 MeV) induce light collected with
the CCD camera. However, light emission produced by tritons
dominate (~90%) because protons are too energetic to stop in
the thin scintillator layer entirely.

We compared the gyro-radius distributions of lost tritons
in both LTB and HTB periods integrating the highest light
output (dashed line in figure 11) in the pitch-angle range
55°-58°, which is relevant to the FILD instrumental width.
The smoothed and normalised gyro-radius distributions in fig-
ure 12(a) show that light emission recorded in the HTB rate
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Figure 10. Normalised derivatives of the logistic curves shown in
figure 9 which related to the LTB (blue) and HTB (red) rate periods.
The derivatives are normalised at maximum of their values.
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Figure 11. A footprint of ion losses in discharge #92394 obtained
with FILD: red solid line—position of the IC resonance on the
gyro-radius versus pitch-angle grid; dash red line—pitch-angle
related to maximum light emission produced by lost fusion tritons
and protons.

period is shifted to higher gyro-radii relative to the LTB one. In
this discharge the triton energy is related to the gyro-radius as
Er (MeV) & 0.1 4 0.0075 p (cm)?, so the lost triton energy
distributions depicted in figure 12(b). It becomes evident that
tritons lost in the period of the HTB rate are more energetic,
thus FILD data confirm the results of the DT neutron meas-
urements with the NE213-detector, i.e. EXT® > ELTB,

Summarising the results obtained in the selected high-per-
formance discharges with NBI and H-minority ICRF heating,
we ascertain the following.

— DD neutron measurements with TOFOR show that the
average deuteron energies E5'B > EHTB,

— The ICRF neutron enhancement factor due to w = 2w.p
is decreasing in the HTB rate period because of (i) the
increase of the w = 3w.r dumping by tritons with the
growing triton density in the vicinity of the ion cyclotron
resonance layer and (ii) the deficit of fast deuterons due to
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Figure 12. Smoothed gyro-radius (a) and energy (b) distributions
of lost tritons related to the maximal FILD light emission (dash line
in figure 11); the distributions are averaged over the pitch-angle
instrumental width ~55°-58°. The distributions are normalised at
maximum of their values.

their burnup in DT fusion at increasing tritium concentra-
tion.

— DD neutron measurements with the NE213-detector
confirm the TOFOR data.

— DT neutron measurements with the NE213-detector
show that the spectrum related to the HTB rate period
is broader than the spectrum related to the LTB one, and
that the average triton energies EXT8 > ELTB_ A balance
between slowing down and acceleration of tritons due to
w = 3w.r ICRF power absorption is the only plausible
explanation of this effect.

— Gyro-radius/energy distributions of lost tritons measured
with FILD are consistent with DT neutron measurements
indicating that the average triton energies EXT® > ELTB,

In conclusion, the presented observations demon-
strate the redistribution of the ICRF power absorption at
W A Wen = 2wep = 3wt and the acceleration of tritons due to
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absorbing ICRF power at w = 3w,r as the triton concentra-
tion at the IC resonance layer increases. Also, the burnup of
the ICRF accelerated deuterium can contribute to the decrease
of the second harmonic DD neutron enhancement. Hence,
developing high-performance deuterium plasma scenarios
with NBI and H-minority ICRF heating for application in DT
experiments, these mechanisms should be considered. Further
we note that triton burnup measurements in high performance
deuterium plasma discharges can help in validation of auxil-
iary ICRF plasma heating models and optimisation of plasma
scenarios.

We hope that this letter could attract the attention of the
fusion community to the problem related to both the w = 3wt
ICRF power absorption and the deuteron burnup in high-per-
formance deuterium discharges.
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