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Abstract

A series of L-mode discharges in upper single null configuration with more than 30 s duration were performed
in the WEST tokamak with the strike line on actively cooled W-coated divertor components. This series
of discharges accumulated 20 min of plasma and a strike point fluence of ~ 2 x 102> m~2 in 2 days of
operation in attached conditions. The discharges showed good density control, no tungsten accumulation
and an overall very benign thermal behaviour of the upper divertor. A subset of the discharges were seeded
with nitrogen either in the divertor or midplane region to study plasma-wall interaction and associated
ammonia formation in this weakly pumped scenario with all tungsten plasma facing components. While
ammonia signals remained too weak for useful analysis, a strong dependence of nitrogen plasma penetration
efficiency and residence time regarding the injection location was found. This hints towards a currently
underestimated, plasma near nitrogen reservoir in these tokamak discharges in divertor configuration.
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1. Introduction

The demands for high availability, low mainte-
nance costs, and tritium safety considerations most
certainly require that future fusion power plants
will operate under steady-state conditions with a
full metal environment for all plasma-facing com-
ponents (PFCs). The necessity of high power ex-
haust rates and the intense plasma-wall interac-
tion will require materials and engineering solu-
tions at the edge e.g. for the current largest under-
construction fusion experiment ITER or beyond the
current manufacturing capabilities as expected for
the future DEMO reactor. It is therefore necessary
to test and evaluate developed full metal plasma-
facing component solutions and operation regimes
accessible with these components. The tokamak
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WEST thereby can provide an integrated platform
for studying power exhaust physics and assessing
power handling capabilities and lifetime of different
components, including in particular the tungsten
(W) high heat flux divertor technology envisaged
for ITER [1, 2]. Another aspect is the study of
long plasma pulses in an all W-PFC device. There-
fore a series of long discharges with different heating
schemes dedicated to study plasma-wall interaction
and power exhaust of the upper cooled divertor of
WEST were carried out to demonstrate the com-
patibility of plasma operation with W . This upper
divertor is made of CuCrZr substrate coated with
~15 pm of W [3].

Future reactor concepts most likely have to rely
on impurity seeding to enhance radiative fraction
beyond 95 % in order to cool in the plasma edge
and thereby protect components from the plasma.
Among the different gases tested in present fusion
experimental devices, nitrogen (N5) is a viable seed-
ing candidate for the size and conditions in present
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day divertors. However, the rich chemistry of Nj,
especially its tendency to form ammonia [4], pro-
vides challenges as ammonia interferes with the re-
generation of cryo pumps and processes in future
de-tritiation plants. Nevertheless, it is still fore-
seen in the ITER facility as radiator in the diver-
tor due to its superb performance as shown in JET
and ASDEX Upgrade (e.g. [5]). Therefore, some
discharges were seeded with Ny to study plasma-
surface interaction (PSI) and ammonia formation
in the full tungsten device WEST in order to im-
prove the physics of ammonia production, decom-
position and transport in a magnetically confined
plasma device.

2. Discharge design and experimental setup

In order to achieve these goals, L-mode dis-
charges in upper single null configuration (USN)
were chosen in the WEST tokamak to study the
performance and behaviour of the upper, actively
cooled W coated divertor in long discharges. Global
discharge parameters (toroidal field Br= 3.7 T
,plasma current I,= 400 kA, line averaged elec-
tron density n, ~ 3.3 x 10!?m~2, primary gas fill-
ing: deuterium) and auxiliary heating conditions
(Piower hybria= 1.5 — 2.8 MW) were designed to rou-
tinely achieve plasma duration longer than 30 s.
In addition short pulses of ion cyclotron heating
(ICRH) up to 0.6 MW was used to study plasma
response.

