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Abstract

DIII-D, ELMing H-mode radiating mantle discharges have been obtained with electron density near the Greenwald
density limit and a large fraction of the input power radiated inside the last closed flux surface, significantly reducing
peak divertor heat fluxes. In these ‘puff and pump’ discharges, the introduction of argon reduces particle flux to divertor
tiles by a factor of 4 while peak heat flux is half of the no impurity value, suggesting that impurity seeding may be a
useful control tool to reduce wall heat and particle fluxes in fusion reactors. A robust H-mode transport barrier is
maintained and there are only small changes in the ELM energy and ELM frequency.
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1. Introduction

Impurity seeded discharges with confinement en-
hancements comparable to H-mode and reduced peak
heat flux to plasma facing components have been ob-
served in many devices [1-4], and these types of dis-
charges may make an attractive fusion reactor scenario.
In DIII-D, ELMing H-mode radiating mantle dis-
charges have been obtained with electron density near
the Greenwald density limit [5] and a large fraction of
the input power radiated inside the last closed flux sur-
face, significantly reducing peak divertor heat fluxes [6].
There is a wide range of operating parameters up to
these highest values where good confinement and high
density is maintained while heat and particle fluxes to
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plasma facing surfaces are reduced. This wide parameter
range suggests that impurity injection may be tailored to
the specific operating requirements of future fusion re-
actors and, in particular, might be a useful tool in con-
trolling and reducing peak heat and particle wall fluxes.

In this paper we will examine a series of DIII-D,
ELMing H-mode discharges where discharge conditions
were held constant as impurity gas flow, in this case
argon, was increased. The temporal characteristics of a
typical discharge is shown in Fig. 1. These discharges
were accompanied by a high deuterium gas flow from
the top of the tokamak, creating a flow towards the
lower single-null divertor which is pumped by a toroi-
dally continuous liquid helium cryopump and this
technique is called ‘puff and pump’ [7]. Such discharges
are useful in examining the reductions of wall fluxes as
argon flow is increased. In addition we will discuss the
edge effects of other discharges at higher argon flow
rates and lower auxiliary power where the highest values
of density and core radiation were observed after a
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Fig. 1. Temporal characteristics of a typical puff and pump
argon seeded discharge (#95892): Hosy (dahsed line), 7w
(dotted line) and 7. (a), I'p; (solid line), I'y, (dashed line) and
pav (b), ELM frequency (c), edge electron pedestal pressure
(solid line) and mantle radiated power (dashed line) (d), and
ELM energy loss (e). Solid thick lines in (c)-(e) represent a 100
ms average to show trends after argon injection. Vertical line
shows the start of argon injection. Discharge conditions are:
Py =12 MW, I, = 1.3 MA, B, = 2.1T and ¢os = 4.0.

‘spontaneous transition,” described in [6]. In the follow-
ing discussion we will define mantle radiation, P
(measured by the 48 channel bolometer array [8]) as
radiation occurring in the region 0.5 < p < 1, where p is
the normalized plasma radius.

2. Edge effects with argon seeding

An example of the temporal evolution of a typical
argon seeded discharge is shown in Fig. 1. A high deu-
terium gas flow, 190 Torr L/s, is established and beam
power is held fixed (Fig. 1(b)). From 1.5 to 2.0 s only
deuterium is puffed and then at 2.0 s a constant argon
flow is added (Fig. 1(b)). After argon injection, nor-
malized H-mode confinement, Hy;,, remains near unity
and there are only small decreases in ELM frequency
(Fig. 1(c)), i.e. the effect of argon impurity seeding is not
deleterious to confinement. In addition edge electron
pedestal pressure, P.pe.q (Fig. 1(d)) only declines slightly
indicating that a strong H-mode transport barrier is still

maintained as mantle radiation increases four-fold to 1.8
MW (Fig. 1(d)). Even in similar discharges at higher
values of Puange and lower input power, P ,q does not
decrease appreciably after argon injection (not shown).
The energy loss per ELM is shown in Fig. 1(e). Fast
Mirnov probe data is integrated, allowing EFIT calcu-
lations with 0.5 ms time resolution which is sufficient to
calculate the change in plasma stored energy, AWyup,
after an ELM.

