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Abstract

Recently at JET a pure helium campaign has been performed. The exploration of the density limit in L-mode limiter
as well as L-mode and H-mode diverted plasmas was one of the main objectives. In L-mode plasmas the density can be
increased until the total radiated power equals the heating power, hence the density limit is determined by a radiative
collapse. When compared to deuterium plasmas the L-mode density limit in helium is twice as high. In H-mode no
significant difference in the density limit process has been observed. The pedestal density just before the H to L-mode
back transition is the same in deuterium and helium plasmas. The H to L-mode back transition is followed by a de-
velopment of a MARFE [J. Nucl. Mater. 145-147 (1987) 15] which eventually leads to a density limit disruption.
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1. L-mode density limit

For the characterisation of the L-mode density limit,
ohmic limiter plasmas, diverted auxiliary heated plasmas
with a high and low clearance to the main chamber wall
were investigated.

The ohmic limiter plasma leads as in the deuterium
case to a poloidally symmetric radiative collapse,
meaning the radiated power equals the heating power.
But the density limit is more than twice as high than in
the deuterium reference case, which is not explained by a
different impurity behaviour. The impurity content is
even slightly higher in helium pulses, when compared to
deuterium for the same density. This is due to stronger
physical sputtering of carbon at the limiters. The main
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difference of helium from deuterium is the change in the
resistivity n; when the density limit is approached. This
results in an improved ohmic heating, which allows to
increase the density further until the radiation power
(Prad = Cin(Zer — Zu) + Cun?)  equals  the heating
power (Preat X Isnu). Here, Zy; is the charge of the main
ions, C] is a constant representing the radiation func-
tion of the impurity (in our case: carbon) and Cy is
a constant representing the radiation function of
the main ions and n, is the electron density in the
plasma boundary. For the resistivity we assume that
T O Pheat X Te/ne With 7. oc 10 x B 07 x M2 taken
from the ITER power law regression fit [2]. After some
algebra this leads to an expression of the density for the
radiative collapse:

- 4 1;’08 N(Zeﬂ‘)ZelT ln A 2 (1)
MO8\ C\(Zet — Zn) + Cut

with the resistivity factor N(Z) [3]. The term Cy is
much smaller than C; and can be neglected for the
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following considerations. Changing the main gas from
deuterium to helium increases the Z.; from 1.6 to 2.6,
which leads to an increase of n, by a factor of 1.5. This is
in relative good agreement with the experiment, which
showed an increase of the density in the plasma
boundary at the density limit by factor 1.7. The line-
averaged density increases by a factor of 2.4 due to a
peaked density profile in the helium discharge.

For the L-mode diverted density discharges a com-
parison for high clearance configurations is shown in
Fig. 1(b) (fuelling from inner divertor). In deuterium at
70-80% radiative power fraction the X-point MARFE
forms. For He density limit discharges a clear onset of
an X-point MARFE is not always detectable (for low
heating powers less than for high heating powers). The
radiation front moves from the divertor region inside
the last closed flux surface (LCFS), which determines the
onset of X-point MARFE, at a radiative power fraction
of ~80%. This happens at a density #x™ = 5.1 x 10"
m~3, which is approximately 40% higher than that in
deuterium. At this time the outer divertor is still at-

tached. However, since helium is a strongly recycling
element, the fuelling rates, when fuelled from the di-
vertor are not comparable. It is more appropriate to
compare the helium density limit discharge, in which the
fuelling from the inner divertor is negligible, to a deu-
terium density limit discharge (#53086), which was fu-
elled from the main chamber. For those two cases the
X-point MARFE forms at similar ¢, ~ 0.005 MW/m?.
Puffing from the main chamber does allow higher den-
sities before the X-point MARFE develops [4], which
means that 7X"M in the deuterium discharge is only 15%
below #XPM in helium.

In deuterium the density can be further increased up
to the onset of the inner wall MARFE. For helium the
behaviour is totally different. The density can be in-
creased up to 100% radiative power fraction, which
happens to be at a 70% higher density (8.6 x 10" m™).
No inner wall MARFE forms, the radiation pattern is
poloidally symmetric until the radiative collapse. Similar
to the limiter density limit discharge in the diverted
density limit discharge the ohmic power also increases
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Fig. 1. Overview of L-mode density limits: (a) ohmic, limiter 1.8 MA, 2.8 T (#44819, #53995), (b) high clearance, diverted, 1.7 MA, 2.4
T, Pugi = 2 MW (#53080, #54030), (c) standard fat, diverted, 2 MA, 2.4 T, Pyp; = 2.3 MW (#53088, #54029).



