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Resonant magnetic perturbations (RMPs) have been shown to successfully suppress edge localized modes
(ELMs) in the DIII-D tokamak. A previous study of target plate conditions highlighted differences in RMP
discharges between low and high electron collisionality, m�e, operation in DIII-D. This paper reports on a
systematic study of the electron density pump-out associated with the turn-on of the RMP over a wide
range of operating conditions in DIII-D, including shapes and collisionalities similar to those anticipated
in ITER. It is shown that the pump-out magnitude, Dne, has an upper envelope that is inversely propor-
tional to the pedestal m�e. The particle decay times, which are calculated based on global D2 particle bal-
ances, show an increase as the pedestal m�e is increased. Both results are suggestive that the underlying
physics mechanism is an increase in edge particle transport and/or that wall depletion is playing a role
in the pump-out magnitude.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Large edge localized modes (ELMs) are expected to have detri-
mental effects on the first wall of any next step fusion tokamak de-
vice (e.g. ITER) [1]. One technique to mitigate large ELMs (e.g.
Type-I) is the application of resonant magnetic perturbations
(RMPs) to stochastize the magnetic flux surfaces near the edge of
the tokamak plasma. This technique successfully mitigates and/or
suppresses Type-I ELMs in the DIII-D tokamak [2,3]. RMP dis-
charges with successful ELM mitigation and/or suppression in
DIII-D are accompanied by a decrease in plasma density, ne, which
could be unfavorable in future burning-plasma devices if the den-
sity were not restored to the design value with core fueling. There-
fore, an understanding of the density pump-out is necessary for
this technique to translate to burning-plasma devices.

In an effort to understand and quantify the density drop, this
paper focuses on the electron density pump-out during RMPs in
H-mode, DIII-D plasmas. It has been shown in other tokamak de-
vices that an enhancement in core plasma particle transport occurs
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with the application of a stochastic boundary [4,5]. Here, we report
on a systematic study of the ne pump-out associated with the turn-
on of the RMP over a wide range of operating conditions, including
shapes and collisionalities similar to those anticipated in ITER. Two
notable differences between these and the ITER scenarios are that
the DIII-D experiments were conducted in low-density, attached
plasmas, and with strongly pumping walls. The scenarios in ITER
will entail partially detached divertor operation with possibly sat-
urated, non-pumping wall.

The remainder of the paper defines techniques to characterize
the density pump-out and applies these techniques to an extensive
RMP discharge database developed for DIII-D, and possible physi-
cal mechanisms to interpret this pump-out characterization are
also suggested.

2. Characterization of RMP electron density pump-out

2.1. Experimental setup and technique

For this study a database containing 91 RMP discharges in DIII-
D is established. The database spans a range of discharges with
varying triangularities (0:35 < d < 0:6), pedestal electron collisio-
nalities (0:1 < m�eðpedÞ < 1), as defined in the next section, normal-
ized betas (1:5 < bN < 3), and Greenwald density fractions,
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fGW ¼ ne=nGW [6] (0:2 < fGW < 0:7). Details of several of these dis-
charges are discussed in Refs. [3,7–10].

A typical time history for an RMP discharge in DIII-D is shown in
Fig. 1. For all RMP shots in this study, there is a clear density drop
as measured by a CO2 laser interferometer and edge Thomson scat-
tering (TS) system. The drop is illustrated in Fig. 1(b) at �2.25 s and
is coincident with the activation of the RMP, labeled Icoil in Fig. 1(a).
The discharge has a bN � 2:8 and �d � 0:54 at the start of the pump-
out phase both of which are on the high end of the database
parameters. ELMs are fully suppressed �150 ms after the Icoil turns
on, as shown in Fig. 1(c) by the Da signal from the outer strike point
(OSP). The initial fast ne drop that lasts �150 ms is typical for most
DIII-D, RMP discharges, and is referred to as the density pump-out
time in this paper. After this time, the ne varies slowly until the Icoil

is turned off, at �4.5 s, at which time the density recovers. To note,
the slow increase in density and Da signal starting at �3.25 s is due
to a sweep of the OSP away from the cryo-pump baffles and
through the Da viewing chord.