To study the PSI and ammonia formation in this
weakly pumped, cooled main PFC scenario some
discharges were seeded with Ny. The seeding was
started usually 10 s after the start of the discharge
after establishing the discharge plateau. Moderate
injection rates of 0.2 Pam?s~! usually over 4 to
6 seconds were chosen in order not to perturb too
strongly the plasma. While this seeding rate seems
low, it is in the same order of magnitude as the
D, gas flow rate during the plateau phase. The
effect of different injection locations, either directly
in the upper outer divertor region or at the movable
midplane limiter were tested (compare fig 1 for the
injection positions). It should be noted that the
WEST upper divertor is not equipped with active
pumping and all pumping was performed via turbo
pumps connected to the midplane pump duct so
that neutral particles had a relative long residence
time in the divertor region which could effect the
ammonia formation and decomposition.
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The power exhaust capabilities and hot spot for-
mation was observed with a set of infrared imaging
systems covering different areas of the upper and
lower divertor as well as the first wall [6, 7]. The
total radiated power was reconstructed from a bolo-
metric system measuring in the VUV-X band from
2 to 2000 Angstrom with a bolometric system (16
horizontal lines of sigth, 8 vertical). Although the
bolometry tracks have been adapted to the diver-
tor geometry, the overall detection system is still
the same since the first plasma operated on Tore
Supra [8]. The PSI in the upper divertor was ob-
served with a fibre-coupled Princeton Instruments
IsoPlane™ spectrometer system [9]. This system
employs 36 lines of sight into the upper divertor in
the visible spectral range. A spectral window of 360
nm to 420 nm was used to observe simultaneously
deuterium as the main plasma constituent via Dg
and the expected intrinsic and extrinsic impurities
W (as WI at 400.8 nm) , Oz ( OII, 397.3 nm) , and
Ny (NII; 399.5 nm). Plasma density, electron tem-
perature and ion flux in the upper divertor region
were measured with a set of embedded Langmuir
probes [10]. In order to improve the reconstruc-
tion of plasma profiles at the target and the exact
strike point position, a X-point height sweep was
performed in most discharges.

The composition of the neutral gas in the vacuum
vessel was analysed with a residual gas analyser
(RGA) system located in the midplane pump duct.
The system is comprised of two Pfeiffer quadrupol
mass spectrometers (QMS). One recorded the whole
available mass range in analogue mode as overview
device and the second operated in MID mode with
selected masses in the range of 1...28 amu in order to
ameliorate the time resolution for the recording of
the interesting species of the hydrogen, deuterium,
methane, water and ammonia molecule fractions
and isotopologues. The recorded mass spectrom-
eter data was then analysed with a statistical al-
gorithms [11] to de-convolute the overlapping con-
tributions of these species in order to calculate the
ammonia content and its H/D isotope fractions.

3. Results and discussion

A total of 40 pulses in L-mode with a plasma
time of over 20 minutes and more than 800 seconds
flat-top time were performed. In these pulses more
than 2.3 GJ were injected into the plasma and a
total fluence of =~ 2 x 102> m~2 at the outer strike
point location was achieved. The temperature at
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Figure 1: Typical magnetic configuration for the upper single
null configuration used in this study. The arrows denote
the approximate position of the gas inlets for the nitrogen
seeding either located in the upper outer divertor region (red)
and outer midplane (blue) region.

the outer strike point was T, &~ 10 — 15 eV and an
ion current of J,ar ~ 0.2 A/cm? was achieved. Fig-
ure 2 shows time traces of the main plasma param-
eters for a typical discharge in the series. Despite
the very weak pumping capabilities in the upper di-
vertor the plasma shows good density control and
about 30 s density flat-top is routinely achieved.

The discharge duration was limited ultimately by
the available flux change in the central solenoid re-
quired to sustain a loop voltage of Vi, =~ 0.2 V
which equilibrated from the used magnetic config-
uration, plasma parameters and lower hybrid aux-
iliary heating power. The discharges shows no sign
of W or significant impurity accumulation and the
radiated power fraction for the discharges stayed at
quasi constant 55 % as calculated from bolometric
reconstruction of the radiation profile. Observation
of the cooled, upper divertor in the infrared shows
no evidence for hot spot formation. The surface
temperature increase of the upper divertor was be-
low the detection limit of “20K imposed by reflected
infrared radiation from the lower, uncooled diver-
tor which, despite not being in direct contact with
the plasma, slowly heated up during the train of
discharges (AT ypper divertor = H0K).

The additional Ny seeding had only little effect
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Figure 2: Time traces of different machine and plasma pa-
rameters for a typical unseeded discharge used for this anal-
ysis. The first panel shows the plasma current and the loop
voltage. The second panel the z and r coordinates of the
x-point which is sweeped around 18s into the discharge. The
next panel shows the input power from the different heating
systems and the reconstruction of the total radiated power
from the bolometer signals. The fourth panel shows core
plasma density and temperature and the last panel spectro-
scopic signals from optical emission spectroscopy from one
line of sight close to the strike point in the outer part of the
upper divertor. Note that while no W accumulation during
the discharge is observed, the W I emmision is strongly de-
pendend on the local plasma temperature and density in the
observed volume. It is therefore very sensitive to the relative
alignment of strike point position and observed line of sight
and varies strongly with the shift of the plasma at ¢t ~ 17s.