526

strongly after the radiation zone has moved inside the
LCFS. In standard fat configuration the difference in the
density limits is even more pronounced. In the case of

1.2
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the helium plasma (#54029) a density of factor 2.8 the
maximum density in the deuterium case (#53088) can be
found (see Fig. 1(c)). This is mostly due to the fact that
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Fig. 2. Comparison of different scalings for the X-point MARFE onset: (a) scaling versus heat flux crossing LCFS, (b) scaling versus
toroidal magnetic field, (c) scaling versus edge safety factor.
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in deuterium for low wall clearance (standard fat con-
figuration) the onset of the wall MARFE happens to be
at almost the same density as for the X-point MARFE
and thus at a lower density [4].

While in the deuterium discharges the inner divertor
is completely detached just before the X-point MARFE
formation [4], particle detachment in helium discharges
is only obtained close to the radiative collapse (fr.a =
100%). There are no indications of volume recombina-
tion [5] at the highest densities and divertor tempera-
tures of &4 eV, which is consistent with the fact that no
particle detachment is observed (see also [6]).

The divertor closure has no influence on the density
limit. Also no difference in the density limit has been
encountered, when puffing from the inner or outer di-
vertor. This is different from the deuterium density limits
[4], in which the onset of the X-point MARFE depends
on the puffing location and the divertor closure.

A series of L-mode density limit experiments have
been performed in which the parameter range was varied
largely: B; between 1 and 3.4 T; ¢, between 0.0027 MW/
m? and 0.017 MW/m?; I, between 1 and 2 MA; gos be-
tween 2.6 and 3.3. For the onset of the X-point MARFE
or more exactly, for the density when the radiation
zone moves inside the LCFS an empirical scaling for
the line-averaged density can be found (see Fig. 2):
AXPM oc g937B97 (qosR) ¥, No difference in the density
profiles in the SOL between deuterium and helium, as
measured by a Li-beam, has been observed [7].

The onset of the X-point MARFE in deuterium
density limits has been described successfully by a
model based on divertor detachment [8]. Although
the difference in the onset of the X-point MARFE be-
tween deuterium and helium is relatively small, the
scaling of the X-point MARFE onset predicted by [8],
AXPM o pdet oc g BO! (gosR)" "%, does not agree with the
He experiments (with x = 0.37 determined from power
scan) as it can be seen in Fig. 2. However, accepting a
larger error bar X" o ¢037B%3 (qosR) " would lead to
a reasonable fit of the experimental data. Although
Bohm-like transport would be consistent with this scal-
ing, a larger dependence on the edge safety factor re-
mains. This could be due to the fact that the helium
ionisation front is at higher temperatures, when com-
pared to deuterium, and a different mechanism, like the
thermal condensation process, could be relevant for the
triggering of MARFEs.

Since one of the main differences between deuterium
and helium plasmas is the development of inner wall
MARFEs, a test of relevant theories is mandatory. For
the trigger of the inner MARFE an instability has been
proposed [9], which is based on localised recycling. The
critical density for the development of this instability is:

| K|a
T N B — 2
"o qv \ 60TRD | 0, )

with g, = \/ki(ki + kc) /v, [10]. The ionisation rate co-
efficient k; changes by a factor of 2-3, in the temperature
interval of 20-70 eV and density of ~2 x 10" m™3.
Those boundary values for 7, and n. are consistent with
results from EDGE2D simulations. The charge ex-
change rate coefficient k. changes by a factor of ~12 for
temperatures above 10 eV, where the main charge ex-
change process is He + He** — He*" + He. Hence, in
the further consideration charge exchange processes are
neglected. For deuterium the charge exchange rate co-
efficient is in the same order as the ionisation rate co-
efficient. The velocity v, = (T/m;)"/? should be reduced
in helium by factor V2, however there is an indication
that the energy of the helium neutrals is larger than that
of deuterium (/20 eV for helium and ~4 eV for deute-
rium on average [7]). Altogether, including the change in
v, by a factor of 1.6 this reduces o, for helium by a
factor of ~6.7 (with kP/kP® =3). Additionally, the
change in x| o< 1/(Zy In A) has to be taken into account.
While helium density limit discharges (divertor L-mode)
are very clean with a Zg ~ 2 deuterium density limit
discharges (divertor L-mode) have typically a Z ~ 1.4.
This could lead to an increase in the critical density for
the onset of the recycling instability by a factor 2.2. Here
it was assumed that D, is independent on the mass and
charge (Bohm-like or constant). The impurity radiation
would change the critical density slightly. For deuterium
the critical density is about 20% lower, when carbon
radiation is taking into account [11-13]. Note that
n./ne = 0.5%, which is a typical carbon concentration in
L-mode density limits, radiates as much as np./n. =
50%. So, qualitatively taking into account radiation
does not change the conclusion.