The initial fast ne drop is characterized in the full set of database
discharges by the pump-out magnitude, Dne (¼ ne max � ne min),
where ne max is the density before the perturbation is applied and
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Fig. 1. (a) Plasma current, Ip, and RMP perturbation strength as denoted by the Icoil

current, (b) density as measured by a CO2 laser interferometer (labeled line avg.)
and edge TS array (labeled pedestal) showing a large density drop (Dne) when the
Icoil turns on and (c) lower divertor Da signal from the OSP.
ne min is the density after equilibration. Specifically, the ne decay
is fit to a decaying exponential function, from which the maximum
ne, minimum ne, and density decay time, s, are obtained.

Insight into the source and sink terms is obtained with a D2

global particle balance. The balance is given as: Swall ¼
SIN � dNe=dt � Q cryo � dN0=dt, where SIN is the sum of the input
rates from the gas puff (Sgas) and the neutral beam (SNBI), dNe=dt
is the rate change in core plasma electron inventory, Q cryo is the
pumping exhaust rate of the DIII-D cryo-system, and dN0=dt is
the rate of change in inventory of non-pumped gaseous neutrals
contained under the divertor baffles [11]. The effects of impurities
are ignored in this particular study as recent data has shown that
impurity content is low (Zeff 6 2) for times around the initial
RMP turn-on in most discharges [7]. Fig. 2 shows the component
rates for a typical particle balance in an RMP discharge. The change
in total electrons within the plasma as measured by a CO2 laser
interferometer chord near the magnetic axis is shown in Fig. 2(a).
In Fig. 2(b), the input rate of D2, SIN, and total number of input
particles from both gas values and neutral beam injection is given.
In Fig. 2(c), the total exhaust rate and total particles exhausted
from the three cryo-pumps in DIII-D are given as measured by
neutral pressure gauges in the divertor baffles. Finally, the differ-
ence of these sources and sinks is shown in Fig. 2(d). While this
is interpreted as the change in the wall loading (Swall) and seems
to be valid for most discharges in the database, we note that
changes in the scrape-off layer (SOL) and divertor particle content
could also explain some of the behavior seen, although such
changes are more difficult to quantify.

This analysis shows that wall loading could be playing a role in
the density drop during the RMP. Firstly, there is a marked influx of
particles into the wall during the initial phases of the discharge (0–
1 s). Then, during the H-mode transition, there is a depletion of the
wall, usually termed outgassing. These first two characteristics are
typical of most H-mode discharges on DIII-D [11,12]. When the
RMP turns on at 2.25 s, there is an influx of particles into the
wall/SOL which amounts to �2.1 � 1021 particles(#)/s for
�0.25 s. Although the exhaust rate to the cryo-pump increases
20–30% at this time, from �5.6–7 � 1020 #/s to �8.4 � 1020 #/s,
this does not balance the particle outflux from the core plasma.
Therefore, we conclude that the excess particles are going in the
wall and/or the SOL/divertor plasma, which is corroborated by an
increase in baseline Da signal denoting an increase in wall recycled
D2 neutrals [e.g. Fig. 1(c) at 2.25 s].

