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Abstract

Experiments in DIII-D, using non-axisymmetric magnetic perturbation fields
in high-purity low toroidal rotation, *He plasmas have resulted in Type-I Edge
Localized Mode (ELM) suppression and mitigation. Suppression is obtained
in plasmas with zero net input torque near the L-H power threshold using
either Electron Cyclotron Resonant Heating (ECRH) or balanced co- and
counter-I, Neutral Beam Injection (NBI) resulting in conditions equivalent to
those expected in ITER’s non-active operating phase. In low-power ECRH H-
modes, periods with uncontrolled density and impurity radiation excursions
are prevented by applying n=3 non-axisymmetric magnetic perturbation fields.
ELM suppression results from a reduction and an outward shift of the electron
pressure gradient peak compared to that in the high-power ELMing phase.
The change in the electron pressure gradient peak is primarily due to a drop in
the pedestal temperature rather than the pedestal density.

1. Introduction

The success of the ITER experiment, an essential stepping-stone for developing
magnetically confined burning fusion plasma power reactors, relies on our ability to
understand the physics required to control MHD instabilities known as Edge-Localized
Modes (ELMs). Large ELM instabilities in burning ITER plasmas are expected to release
peak thermal energies approaching 20-30 MJ, along with high velocity ionized particles,
in several hundred microseconds. This poses a challenge to the lifetime of the plasma
facing components due to the ELM-driven transient erosion. In addition, the impurity

influxes caused by this large transient erosion have the potential to trigger plasma



disruptions that can result in large thermal loads onto the plasma facing components as
well as in large mechanical loads on the in-vessel components and the vacuum vessel
itself, if they are not mitigated.

A promising approach for reducing the severity of these ELMs, referred to as
mitigation, or completely suppressing the instability is based on using non-axisymmetric
magnetic perturbation fields consisting of resonant (RMP) and non-resonant (NRMP)
spectral components [1][2]. These fields are applied with specialized non-axisymmetric
coils located either inside [2][3][4][5][6] or outside the vacuum vessel [7][8]. An
important milestone for the ITER project, during its initial non-active operational phase,
in which "H and *He plasmas will be explored, is to demonstrate that large type-1 ELMs
can be sufficiently well controlled using either small non-axisymmetric magnetic fields
and/or cryogenic hydrogen ('H) pellet pacing [9][10][11]. Achieving this milestone
decreases the risk in carrying out ITER’s goal of Q =10 in deuterium-tritium (*H-"H)
plasmas in the nuclear phase, for which H-mode confinement and ELM control is
required, as it allows demonstration and optimization of the required techniques well in
advance of its application during nuclear operations..

In ITER, ELM control requires either the complete elimination of the type-I ELMs,
referred to as suppression, or a reduction in the energy of the ELMs striking the plasmas
facing components to less than the divertor material erosion threshold; this is typically a
reduction of 30-60 with respect to the highest possible uncontrolled ELM loads, referred
to as mitigation. Consequently, the ITER research plan [12] relies on achieving H-modes,
along with the characterization and development of reliable ELM control techniques, in
helium (*He) and/or hydrogen (‘H) plasmas during the initial non-active phase of
operations where the plasma current (I,) and toroidal magnetic field (Bt) will be typically
limited to I, ~ 7.5 MA and Br ~ 2.65 T due to the L-H power threshold (P.u) scaling
with the isotopic mass and the available heating power [10]. The characteristics of the H-
mode performance obtained in the non-active operational phase of ITER will rely on the
available level of neutral beam injection heating power (Pngi) along with the electron and
ion cyclotron resonance heating power (Pgcry and Picry) in combination with the level of
Ohmic heating power (Pon) and the choice of main ion plasmas species i.e., 'H or “He.

While it is expected that a sufficient level of additional and Ohmic heating power Pror =



Pxgr + Pecra + Picra + Pon will be available to access H-modes in both 'H and “He
plasmas, it is most likely that the characterization of H-modes and the development of
ELM control schemes during the non-active phase of operations will be done in “He. This
is due both to the lower power required to access and sustain the H-mode in *He plasmas
compared to 'H and because of the availability of robust ICRH heating schemes for ‘He
plasmas at 2.65 T which are not available for 'H. This increases the maximum additional
heating power for *He plasmas to 73 MW (33 MW using 'H neutral beam injection
heating power ("H-Pngi) and 20 MW of ECRH as well as 20 MW of ICRH), compared to
53 MW for 'H plasmas. Thus, these early ITER H-modes are expected to operate
marginally above the Pr.y level with a relatively low level of the toroidal flow velocity

(vg) compared to typical H-mode rotation profiles in existing tokamaks such as DIII-D.

These are particularly challenging conditions to duplicate in DIII-D while maintaining
core *He concentrations equal to or greater than 80% but, as described below, after a
series of attempts, a DIII-D discharge scenario was developed that matches the ITER ‘He
non-active operational phase quite well.

In order to better understand the requirements for H-mode operations and reliable
ELM control in “He plasmas during the ITER non-active phase, several experiments have
been carried out in DIII-D over the last few years to obtain conditions similar to those
expected in ITER. The primary goal of these experiments was to quantify the Py and to
develop ELM control techniques in plasmas with low toroidal rotation, high-purity “He
core concentrations (> 80%) and Pror slightly above Pr.. Prior to the most recent ELM
mitigation and suppression experiments, attempts were made to suppress ELMs in high-
purity *He plasmas using both *He neutral beam injection heating power (‘He Pngi1) and
'"H Pngi [13]. These experiments suffered from various technical issues leading, in some
cases, to uncontrolled density increases. In order to circumvent these issues, an
experiment was done following a fresh boronization of the vacuum vessel walls with a
*He carrier gas and ’H neutral beam injection (*H Pxg;) heating, referred to below simply
as Pnpr heating, that resulted in isolated periods of ELM suppression in discharges with
relatively low “H concentrations [14]. Experience gained from these early attempts
resulted in the development of an operating scenario with stable, high-purity, ‘He

plasmas and H-mode conditions similar to those expected in ITER’s non-active ‘He



plasmas.

Section 2 describes the operating scenario that was developed to obtain stable high-
purity “He discharges, along with the assessment of the Py in ECRH “He plasmas.
Section 3 provides details on ELM suppression in low toroidal rotation ECRH “He
plasmas and section 4 covers resistive two-fluid modeling of the experimental results
discussed in section 3. Section 5 provides a summary of experiments in which ELM
suppression was observed at low toroidal rotation using balanced co- and counter-Pyg;
heated plasmas and section 6 provides an overview of the ELMing behavior observed in
low toroidal rotation balanced co- and counter-Png; heated plasmas during discharges
without ELM suppression. The final section provides a discussion and a summary of the

key results.