on the plasma operation: the global, absolute ra-
diated power fraction for the discharges was only
weakly affected by the Ny injection. Nevertheless,
the radiation pattern showed the pattern expected
and desired for impurity seeding: moderately re-
duced radiation from the core region, meaning no
additional core power losses but an improved edge
radiation (here usually 20...30 % increase). Despite
the increased edge radiation no effect on the di-
vertor electron temperature was measurable in this
attached plasma scenario. Furthermore, a slight in-
crease in core electron temperature (T.) and neu-
tron production (from D(D,n)T reaction) observed
both in the divertor and midplane seeded case hints
at an improved confinement due to the Ny seeding.
While this is in line with results from other ma-
chines (e.g. [12]), further analysis of the plasma
transport is required to understand the involved
mechanisms and elucidate the specific role of the
nitrogen seeding. QMS and spectroscopic observa-
tions of the nitrogen signals show only weak legacy
effects from discharge to discharge for the applied
N, seeding rate and amounts. The location of the
Ny injection, however, had significant influence: As
can be seen by comparing the time traces in the
figures 3a and 3b, a strong difference in the resi-
dence time of nitrogen was observed with variation
of the Ny injection location. In the case of Ny be-
ing injected in the upper divertor, core and edge
spectroscopy show a slower increase of nitrogen in
core and edge and also very slow decay of visible
nitrogen after the injection was stopped. Also, im-
mediately after divertor seeded discharges a strong
outgassing of N is observed in the neutral gas di-
agnostics. This is in contrast to the seeding from
the midplane location where core nitrogen signals
show a much faster onset and decay behaviour and
virtually no increase of the Ny partial pressure af-
ter the end of the discharge is recorded. Altogether
these findings hint at the presence of a reservoir of
gaseous Ny in the divertor region during the dis-
charge.

Figure 4 shows the results of a deconvolution of
the raw RGA data into the most probably partial
pressures of ammonia, methane and water for the
unseeded reference case and a divertor and mid-
plane seeded discharge. While all cases show a sig-
nificant post discharge raise in the the methane sig-
nal, no significant ammonia production is observed:
For the reference discharge and midplane seeded
discharges no ammonia signal is present. The weak
post discharge ammonia increase could stem from
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(b) gas puff in the outer midplane region

Figure 3: Time traces of plasma parameters and nitrogen
related data for a) a divertor and b) a midplane seeded dis-
charge. The first two panels show plasma parameters similar
to fig. 2. Panel 3 shows optical emission spectral data for
the core (NIV line) and the divertor (NII line). The last
panel presents the Ng seeding rates and the behaviour of the
N3 signal from residual gas analysis during the pulse and in
the outgassing phase immediately after the discharge. The
sudden increase of edge NI signals at ~ 18 s is due to the
strike point sweep. Note the slower decay of the plasma ni-
trogen content and the strong release of gaseous No after the
discharge in the case of the divertor seeding location.
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Figure 4: Result of the deconvolution regarding methane,
water and ammonia content from the the raw mass spec-
trometer data for the two different seeding positions and an
unseeded reference discharge.

ammonia produced in the plasma, nevertheless, it
is more likely that it is an artefact in the deconvo-
lution due to the strong methane signal in the post
discharge gas release. On one hand this lack of de-
tectable ammonia in the residual gas is shared in
JET and ASDEX-U when the mass spectrometer is
located far from the divertor [11, 13] and therefore
expected. On the other hand, in these machines
one contributor for a weak ammonia signals is the
strong pumping in the divertor and therefore, in
the weakly pumped upper divertor of WEST there
was hope for a direct observation of ammonia in the
neutral gas in the midplane pump duct. As small
absolute amounts of injected Ny were used in order
to not disturb the discharge, the resulting ammonia
production is obviously too low for direct detection.

4. Summary and Conclusions

In these series of attached L-mode long pulses
the cooled upper divertor of WEST showed good
power exhaust capabilities. No impurity accumu-
lation or density issues were encountered and an
integrated fluence of ~ 2 x 102> m~2 at the outer
strike point was achieved. The discharges duration
in this experimental session was limited to ~30 s
by the available magnetic flux to achieve the re-
quired 0.2 V loop voltage. Extrapolation show
that an 1.2 MW increase of the power coupled from
the lower hybrid heating system should reduce to
loop voltage to 0.1 V. This will allow to reach dis-
charge durations of above one minute. In the Ny

5

seeded discharges no direct quantification of the
produced ammonia was possible and these exper-
iments should be repeated with stronger Ny seed-
ing and additional mass spectrometry close to the
divertor. The experiments varying the Ny injec-
tion location between the divertor and the midplane
showed a difference in the nitrogen plasma penetra-
tion and recycling. Furthermore these experiments
showed a strong difference in post discharge Ny re-
lease. This hints at a gaseous nitrogen reservoir in
the divertor region and should be further studied as
it will allow a better model for nitrogen transport
in a tokamak.
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