Although a strong H-mode transport barrier is
maintained with argon injection and there is little change
in the energy loss per ELM, particle fluxes to the di-
vertor wall tiles decrease markedly (Fig. 2). The ion
saturation current, measured by a Langmuir divertor tile
probe [9] at the outer strike point is plotted as a function
of time and shows a prompt drop after impurity injec-
tion begins. The magnitude of this change is greater as
the argon flow is increased, and saturates for flow rates
above ~3 TorrL/s. Other Langmuir tile probes also
show reductions in ion saturation current after impurity
injection. Although the ion saturation current is dra-
matically reduced in Fig. 2 detachment is not observed
at the outer strike point.

The ion saturation current shown in Fig. 2 represents
an average including both ELMs and periods between
ELMs. Of more importance for fusion reactors are peak
particle and heat fluxes since these can determine erosion
and hence the lifetime of plasma facing components. A
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Fig. 2. Langmuir probe ion saturation current at the outer

strike point, jio, for five discharges (#95887-90, 92) with

varying amounts of argon flow. Discharge conditions are given
in Fig. 1.
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Fig. 3. Ion saturation current with argon injection during ELM
events is averaged from 2.5 to 3.4 s and normalized to an earlier
phase with deuterium injection only. A Langmuir probe in-
board of the outer strike point, shown in the inset in Fig. 2, is
used due to saturation of the probe at the outer strike point.

relative estimate of the peak particle fluxes can be ob-
tained by correlating measurement times where j,; (de-
termined by the swept probe voltage) coincides with an
ELM and this is plotted in Fig. 3. There is a reduction in
the average ion saturation current, and hence particle
flux during an ELM, for values of argon flow of 4
Torr L/s. The ion saturation current is normalized to a
previous phase with deuterium only. Note that this is
only a relative measurement since the peak ion satura-
tion current, which occurs near the outer strike point,
could not be measured directly due to probe saturation
and thus an adjacent probe, j37, was used to estimate the
reduction in jg peak- The location of this probe is shown
in the inset in Fig. 2.

Peak heat flux, measured by an IR camera [10], also
decreases after argon injection (Fig. 4). At the highest
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Fig. 4. Profiles of peak heat flux to the divertor tiles as a
function of major radius for four discharges with varying
amounts of argon flow. A deuterium only profile represents an
average of these four discharges from 1.7 to 1.75 s, before argon
injection. Discharge conditions are given in Fig. 1.
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Fig. 5. Energy loss per ELM, normalized to W.q, is shown as a
function of Argon flow (a). ELM power, defined in Eq. (2) and
normalized to input power, is plotted in (b). Data is taken from
2500 to 2800 ms.

argon flow rate, a reduction of a factor of 2 is observed
near the outer strike point, and a near complete sup-
pression of heat flow is observed at the inner strike
point.

Note that an occluded view during these puff and
pump experiments does not allow a quantitative mea-
surement of the outer peak heat flux, although the rel-
ative change can be inferred from the profiles shown in
Fig. 4.

The method of determining the energy loss per ELM
was described previously and shown in Fig. 1. The av-
erage energy loss per ELM, normalized to the edge
pedestal energy, is shown in Fig. 5(a). Pedestal energy is
defined using the Fishpool formulation [11] as

VVped = Zne.,ped X 3/2kTe.ped X Vp7 (1)

where ¥}, is the plasma volume and the edge pedestal
electron temperatures for ions and electrons are assumed
equal, T.peq = Tipea. Average power loss due to ELMs
can also be calculated as

Pem = AWEM x JELM, (2)

and is plotted in Fig. 5(b) normalized to input power.