2. Experimental conditions and assessment of L-H power threshold in helium

plasmas

In order to make contact with previous DIII-D ELM suppression experiments done in
’H plasmas, these ‘“He plasmas were operated with [, =153 MA, B;=2.0 T and qos =
3.55 using a plasma shape similar to that planned for ITER Qpr = 10 H-mode operations
but scaled down to fit in the DIII-D vacuum vessel. In these discharges, the lower
triangularity was increased slightly to 8. = 0.67, compared to that in the ITER with 8, =
0.60, for optimal divertor cryopump alignment as shown in figure 1. This configuration is
referred to as the ITER Similar Shape (ISS) in DIII-D and has been used extensively in
low-collisionality “H plasma ELM suppression experiments [15].

In these ISS plasmas, with qos = 3.55, the vacuum RMP field spectrum is optimized
for producing large resonant magnetic islands at the top of the pedestal plasma and a
wide region of stochastic field lines, referred to as the Vacuum Island Overlap Width
(VIOW), covering as much as 20% of the outer plasma flux surfaces. In this case, the
non-axisymmetric magnetic perturbation fields from the DIII-D I-coil [16] are simply
referred to as RMP fields in order to emphasize the resonant aspect of the applied fields.
Figure 1 shows the positions of the upper and lower RMP coils, referred to as I-coils,
located symmetrically above and below the equatorial plane on the low-field side inside

the DIII-D vacuum vessel behind graphite protection tiles. The poloidal positions of the



2" harmonic ECRH deposition points, above the equatorial plane near the 0.7 normalized
poloidal flux () surface, and the radial locations of the ECE diagnostic channels near
the equatorial plane are also shown. The ECE channels, starting from channel 1 located in
the low-field side scrape-off layer (SOL), through channel 40 located on the high-field
side at the Yy = 0.2 surface are used to monitor fast electron temperature (T.) changes.
The SOL flux contour lines shown just outside the separatrix are separated at 1 cm
intervals on the low-field side equatorial plane. The locations of filterscope channels
fs01-04, viewing the lower divertor strike points and private flux region, are also shown
in figure 1.

The first step in this experiment was to determine Py using only ECRH. Here, it was
found that Py = 2.9 MW and that at this power level the plasma experienced a series of
uncontrolled density and core impurity increases followed by back transitions from the
H-mode to an L-mode. To prevent this uncontrolled L-H-L behavior in the beginning of
the discharge, an operating scenario was developed with an early high-power ’H-NBI and
ECRH phase. This high-power phase was then followed by a low-power, low toroidal
rotation phase, matching ITER’s non-active *He plasma conditions. In these discharges,
11 Torr-liters of “He was injected during the first 1100 ms and at 1200 ms, approximately
100 ms after reaching the I, plateau, the Pxg; was increased from 3.7 MW to 8.4 MW
resulting in the addition of 36 Torr-liters of “H fueling over the 2600 ms duration of the
’H-NBI heating phase as determined from global particle balance calculations [17]. In
addition, at 1100 ms ECRH was added with Pgcry = 2.9 MW resulting in Pror = 11.6
MW, including Pou = 0.3 MW. The early high-power, high torque, phase was found to be
effective for establishing high toroidal rotation H-mode discharges, which allowed a
transition to a low-power phase later in the discharge with ITER similar rotation profiles.
An example of this operating scenario is shown in figure 2. Here, the low-power phase
started at 3000 ms and had a constant Pgcrpy = 2.9 MW resulting in Pror = Pgcra + Pon =
3.7 MW with vy = 0. Over the course of the experiment, this low-power low-torque H-
mode phase was maintained using either ECRH, with a maximum input power of 3.0
MW, or with modulated H-NBI heating pulses consisting of short periods with co- plus
counter-I, injection resulting in zero net input torque and Pngi = 1.7 MW. These low-

power ’H-NBI phases had Poy = 1.2 MW, resulting in Pror = 2.9 MW and vy = 0.



Discharges with the low-power ECRH phase also had short diagnostic “H-NBI pulses as
shown in figure 2b.

In order to minimize the core “H concentration due to “H-NBI heating, the DIII-D
cryopumps were operated at liquid helium temperatures without an argon frost to enable
’H pumping. It was found that the initial high ’H-NBI heating phase was helpful for
releasing neutral “H from the graphite divertor tiles and exhausting it with the cryopumps.
This resulted in a reduction of the *H core concentration to approximately 40%, which is
higher than the acceptable 20% level for the ITER ELM suppression tests during this
phase of the discharge. The resulting H-mode line average and pedestal density, as well
as the lower divertor D, (656 nm) signal, using this mode of operation are shown in
figure 2a. In addition to the lower divertor D, filterscope signals, the lower divertor Hell

(469 nm), Dg(486 nm), Ci1 (541 nm) and Cii1 (465 nm) were monitored and found to be

similar in amplitude to that of the D,. Note that in this discharge the RMP field is only
applied during the first half of the high-power phase as shown in figure 2b. During this
time the line averaged and pedestal densities slowly decay and promptly recover when
the RMP field is turned off. This behavior is similar to that seen in “H discharges during
the application of the RMP field although the reduction in the density is somewhat
smaller than that seen in similar “H discharge. Comparing the D, signals during the
application of the RMP field and afterwards, we see that there is an increase in the ELM
frequency and a reduction in the ELM amplitude consistent with RMP ELM mitigation
seen in “H plasmas. As seen in figure 2a, following the high-power ’H-NBI heating phase
the discharge undergoes a series of uncontrolled ELM-free cycles. During this phase Pror
= Pgcru + Pon = 3.7 MW. Figures 2ac show the correlation between these uncontrolled
ELM-free phases and substantial increases in the Fexxi (133 nm) line radiation, which
is the dominant core impurity line observed during these cycles. Each of these
uncontrolled density and core radiation excursions are terminated by large ELMs with a
maximum energy of AWgrm = 84.7 kJ, where AWgpym is the measured change in the
stored plasma energy (Wwmmp) using a fast diamagnetic loop signal. In addition, the
increase in FexXiil radiation corresponds to an increase in the total core radiated power
(Prad-core) from 0.7 MW to 3.0 MW, where Prygcore = Pryg, and Pror = 3.7 MW. In the
high-power phase, with Pror = 11.6 MW, Prdcore = 3.6 MW during the time the RMP



field is applied and increases to 4.9 MW without the RMP field suggesting that the 3D
field increases the impurity transport during the ELM mitigated phase.