2. H-mode density limit

Since the L to H power threshold is higher in helium
plasmas than in deuterium plasmas and the recycling of
helium i1s much different from deuterium, a fair com-
parison of these plasmas is difficult. Fig. 3 shows a
comparison of the H-mode density limits. The H-mode
density limit is defined here by the H to L backtransi-
tion, which is followed by the development of an X-
point MARFE and finally disrupts in L-mode. The
transition from type-I ELMs to type-III ELMs is not
discussed in this paper. The line-averaged density is
approximately 10-15% higher in helium than in deute-
rium before the H to L backtransition. However, a
closer look at the density profiles reveals that the ped-
estal density is the same for both gases, since the density
profile is peaked. This might be due to the different beam
fuelling rates. Due to the elevated H-mode power
threshold the heating power of helium H-mode dis-
charges had to be increased (see Fig. 3(b)). Thus in he-
lium, particle fuelling with neutral beams is 3.5 times
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Fig. 3. Comparison of H-mode density limit in deuterium (0.94 MA, 1 T) and helium (1 MA, 1 T): (a) line-averaged density normalised
to Greenwald-density, the horizontal lines indicate the maximum density, in the case of helium it is the H to L backtransition, where it
is in the case of deuterium the maximum density in type-11I ELMy H-mode (see also [14]), (b) heating and radiated power.

higher than in the deuterium pulse, leading to seven
times higher electron fuelling. The peaking cannot be
due to the ware pinch (v, = —E4/Bg), since the loop
voltage is the same for both cases (He and D). Often the
H-mode density limit is said to be linked to the divertor
detachment. However, a close look to the detachment
process during the H to L backtransition reveals that the
inner divertor stays completely attached during the
whole process.

As for the L-mode density limit, the parameter de-
pendence of the H-mode density has been investigated.
A proper regression analysis of the H-mode density limit
in helium is not possible due to the sparse data, but it is
instructive to compare the helium H-mode density limit
with predicted scaling [15], which fitted the empirical
scalings found for the H-mode density limit in deuterium
very well: nBLS = 7, = n?*d = 41.4 x ¢9°B0% (qosR) "
where 7, isin 10" m~3, ¢, in MW/m?, B;in T and R in m.
In Fig. 4 the pedestal density at the H to L transition is
compared with the above scaling for deuterium. In ad-
dition to the points relating to H to L transitions, points
from high density discharges are shown. The data points
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Fig. 4. Comparison of the helium H-mode density limits (H to
L transition) with the scaling (n5'S) found for deuterium H-
mode density limits; additionally high density helium plasmas
are compared.

from high density discharges are lower in absolute val-
ues than the prediction as expected, but follow the
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scaling. In general there is a reasonable agreement be-
tween the scaling and the absolute values derived from
deuterium H-mode density limit and the helium H-mode
density limit.

The H-mode density limit in deuterium was also ex-
plained by a theory describing the density limit as a re-
sult of divertor detachment [15]. However, the helium
L-mode density limit was not predictable by the theory
based on detachment. One reason for this could be that
the cooling of the X-point in the helium discharges is not
sufficient to trigger the X-point MARFE but it is enough
to destroy the H-mode. The second reason could be that
the H-mode density limit is rather driven by plasma core
physics.

3. Conclusions

L-mode density limit: The X-point MARFE onset in
helium L-mode plasmas is slightly higher than in com-
parable deuterium discharges. The final, maximum
density can be increased by a factor 2.8. This is mainly
due to the fact that the helium density limit discharge
does not encounter an inner wall MARFE but rather
experiences a poloidal symmetric radiative collapse. This
can be explained by the reduction of the ionisation rate
coefficient and the negligible combined charge exchange
and elastic rate coefficients together with the increased
energy of the neutrals (helium). This leads to an in-
creased penetration depth of the neutrals, which avoids
the formation of a wall MARFE as consequence of a
recycling instability. In addition ohmic heating is more
efficient in the case of helium, which leads to higher
heating powers and consequently high densities for the

radiative collapse. The H-mode density limit in helium is
the same as for deuterium.
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