2.2. Comparisons of discharges in database

The pump-out magnitude from the database is now compared
to a few global discharge parameters to evaluate possible trends.
A notable correlation was found between the pump-out density
measured at the top of the pedestal and the pedestal electron coll-
isionality, m�eðpedÞ½� Rq95e�3=2ðkeÞ�1, where R is the major radius, e is
the inverse aspect ratio, and ke is the electron mean free path].
Fig. 3 shows that the envelope of the pump-out magnitude
decreases as m�eðpedÞ increases. We note there are also distinct differ-
ences in other edge diagnostic parameters at high- and low-m�eðpedÞ
[8,10]. The variability in Dne with m�eðpedÞ is difficult to quantify
experimentally due to the many mechanisms potentially influenc-
ing the edge particle transport. Changes in the magnetic topology
from the RMP can affect the edge particle transport (e.g. particle
drift motion or anomalous transport) as well as boundary/SOL
conditions (e.g. through changes in neutral ionization physics or
recycling sources and sinks) both of which change depending on
the collisionality [5]. Although there have been recent attempts
to explain the transport observations on DIII-D H-mode discharges
during the application of an RMP, a full understanding is still under
investigation [13].
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Fig. 2. Output of a D2 particle balance of an RMP shot; (a) core plasma particle rate
of change, dNe=dt, on the left-hand axis and total inventory, Ne, on the right-hand
axis; (b) particle input rate, SIN, due to either the gas puff or NBI on the left-hand
axis and the total input particles due to gas puff and NBI on the right-hand axis; (c)
exhaust rate, Q cryo, on the left-hand axis and the total particles exhausted due to the
cryo-pumps on the right-hand axis and (d) wall load rate, Swall , on the left-hand axis
and total particles in the wall on the right-hand axis.
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Fig. 3. Comparison of the pump-out magnitude, Dne, to the collisionality at the
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The particle balance analysis discussed in the previous para-
graphs allows for a calculation of the particle decay rate,
s�p ¼ Ne � ðdNe=dt � SINÞ�1 [14]. This gives a relative calculation of
the effects of wall retention and active pumping. Fig. 4 shows the
time history of s�p for a high-m�eðpedÞ and a low-m�eðpedÞ discharge for
the time period spanning the RMP, as indicated by the Icoil current
bar near the bottom of the graph. For both the high- and low-m�eðpedÞ,
s�p ¼ 1:7 s prior to the Icoil turn-on. After the Icoil turns on, there is a
transient drop in s�p to �0.25 s for the low-m�eðpedÞ, and to 1.2 s for
the high-m�eðpedÞ case. This transient is coincident with the pump-
out in ne. After this transient in the low-m�eðpedÞ case, s�p approaches
�0.4 s which is �1/4 of the pre-Icoil value and in the high-m�eðpedÞ
case s�p returns to the initial value of �1.7 s. Finally, after the Icoil

turns off the low-m�eðpedÞ case returns to the pre-Icoil value, whereas
the high-m�eðpedÞ case increases slightly before again returning to
�1.7 s.

Since the s�p calculation is effectively equivalent to the particle
balance shown in Fig. 2, we can interpret the large drop in s�p (�a
factor of 4) for the low-m�eðpedÞ case shown in Fig. 4 to be due to a
strong effect from the walls (e.g. from surfaces newly wetted be-
cause of the RMP). A more detailed 2D or 3D analysis, taking into
account the fueling and pumping efficiency and wall recycling, is
needed to determine if the ne pump-out is indeed dominated by
the wall retention or an otherwise transient increase in the SOL/
divertor particle content [15].
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Finally, the initial transient drop in s�p is correlated to the m�eðpedÞ
during the density pump-out phase. This correlation is shown in
Fig. 5 as an increase in s�p with increasing m�eðpedÞ for a number of
RMP discharges. The points on this figure are a subset of those in
Fig. 3 (i.e. those points marked with a w). It can be inferred from
this figure that there is a less significant sink due to the wall/SOL
as m�eðpedÞ, and implicitly ne, increases. Since at higher m�eðpedÞ, there
is a usually a larger wall load before the RMP begins as calculated
from the particle balances. This figure suggests that as this sink is
minimized (e.g. from more saturated walls), it has a smaller contri-
bution to the change in s�p during the RMP turn-on. This is also con-
sistent with the large ne pump-out magnitude at lower m�eðpedÞ
shown in Fig. 3.

3. Conclusions and summary

In this paper we present a systematic study of the pump-out
phase in DIII-D RMP discharges. It is shown that the pump-out
magnitude, Dne, measured in a large collection of discharges has
an upper envelope that is inversely proportional to m�eðpedÞ in DIII-
D discharges starting with well-depleted walls. Particle decay
times are calculated based on global D2 particle balances and show
an increase in s�p as m�eðpedÞ increases. This observation is consistent
with the pump-out magnitude results and also factors in possible
contributions from wall retention and/or active pumping. Both re-
sults suggest that the underlying physics mechanism of the density
pump-out could be an increase in edge particle transport and/or
that depleted walls are providing an additional sink due to newly
wetted surfaces from the RMP topology. The full effects of the walls
on the pump-out magnitude during an RMP is still under study but
could be a factor in determining the performance of this ELM con-
trol technique in future long-pulse, burning-plasma devices (e.g.
ITER) where particle exhaust control is a more serious issue due
to wall retention concerns.
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