Here, it has been found that “He discharges, operating just above the H-mode power
threshold, experience uncontrolled density and impurity excursions that result in an H to
L back transition when the core radiated power reaches the ECRH input power level of
3.0 MW. After dropping back into an L-mode regime, the H-mode transport barrier
recovers and the uncontrolled accumulation of core particles repeats resulting in multiple
L-H-L cycles during a single discharge as seen in figure 2. Large individual ELMs are
randomly triggered during each cycle and multiple ELM bursts are observed just before
each H-L back transition. It is not known if these ELM bursts are involved in the rapid

loss of confinement leading to the collapse of the H-mode transport barrier.
3. ELM suppression in ECRH helium discharges with low toroidal rotation

As seen in figure 3, by extending the duration of the RMP field into the low-power
phase of the discharge, the line average density drops slightly and the ELM frequency is
reduced from 56 Hz to 27 Hz following a 200 ms transition period (figure 3a). The low-
power ELMing phase is consistent with a reduction in heating power as the discharge

drops toward Pp_yy. In this low-power “He plasma the ELMs have an average ELM energy

loss (A Wy ) of approximately 29 kJ, which is similar to the average A Wy = 31 kJ
in the high-power ELMing phase. This behavior is quite different than ELM mitigation in
’H plasmas where the ELM frequency increases and AWy, ,, is typically reduced by about
a factor of 3 when the RMP field is applied and ELM suppression is not obtained. This
difference may be a consequence of operating slightly above Py in the “He discharges.
It is also noted that during the transition from the high-power to the low-power phase the
stored energy (Wypyp) drops from 1.2 MJ to 0.3 MJ and By drops from 2.0 to 0.6.
Following the low-frequency ELMing phase, there is 300 ms period of ELM suppression
starting at 3550 ms as seen in figure 3a. Subsequently, ELM suppression is lost at 3850
ms due to a plasma shape change and a locked mode. Note that the ELM suppression
phase at the end of this discharge differs from the ELM-free cycles seen in figure 2ac
since the line averaged density, the pedestal density and the Fexxii (133 nm) line

radiation do not undergo an uncontrolled increase. An important consequence of



extending the RMP field into the low-power phase is the elimination of the uncontrolled
density accumulations cycles seen in figure 2a and the elimination of the uncontrolled
increase in the Fexxil (133 nm) line radiation during these cycles. Compared to the
discharge shown in figure 2, Piag-core 1S held to less than 3.7 MW in the high-power phase
and 0.8 MW in the low-power ELMing phase with an additional reduction to 0.7 MW in
the ELM suppressed phase. The increasing FexxIil line radiation seen at the end of the
high-power phase in figure 3c is accompanied by a factor of 3.2 increase in line radiation
from Nixxi1il (165 nm) and a factor of 2.2 increase in Oviil (102 nm) indicating the
release of impurities from plasma facing surfaces that were not present in the previous
discharge shown in figure 2. This is believed to be a consequence of the “H-NBI heating

and the loss of energetic beam ions on exposed metallic surface due to the RMP field [18].

As seen in figure 4a, the low-power ELMing (t = 3500 ms) and ELM suppressed (t =
3800 ms) phases of discharge 158473, have an electron pedestal density (ne) that is
reduced slightly compared to the high-power ELMing phase (t = 2555 ms). The initial
reduction in the n during the low-power ELMing phase is correlated with a loss in ’H
fueling from the “H-NBI heating and a drop in the D, baseline by about a factor of 5
starting at 3000 ms. The n. reduction seen in the suppressed phase (figure 4a at t = 3800
ms) is due to a slow decay of n. starting at t = 3450, toward the end of the mitigated
phase as seen in figure 3a. There is also a large drop of the electron pedestal temperature
T (figure 4b) following the transition from the high-power to the low-power phase,
which is the dominant factor controlling the height and position of the electron pedestal
pressure gradient. As seen in figure 4c, the electron pedestal pressure (pe) drops from 5.5
kPa in the high-power phase to 2.1 kPa in the low-power phase. Additionally, figure 4d
shows a significant reduction in the peak p. gradient along with an outward shift from Y
=0.97 to 0.98. Although the changes in p. during ELM suppression in *He discharges are
similar to those in “H ELM suppressed cases the mechanisms involved are different. In
’H discharges the reduction in pe is caused by a reduction in the n. which typically leaves
Te unchanged or slightly increased [1]. Although there is some uncertainty in the cause of
the transition from ELMing to ELM suppression in the low-power phase, due to the lack

of rotation and E; data, it may be related to the small inward shift of the electron pressure



profile between 3500 ms and 3800 ms.

Extended periods of ELM suppression are also obtained in the low-power phase of
similar discharges using only ECRH and infrequent “H-NBI diagnostic pulses, needed to
obtain kinetic plasma profile data with the DIII-D charge exchange recombination
diagnostic. As seen in figure 5 during discharge 158434, the line average electron density
stabilizes at 4.9 x 10" m™ (ng/ngw = 0.35) during the high-power H-mode with Pxg; = 9
MW, Pgcrp = 2.9 MW and Pop = 0.9 MW resulting in Sy = 1.9. The Hogy> confinement
factor is 0.86 during the high-power phase and drops to 0.6 during the low-power ECRH
H-mode phase between 3.1 and 4.9 s. Here, the electron pedestal collisionality, defined as

[19]:

Vs = 6.921X10718qRN, Z,f s InA T, 2712, (1)

is shown in Table 1 using measurement from visible bremsstrahlung (v.""¢™) as well as

simulation from the TRANSP code [20] (v;'tmmp) and spectroscopic data.

High-Power Phase, 2800 ms | Low-Power Phase, 4750 ms
Pngi + Pecru + Pon Pecru + Pon
v:'brems 0.29 1.05
zorems 1.9 2.2
yutransp 0.42 1.26
e
Z;}C‘;”Sp 2.65-2.75 2.45-2.65

Table 1 Variations in the electron pedestal collisionality calculated from eq. (1) using an

experimentally measured Z,s¢ from bremsstrahlung data and a simulated Z, s from the

TRANSP code in discharge 158434 during the high-power and low-power phases.

The increase in v, between the high-power and low-power phase is dominated by the

drop in T, from 0.92 keV to 0.52 keV with a 16% increase in Zé’}f}fms contributing to a

factor of 2.6 increase in v;"*"*™ while a small drop in Z g;‘}mp results in a smaller factor

. . ot . .
of 2 increase in v, P As discussed below, the TRANSP analysis also confirms a “H

concentration of approximately 2% in the low-power phase between H-NBI diagnostic



pulses. The uncertainty in v, resulting from the difference between Z 5;;3’”5 and Z Z;?mp,

is particularly important during the high-power phase of the discharge because low
collisionality ELM suppression in “H discharges is lost when v} > 0.35 [21] and high
collisionality ELM suppression in “H plasma is observed when v} > 0.90 [22][23]. Thus,
the lack of ELM suppression in the high-power phase may be due the increased
collisionality in these “He plasmas while suppression in the ECRH phase is consistent
with the high-collisionality branch of ELM suppression seen in ’H plasmas. In figure Sa,
during the ELM suppressed phase, the line average density drops by about 14% to 4.2 x
10" m™ (n/ngw = 0.32), due to the loss of “H-NBI fueling. The reduction in the pedestal

vy following the high-power phase and the n = 3 RMP coil current is shown in figure Sc.