Both of the mean values of ELM energy loss and
ELM power, calculated from 2500 to 2800 ms, increase
as argon flow is increased, although the error bars are
large (Fig. 5).

3. Power balance

From the data in Section 2, power flow can be cal-
culated and is summarized in Table 1 for two discharges
with different auxiliary heating powers: 12 and 10 MW.
The latter discharge exhibited a spontaneous transi-
tion [6] characterized by a rapid increase in Ppange
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Table 1
Power balance with and without impurity seeding

881

D, only (95887)

D, + Ar (95892)

D, only (95891, pre- D, + Ar (95891)

argon)
Py MW) = Py, + Popmic 12.1 12.2 10.0 10.2
Prad,manl]c (MW) -0.5 -2.0 -0.4 -3.2
Pern (MW) -38 -4.6 - 24
Pragaiv (MW) -3.6 -39 -3.0 -2.7
P giv (MW) 4.4 -23 -3.0 -1.4
P + Pogs -0.2 -0.6 — +0.5

Input power is positive and loss power is negative. Some PELM data is not available due to limited diagnostic coverage.

(0.6-3.2 MW) and a modest increase in density (21%).
Higher core toroidal rotation generally accompanies the
spontaneous transition, but the charge exchange neutral
beam to make such measurements was not available on
this discharge. Note that the IRTV measures total power
to the divertor tiles, including the fraction of ELM power
reaching the divertor tiles, and thus summing all of the
loss terms in Table 1 does not give an accurate power
balance since ELM power reaching the divertor tiles is
counted twice. Nevertheless, the changes in power flow
with the addition of argon seeding gives a qualitative
representation of the effect of impurities on the various
loss channels. As shown in Table 1, increased mantle
radiation by argon injection results in a reduced divertor
heat load even though ELM loss power, Pgpy;, is higher.

4. MIST modeling

The MIST code [12] has been used to model radiated
power and ion density profiles for all charge states of
argon. The total argon radiation as a function of radius
is plotted in Fig. 6 at two times: before (Fig. 6(a) and (c))
and after (Fig. 6(b) and (d)) the spontaneous transition,
described above. Note that the radiated power in the
SOL decreases at the later time because radiated power
is shifted inward as the temperature of the SOL de-
creases. Impurity radiated power calculated by MIST
and radiated power inferred from bolometric measure-
ments agrees within 10% at the times shown in Fig. 6.

5. Discussion

The addition of argon seeding to puff and pump
deuterium discharges has produced a scenario with good
confinement, (Hozy ~ 1), high density (fow > 0.7) and
with heat and particle fluxes to divertor tiles reduced by
factors of 2-4. This makes this scenario a possible con-
trol tool to limit wall loading in fusion reactors. Of
special importance is the reduction of wall particle fluxes
during ELMs (Fig. 3). The normalized ELM energy loss
shown in Fig. 5 is consistent with [13]. However, for the
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Fig. 6. Profiles of argon impurity radiation at two times during
an impurity seeded discharge (#95011) before (a,c) and after
(b,d) a spontaneous transition to higher mantle radiated power.
Total argon radiation is shown in (a,b) and individual charge
states are plotted in (c,d).

discharges in this paper additional reductions in wall
fluxes are achieved with impurity seeding. Further ex-
periments are required to better quantify this ELM
particle and heat flux reduction. A new diagnostic,
DISRAD [14], can provide faster time resolution to
quantify the changes in heat flux during ELM events
with impurity seeding. Although we have emphasized
edge effects in this paper, we note that there are only
modest increases in core impurities in these discharges
and central Z. actually decreases after a spontaneous
transition [6]. The efficacy of using impurity seeding in
reactor designs depends critically upon tailoring the
impurity radiation profiles to provide the desired re-
duction in heat and particle fluxes. An example of this
was shown in Fig. 6, where SOL radiation dropped as
mantle radiation, and hence the SOL electron tempera-
ture, changed. Modeling has shown that krypton may be
effective for impurity seeding in a reactor [15].
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