TRANSP [20] modeling during the high-power phase of discharge 158434 (figure 5) at
2880 ms yielded a “He density of 1.30 x 10" m™ and a *H density of 0.77 x 10" m™ or
approximately 63% *He which is lower than the desired value of 80% needed to match
the expected “He core concentration in ITER. In the low-power ECRH phase of 158434
at 4620 ms, between the “H-NBI diagnostic pulses, the *He purity improved dramatically
to 98% based on the TRANSP modeling result. Here, the “He density was 1.53 x 10" m™
with a “H density of 0.03 x 10" m™. These values are consistent with the measured drop
in the neutron flux from 1.15 x 10" neutrons/s in the high-power phase to approximately
zero between “H-NBI pulses and increasing transiently to 1.59 x 10'' neutrons/s during
the H-NBI pulses in the low-power phase. These ion densities are also in reasonable
agreement with the measured line average electron densities based on the calculated
TRANSP effective charge of Zgy;"F = 2.65-2.75 at t = 2880 ms and Z, "7 =2.45-2.65 at
t=4750 ms.

The primary motivation for undertaking these experiments was to obtain ELM
suppression in discharges with low or zero ’H-NBI and ECRH torque in order to match
the vy profiles expected during non-active *He operations in ITER. Figures 6a and 6b
show changes in the toroidal rotation frequency profile ({14) between the high-power
ELMing phase of the discharge at 2800 ms and the ELM suppressed phase at 4750 ms.

This data confirms that the edge toroidal rotation frequency is strongly reduced from Qg4



= 25 krad/s at = 0.8 to approximately 5 krad/s while the edge rotation near the top of
the pedestal increases slightly during the ELM suppressed phase with ECRH. At the same
time, the inner part of radial electric field profile (E;) is reduced and the inner zero
crossing of the edge E, well shifts outward toward the separatrix from ¥ = 0.93 to Py =
0.97 while the depth of the E, well across the pedestal is reduced slightly. Although the
quality of the core E; data is rather poor in the low-power phase due to limitations on the
’H-NBI sources required to maintain low torque, the structure of the E, well in the ELM
suppressed phase is typical of that in an ELM suppressed H-mode with an edge transport
barrier. In addition, the edge n. and T. profiles retain a weak H-mode pedestal structure,
similar to that shown in figures 4ab during a companion discharge, although the H-factor
and Sy are significantly reduced compared the high-power phase and those typical H-

.2
modes in “H plasmas.

Here, it is shown that ELM suppression is achieved in the low-power H-mode phase
of these *He discharges following a reduction in the pedestal T, from the high-power
phase resulting from a reduction in the input heating power as shown in figure 4b, when
the pedestal electron density and temperature profiles undergo a small radial inward shift
as seen in figures 4bc. While the pedestal density drops slightly during ELM suppression
it remains slightly above the level typically found during ELM suppression in ’H plasmas.
An additional benefit of the RMP field is that it suppresses the uncontrolled accumulation
of core particles and the increase in radiated power observed when operating just above

the L-H power threshold in these high-purity *He plasmas.
4. Resistive two-fluid MHD modeling of ECRH ELM suppression

Linear resistive two-fluidl MHD modeling of the ELM suppressed ‘He plasma
discussed in the previous section (discharge 158434) have been carried out with the M3D-
c' code [24]. The goal is to provide insight into the plasma response during the
application of RMP and NRMP magnetic field perturbations in DIII-D plasmas with
conditions similar to those expected in the ITER non-active phase of operations.
According to linear ideal [25] and resistive MHD simulations [26][27][28], RMP fields

imposed on rational surfaces are expected to be either strongly or weakly screened



depending on the local plasma parameters at each rational surface. Alternatively, under
some conditions resistive MHD simulations can result in an amplification of the vacuum
RMP field islands [29]. Resistive MHD simulations find that strong screening only
occurs on rational surfaces in which the electron perpendicular rotation Q,, = Qp + Q*
is sufficiently far from zero, i.e., 1, , = 0 + 10 krad/s [29]. Here, Qf is the electron EXB
rotation and ()" is the electron diamagnetic rotation. Figure 7 shows the experimentally
measured edge (1, ., (z and Q" profiles used in the M3D-c' simulations of discharge
158434 during the high-power ELMing phase at 2880 ms (dashed lines) and the low-
power ELM suppressed phase at 4620 ms (solid lines). Typically, either weak screening
or amplification is found in regions with ,, < 10 krad/s [29] shown in figure 7a. Thus,
the profiles shown in figures 7ab indicate that strong screening is present on surfaces
between Y, = 0.92 and 1.0 during the high-power phase and that in the low-power phase
this strong screening region is compressed into narrower zone between n = 0.96 and 1.0.
A weak screening region with ,, = 0 + 10 krad/s extends radially inward from the
strong screening region to Yy = 0.80 during both phases. Figure 8 shows the M3D-c' flux
surface normal n = 3 components of Bn -3 in G/kA on each rational surface calculated
using the output from M3D-C' in the SURFMN code [30] between ELMs during the high-
power ELMing phase and in the low-power ELM suppressed phase based on the O,
profiles shown in figure 7. The vacuum field resonant components are also shown for

comparison. Here, m ranges between -8 near Yy = 0.84 and -18 at the separatrix. These

results show that the screening factors (Bp45™/ Bﬁlllﬁirga) of the m/n = 10/3 and 11/3

islands, on these rational surfaces located just inside the top of the pedestal, reduces
Bnis™ by approximately a factor of 4 in the low-power ELM suppressed phase
resulting in island widths that are approximately a factor of 2 smaller as shown in figure
9b. Figure 9a shows the q(y) profiles at 2880 and 4620 ms along with the positions and
widths of the magnetic islands based on data from the M3D-C' plasma response
simulation shown in figure 8. Note that there are gaps between islands with m < 13 in
figure 9a during both the high- and low-power phases of the discharge. This demonstrates
the M3D-C' plasma response does not result in island overlap (stochasticity) except for a

very narrow region outside Py = 0.983 (2880 ms) and yn = 0.989 (4620 ms) as shown in



figure 11. The widths of the vacuum and M3D-c' plasma response islands in terms of Yy

are shown explicitly in figure 9b for reference.

The details of the island widths and positions are of particular interest for testing a
hypothesis stating that if a resonant surface or a group of resonant surfaces is excited
sufficiently close to the top of the pedestal, tearing-like islands will form and increase the
local particle transport [14]. It is then argued that this will cause the density profile to
evolve into a peeling-ballooning stable regime where it will remain clamped and result in
ELM suppression. This scenario is a variant of an earlier hypothesis in which the width of
the pedestal is prevented from expanding inward after an ELM crash by imposing a
virtual “wall” which is generated by a region of strong particle transport due to an island
or a stochastic layer [31]. In both cases these islands are expected to form as a
consequence of a forced tearing mode FTM interaction [32] when a sufficiently strong

RMP harmonic is aligned with a rational surface near the top of the pedestal.

As seen in figure 4, the top of the pedestal moves outward in these *He discharges
following the transition from the high-power to the low-power phase. The arrows along
the x-axis of figures 8 and 9 show the change in the position of the pedestal top between
the two phases. The reduction in the electron pedestal pressure is primarily caused by the
elimination of the high-power “H-NBI heating and a reduction in the pedestal T. as
opposed to a drop in n. due to the density pump out effect caused by the RMP field
observed in “H discharges. The weak reduction in the pedestal density in the low-power
phase compared to that in the high-power phase and the changes in the islands shown in
figures 8 and 9 are significantly different than those found in previous two-fluid M3Dp-c!
simulations during ’H ELM suppression experiments [14][33]. Figure 10 shows a side-
by-side comparison of Poincaré plots, calculated with the TRIP3D field line integration
code [34], using results from the linear two-fluid M3D-c' simulations shown in figures 8
and 9. The results shown in figures 8, 9 and 10 highlight the changes in the island widths
near the top of the pedestal between the high-power (t = 2880 ms) and low-power (t =
4620 ms) phases of the discharge. In the low-power phase the largest island, in close
proximity to the top of the pedestal, is m = 11 although the slightly smaller m = 12 island
is closer to the top of the pedestal. The m = 10 island is larger than the m = 11 island but



it is well separated from the top of the pedestal, which suggests that it is unlikely be
responsible for inhibiting the inward pedestal growth needed to trigger an ELM. In the
high-power phase, the largest island (m = 9), is far enough from the top of the pedestal
that is not expected to prevent the pedestal from expanding. Based on the island particle
transport hypothesis [14], the m = 11 and 12 islands in the low-power phase may induce a
change in the particle transport and the small drop in the pedestal density profile seen in
figure 4a. This change in the pedestal density profile may be responsible for triggering
ELM suppression and preventing the pedestal pressure profile from expanding and
crossing the ELM stability boundary. A significant difference in the linear two-fluid
M3D-c' simulation results between the “H and *He experiments is that the islands are
weakly amplified in “H plasmas [14][33] and modestly screened in the *“He plasmas. This
suggests that in addition to the three criteria needed for islands to induce a sufficiently
large particle transport, i.e., the co-alignment of three locations: (1) the top of the pedestal,
(2) the Q,, = 0 location and (3) the position of a rational surface associated with a high
amplitude poloidal mode number of the applied RMP [14], a threshold in the widths of
the islands located near the top of the pedestal or the formation of a stochastic layer near

the top of the pedestal caused by island overlap may be a necessary condition.

Figure 11 shows a plot of the fraction of field lines from the M3D-C' simulations that
hit the divertor originating from thin stochastic layer just inside the unperturbed
axisymmetric separatrix, which is referred to as the field line loss fraction. This figure is
produced by integrating multiple field lines on each flux surface between Wy = 0.94 and
1.0 over 200 toroidal turns, approximately 2 km, except when a field line hits a solid
surface such as a divertor target plate. The vacuum field line loss fraction for ISS cases in
’H discharges, with RMP coils current of 4 kA, typically covers approximately 15-20%
of the outer flux surfaces and has been found to correlate with ELM suppression in some
’H discharges when it exceeds 16.5% [35]. The reduction in the width of field line loss
region based on M3D-c! simulation results, compared to that of the vacuum field, in these
*He plasmas is significantly different from those in ’H plasmas. While both have a
narrow stochastic region near the foot of the pedestal, the difference due to the island

amplification in *H plasmas [14] and island screening in ‘He plasmas suggests that a



stochastic layer is formed in the “H plasmas but not in the *He plasmas. In addition, the
reduction in the pedestal n. profiles and line average density due to the RMP field seen in
’H plasmas is typically much larger than those in *He plasmas as shown in figures 2, 3, 4
and 5. This may indicate that the properties of tearing-like islands near the top of the
pedestal and the resulting magnetic topology due to the RMP field is significantly
different “He plasmas than in “H plasmas [15][36] resulting in different particle transport
physics. In addition, other mechanism, such as a reduction in the fueling efficiency from
recycling, differences in the turbulence or a change in the edge particle pinch and radial
electric field [37], may be important to consider in conjunction to the transport resulting

from magnetic islands and stochasticity near the top of the pedestal.

A closer examination of figures 9 and 10 at t = 4620 ms reveals three sets of
relatively large, closely spaced, islands (m=10-12) near the top of the pedestal along with
islands just inside Y = 0.9 that are slightly larger in the high-power than in the low-
power phase. Compared to the relatively small islands near the top of the pedestal in the
high-power phase, the islands in the low-power phase might be expected to produce more
density pump out than is observed experimentally assuming the island transport at the top
of the pedestal is correct unless their width is insufficient to induce an increase in the
transport as hypothesized above. Based on the change in the density profile shown in
figure 4a and the modest reduction in line average density shown in figure 5a, the
relatively small drop in density during the low power phase is most likely dominated by
the reduced fueling from the “H-NBI source in the low power phase rather than a change
in the transport at the top of the pedestal due to the islands near the top of the pedestal. In
*H plasmas a 15-30% reduction in n., due to the RMP field, is typically observed and in
some cases the reduction in n. can be as large as 50% [14]. This does not occur in these
*He plasmas during either the high-power, high-rotation, or low-power, low-rotation,
phase. In addition, the conditions during the high-power phase of theses *He discharges
are very similar to those in “H plasmas where a 4 kA n=3 RMP field reliably triggers
density pump out resulting in the evolution of the discharge into an ELM suppressed state,
yet the spontaneous evolution of the (0, , = 0 location toward the top of the pedestal does

not take place in the high-power phase of these *He plasmas. It should also be noted that



in both the high- and low-power phase of these “He discharges tg remains constant at
approximately 90 ms indicating that there is no change in the thermal transport while the
total radiated power drops from 3.6 MW in the high-power phase to 1.3 MW in the low
power ECRH phase.

An equally important effect of an externally applied or intrinsic 3D field on the ideal
and resistive plasma response is the destabilization of non-resonant modes such as global
kink modes and edge kink-peeling modes that can impact the plasma rotation and edge
stability [29][38][39]. These modes have been linked to changes in the ELM behavior
ranging from mitigation to suppression [40]. These kink-peeling modes are sensitive to
the total pressure, the parallel current and to the parallel current gradient in high-gx H-
modes especially as By approaches the no wall limit where, in DIII-D, gpe~wall ~ 2.5¢;.
The radial profiles of n = 3, m = -8 through -14 non-resonant edge kink-peeling modes
resulting from the M3D-C' plasma response simulations at 2880 ms during the high power
phase of the discharge are shown in figure 12. Here, Sy =1.96 and the largest kink
response, which is due to the m = -14 mode, peaks at Y, = 0.97 with an amplitude of 2.4
G/kA corresponding to approximately 10.1 G with a RMP coil current of 4.2 kA. The
large distortion of the edge flux surfaces due to the kink-peeling mode can be seen on the
low-field side of the discharge, centered at 6 = 0° just outside the Y = 0.9 surface, in
figure 10 with the dashed line at 2880 ms. In the low-power phase with Sy = 0.62 the
kink-peeling mode amplitude drops to about 1.2 G/kA or 5.0 G and is strongly

compressed into a narrow region at the edge of the plasma as seen in figure 13.

Resistive MHD plasma response modeling with the M3D-c' code in the high-power
ELMing and low-power ELM suppressed phase of discharge 158434, shown in figure 5,
are consistent with M3D-C' results when transitioning from ELMing to ELM suppressed
regimes in ’H plasmas. Here, a magnetic island forms closer the top of the pedestal in the
suppressed phase at 4620 ms than in the ELMing phase as can be seen in figure 8. This
change in the island alignment just inside the top of the pedestal is also seen in figure 9
where the m/n = 11/3 and 10/3 islands are amplified in the ELM suppressed phase at
4620 ms relative to the same islands in the ELMing phase at 2880 ms and are positioned
closer to the top of the pedestal than the m/n = 9/3 island in the ELMing phase. It is also



noted that these m=9, 10 and 11 islands are completely isolated from edge stochastic
region, with its inner boundary located at Yn = 0.983 in the high-power phase and at
0.989 in low-power phase. As seen in figure 11, the M3p-' field line loss fraction in the
ELM suppressed phase is about 35% larger at Y = 0.995 and somewhat smaller between
Py = 0.985 and 0.992 than in the ELMing phase. In ’H plasmas, when transitioning from
the ELMing to ELM suppressed state, changes in the magnetic topology that are
associated with the plasma response to n = 2 RMP field have been linked to changes in
the pedestal density and temperature along with the appearance of stationary n=1 and 2
magnetic structures measured with the DIII-D high-field side magnetic arrays [41].
Although the calculated M3D-C' plasma response is similar in these n = 3 *He discharges,
significant changes in the pedestal density are not observed. In addition, the DIII-D high-
field side toroidal magnetic arrays see n = 1 and 2 stationary magnetic structures in the
high-power ELMing that are approximately a factor of 3 larger in amplitude than in low-
power ELM suppressed phase. Here, the high-field side toroidal array sees a 15 Gn =1
by field in the ELMing phase, which is reduced to 4 G in the ELM suppressed phase with
no change in the toroidal phase of the mode. A similar change is seen in the n = 2 field.
Based on these differences, it is difficult to identify a coherent connection between the
calculated M3D-C' plasma response and the observed experimental data when comparing
transitions from ELMing to ELM suppressed states in n = 2 “H and n = 3 *He discharges.
This suggests that other parameters must be playing a role in the ELMing to ELM

suppressed transition.
5. ELM Suppression in low toroidal rotation NBI heated helium discharges

In discharges similar to 158434, with an initial high power phase of Pror = Pnp1 +
Pecru + Pon = 11.7 MW, ELM suppression is obtained during the low-power phase of
the discharge using a continuously alternating series of interleaved co- and counter “H-
NBI with Pxg; = 1.7 MW. This results in zero net torque with vy =0 and Pror = Pnp1 +
Pon = 3.0 MW, which is slightly above Py in these discharges. An example of the
plasma evolution in one of these discharges is shown in figure 14 during discharge
158494 where the line average density increases during the transition from the high- to

low-power phase and slowly ramps up during the ELM suppression phase between 2300



and 4000 ms. During the transition from the high-power to low-power H-mode phase,
1800 to 2300 ms in figure 14, a series of low frequency ELM-like events cause large
modulations in the electron pedestal density and pressure. These modulations are also
seen in the pedestal T, resulting in AWgppm = 6.0 kJ. Here, Wy, yp drops from 0.9 MJ in
the high-power to 0.4 MJ in the low-power phase. The slow increase in the line average
electron density is attributed to a influx of high-Z impurities such as Fexxiil (133 nm),
Nixvil (249 nm, NixxvI (165 nm) and Moxxx1 (116 nm) into the core plasma between
1880 and 4000 ms. This resulted in a slow increase in the total radiated power from 1.2

MW to 1.8 MW during that period.

As shown in figure 15, at 4000 ms a 6 volt, 15 ms, puff of dichlorodifluoromethane
(CC12F2) was injected into the low-field side of the upper DIII-D main chamber causing
the total radiated power increase to 2.5 MW for approximately 70 ms and the lower
divertor radiated power increased from 65 kW to 1.4 MW. This triggered the H-L back
transition seen in the electron density and pedestal pressure (figures 14ab). In this
discharge, f drops from 1.5 in the high-power H-mode phase to 0.7 in the low-power H-
mode phase and to 0.47 in the L-mode phase while £, drops from 0.55 in the high-power
H-mode phase to 0.26 in the low-power H-mode phase and then to 0.18 in the L-mode
phase after 4000 ms. The pedestal profiles during the low-power ELM suppressed H-
mode phase are typical of those seen during higher power H-mode with a steep gradient
region but the height of the pedestal is reduced compared to that in the high-power H-
mode phase similar to that shown in figure 4c (158473) at t = 3800 ms during ELM

suppression where 8, = 0.22.

6. ELM behavior in helium discharges with increased heating power and low

toroidal rotation

Although ELM suppression was reproducibly obtained in the low-power phase of
these discharges using only ECRH or a low-power alternating series of interleaved co-
and counter “H-NBI pulses, when the input power was increased regular ELMs returned.
While the ELMs in these discharges with slightly higher co- and counter *H-NBI pulses

appear to be similar in some respects to type-I ELMs seen in “H plasmas their energy



content normalized to the total stored and pedestal energy is unusually large in some
cases and their frequency is found to be inversely proportional to the particle confinement.
For example, increasing the average low-power phase Pror = Pxgi + Pon = 3.0 MW, used
in the ELM suppressed discharges, to Pror = Pxgi + Pecru + Pon = 4.3 MW resulted in
the loss of ELM suppression seen in figure 16. Here, the frequency of the diagnostic ’H-
NBI pulses was increased compared to that in discharge 158434 (figure 5) while
maintaining zero NBI torque with Q4 = -1 krad/s. During the low-power ECRH + *H-
NBI phase of this discharge, starting at 2000 ms, regular ELMs are observed on the lower
divertor D, signals as shown in figure 16b. Although these ELMs appear to be
synchronized to the 20 Hz *H-NBI pulses, a closer look shows that during the time
between 2000 and 3500 ms they lead the “H-NBI pulses and then become fairly well
synchronized with the beam pulses between 3400 and 3700 ms. Later in the discharge the
ELMs lag the *H-NBI pulses indicating that they have a slightly higher frequency than
the “H-NBI pulses. In this discharge the ELM frequency during the high-power phase is
75 Hz and the normalized energy loss per ELM is AWy, /Wynp = 5.6%. During the
low-power ECRH + “H-NBI phase, the normalized energy loss per ELM increases to
AWgim/Wynp = 11.7% due to a drop in the stored energy (Wyyp) from 0.93 MJ to 0.47
MJ, which indicates that the energy loss per ELM is approximately equivalent in both
phases although the frequency in the low-power ECRH + *H-NBI phase is reduced by a
factor of 3.75. In addition, during the low-power ECRH + “H-NBI phase both the line
average and pedestal density increase compared to the high-power phase and the lower
frequency ELMs cause a significant modulation in the density. Interestingly, Te = 79 ms
during the high-power phase and increases to 121 ms during the low-power ECRH + ’H-
NBI phase while fx decreases from 1.64 to 0.87 with a normalized pedestal pressure 3,

of 0.33. At the same time the pedestal T. decreases from 0.7 keV to 0.5 keV and Z é’lffcms

increases from 1.7 to 2.1 while v,"*"*™ increases from 0.52 to 1.3.

In a subsequent discharge, 158495 shown in figure 17, the *H-NBI pulses used in the
low-power phase were replaced by a continuous co-I,, ’H-NBI with Pxg; = 1.7 MW along
with a continuous counter-I, ’H-NBI with Pxgr = 1.7 MW and the ECRH was removed in

order to maintain an input power and torque similar to that in discharge 158479. This



resulted in an edge Qg = -5 krad/s with the central toroidal rotation being Q4 = 9 krad/s.
Here, the line average density increased from 5.44 x 10" m™ in the high-power phase to
6.16 x 10" m™ in the lower power “H-NBI phase. Figure 17 shows a comparison
between discharges 158479 and 158495. Discharges 158495 and 158479 both had a total
heating power Pror = 4.3 MW during the low power phase but the ELM frequency fz;
=35 Hz in 158495 is about 25% higher than in 158479 and the normalized ELM energy
loss AWgipi/Wynp = 7.6% is about 35% smaller. In addition, 158495 has a slightly
lower fx = 0.82 and higher line average density than 158479 while all the other
parameters in the low-power, low-rotation, phase are very similar with the exception of
the stored energy which increased from 0.48 MJ in 158479 to 0.57 MJ in 158495. The
increase in the line average density in 158495 is attributed to the additional “H-NBI
fueling. Typically the ELM frequency decreases with increasing density in “H RMP
mitigated discharges and the normalized ELM energy increases, which is not the case in
these two discharges. This suggests that the heating source, i.e., “H-NBI versus ECRH,
may have an impact on the properties of the mitigated ELMs. This hypothesis appears to
be consistent with the results shown in figure 18 where the same “H-NBI and ECRH
inputs are used as in 158479 and an increase in the density results in a reduction in fg;
but we need to be cautious about such conclusion since these discharges are operating
slightly above the L-H power threshold at very low rotation which can also have an

impact on the ELM characteristics.

Figure 18 shows how the ELM frequency changes as a function of the toroidal phase
of the applied RMP field and the line average density in discharge 158482. This
discharge was a repeat of 158479 with the same heating and plasma parameters but the
toroidal phase of the n=3, even parity, RMP field from both the upper and lower coils
was rapidly rotated (flipped) by 60° at 3800 ms. This resulted in an increase in the line
average density and a reduction in the average fz; ) from 28 Hz to 15 Hz as seen in
figure 18b. In DIII-D an increase in line average density, indicative of an n = 0
improvement in the particle confinement, is typically observed in “H plasmas when the
toroidal phase of the n = 3 RMP field is flipped from 60° (+4 kA in figure 18a) to 0° (-4
kA in figure 18a) during ELM suppression and ELM mitigation [42][43]. This increase in



the particle confinement in “H plasmas has been shown to correlate with significant
inward shift and narrowing of the E, profile, a strong increase in the pedestal poloidal ion
rotation, a reduction in the edge radial diffusion coefficient and a reduction in the thermal
diffusivity across the outer region of the plasma [44]. Since the plasma response to 60°
flips in “He is identical to that seen in “H plasma, it is assumed that the changes in the
pedestal structure are similar in both cases. The working hypothesis is that the n = 3 field
mixes constructively or destructively with the intrinsic DIII-D field-errors when the

phase is flipped resulting in the observed n = 0 particle confinement change.

Although the ELMs in these *He discharges have many of the characteristics of type-I
ELMs seen in “H discharges they do not adhere to the usual AWy, o fi;3, scaling found
with type-I ELMs in “H discharges [45]. In the discharges discussed above, where ELM
suppression is not obtained, the distribution of AWy, ,, versus fg;» is shown in figure 19.
In these discharges the ELM response to applied n=3, 4 kA, RMP fields is found to be
dependent on the injected heating power, the toroidal plasma rotation and the line average
density. In the low-power phase of these discharges with Pxg; marginally above Pr.y and
low toroidal rotation, which is well matched to the conditions expected in ITER during
the non-active phase of operations, the ELM behavior is remarkably different than that in
the high-power, high toroidal rotation, phase. In the low-power phase, depicted by the
dashed 3 MW line in figure 19 of the expected “H distribution, the ELMs reside in a
relatively narrow frequency band. This is rather surprising since the total stored energy
(Wypup) during this phase of the discharge ranges between 450 kJ < Wy up < 635 kJ
implying that the average normalized ELM energy AWg;p /Wynp is about 8% and in
some cases, such as during last 1000 ms of shot 158482 (figure 18) with
Wyrnp~500 kJ, can exceed 17%. This behavior may be a consequence of operating just
above the L-H power threshold at very low toroidal rotation. On the other hand, during
the high-power, high vy, phase of the discharge, with an expected ’H ELM distribution
represented by the 12 MW solid line, the ELMs are randomly distributed over a broad
range in fg;p and AWy, covering 5 Hz < fg < 190 Hz and 3 kJ < AWgy < 85 k.
This behavior indicates that the ELMs behave differently in both the low-power, low-
rotation, and high-power, high-rotation, phases of these ‘He discharges with RMP fields



applied compared to the typical distribution of ELMs in high-power, high-rotation, ’H
distributions without RMP fields. The differences are especially pronounced during the
high-power, high-rotation, phase of the discharge. The underlying causes for these

differences are under investigation.

As seen in figure 2 during the high-power, high-rotation, phase of the discharge with
Pror = Pxgi+ Pecru + Pon = 11.6 MW, the RMP field increases f5; ) and reduces AWg;
resulting in weak ELM mitigation with AWg/Wynp dropping from about 26% to
about 19%. In lower-power discharges with Pxg; = 2.3 MW and Pror = Pnsi+ Pecru +
Pon = 5.7 MW ELM mitigation, such as that shown in figure 20, the effect of the RMP
field is significantly stronger on the density and the ELMs compared to cases with Pror =
12.8 MW and B3, = 0.76 (e.g., 158434, figure 5) where little or no effect on the density or
ELMs is observed. In the lower-power discharge (158411) with Pror = 5.7 MW and 3, =
0.40, the line average density drops from 5.5 x 10" m™ without the RMP field to 4.3 x
10" m™ with the RMP field while AW, /Wyup drops from about 17% to about 5%. In
this case the ELM frequency increases as the line average and pedestal density decreases
similar to that during ELM mitigation in “H plasmas. These results suggest that there may
be a Pngi or 3, threshold in the high-power, high-rotation, phase of these *He discharges

below which strong density pump-out and strong ELM mitigation occurs.
7. Discussion and summary

The primary objective of these experiments was to obtain ELM suppression and/or
mitigation in high purity DIII-D *He plasmas, with low toroidal rotation, near Py in
order to match the conditions in ITER during the non-active phase of operations. This
was done by starting with a high-power, high toroidal rotation, *H-NBI heated phase in
order to create a stable ELMing reference discharge followed by a low-power phase with
approximately zero toroidal rotation. During the high-power phase, with a total heating
power Pror = 12.8 MW, the RMP field only had a weak effect on the line average density,
the ELM amplitude and f5; ), as seen in figure 5 during discharge 158434. Alternatively,
when the total heating power was reduced during the high-power phase to Pror = 5.7

MW, such as in discharge 158411 (figure 20), a significant reduction in the line average



density and ELM amplitude was observed during the application of the RMP field and
feLm increased from 18 Hz to 70 Hz similar to RMP ELM mitigation cases in ’H plasmas.

As shown in Table 2, both ELM suppression and mitigation were obtained in the low-

power phase of these discharges depending on the mix of additional heating power used.

Discharge Low-power phase Results

158472 ECRH + 10 Hz °H beam | Periodic uncontrolled density increases without
blips without Irymp ELMs each of which is terminated by large ELMs

158473 ECRH + 10 Hz °H beam | Controlled density with short initial ELMing period
blips with Irmp followed by short ELM suppression

158434 ECRH + 10 Hz °H beam | Controlled density with short initial ELMing period
blips with Igmp followed by long ELM suppression

158494 Continuous balanced co- | Long ELM suppression period followed by H-L
counter “H beams with back transition triggered by CC12F2 diagnostic puff
Trmp

158479 ECRH + 20 Hz >’H beam | ELMs during the entire low-power phase with fgrm
blips with Irmp ~21 Hz

158495 Continuous “H beam ELMs during the entire low-power phase with fgrm
with Irmp ~35Hz

158482 ECRH + 20 Hz >H beam | Persistent ELMs in low-power phase. Average frim
blips, Irmp phase flip transitions from 28 to 16 Hz after the Irmp phase flip

Table 2 — Summary of “He ELM mitigation and suppression results during the low-
power phase of the discharges discussed in this paper.

Additionally, it was found that “He discharges operating just above the Pr .y are prone
to repetitive, uncontrolled, density and core impurity increases followed by back
transitions from the H-mode to an L-mode, similar to ELM-free periods after L-H
transitions in “H plasmas but with several intermittent ELMs during the uncontrolled
density rise. The back transitions during the *He uncontrolled density increases are
triggered when high levels of core radiated power, where Prag-core = Pr-n, are reached and
large ELMs are triggered. In the ITER non-active operating phase, with heating power
levels that are marginally above P, these uncontrolled density cycles may be
unavoidable and as such could result in a significantly increased risk of disruptions being
triggered by loss of plasma control during the fast H-L back transitions, the high levels of
radiated power and the interaction of large ELMs with the divertor target plates. In the



experiments discussed here this behavior is a reproducible feature of high-purity ECRH
discharges without RMP fields where the total input heating power is marginally above
Pr . Interestingly, with the application of the 4 kA n=3 RMP fields these uncontrolled
density cycles are stabilized and the high-Z core impurities are reduced as shown in
figure 3 implying that the application of 3-D fields by the ITER control ELM coils may

make it possible to avoid this behavior altogether.

In general, the ELM suppressed low-power phase of the ECRH discharges (e.g.,
158434, 158473 and 158479) have rather modest levels of high-Z impurities such as Fe,
Ni and Mo. On the other hand, discharges with “H-NBI heating (e.g., 158494) have
linearly increasing levels of Fe, Ni and Mo in time that eventually result in a H-L back
transition. Additionally, in these “H-NBI heated discharges, electrons from the
accumulation of these high-Z impurities in the core are likely responsible for the linear
increase in the line average density, as seen in figure 14, which is not observed in the
ECRH discharges. This increase in the high-Z impurities in *H-NBI heated plasmas has
previously been related to a source of metallic impurities in DIII-D due to the interaction
of the neutral beams and/or energetic beam ions with unprotected first wall metallic
components [18]. On other hand, medium-Z impurity transport studies in “H-NBI heated
*He plasmas have resulted in essentially an infinite fluorine confinement time in some
cases. For example, the back transition seen in figure 14 at 4000 ms was triggered by a 6
volt, 15 ms, puff of dichlorodifluoromethane (CC12F2) injected into the plasma during
the ELM suppressed period as shown in figure 15. Alternatively, in ELMing discharge
158479 with ECRH and pulsed “H-NBI heating (figure 16) the CC12F2 gas puff resulted
in a fluorine particle confinement time of 480 ms but did not trigger an H-L back
transition. This is about 30% longer than the fluorine particle confinement time in “H
RMP mitigated discharges with a factor of 2 higher ELM frequency and approximately
35% longer than in an H NBI heated RMP ELM suppressed DIII-D *H discharge [46].

Results from these experiments have provided the first clear evidence that long
periods of ELM suppression and ELM mitigation can be obtained in “He plasmas when
maintained just above the L-H power threshold with near zero toroidal rotation although

the distribution of ELM energies versus frequency in these discharges are quite different



than those in “H plasmas. These conditions are similar to those expected low-rotation *He
H-mode plasmas during the non-active ITER operational phase. The 3D perturbations
fields used to obtain these results are similar to those in “H plasmas with the I-coil

configured for n = 3 even parity using a current of 4.0-4.5 kA.
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Figure captions:

Figure 1 - ITER Similar Shape (ISS) used in DIII-D #He ELM suppression/mitigation
experiments showing the location of the upper and lower I-coil (RMP coil), the ECRH
deposition region, the locations of the ECE diagnostic channels and the lower divertor fs01-
04 filterscope views.

Figure 2 -Evolution of discharge 158472 showing: a) the line average density, pedestal
density and lower divertor D, recycling, b) the 2H neutral beam power (Pngi), ECRH power
(Pecru) and I-(RMP) coil current (Irmp) and c) the Fexxiir (133 nm) line radiation measured
in the core plasmas using the SPRED dual range EUV survey spectrometer diagnostic
system.

Figure 3 - Evolution of discharge 158473 showing: a) the line average density, pedestal
density and lower divertor D, recycling, b) the 2H neutral beam power (Pngi), ECRH power
(Pecru) and I-(RMP) coil current (Irmp) and c) the Fexxiir (133 nm) line radiation measured
in the core plasmas using the SPRED dual range EUV survey spectrometer diagnostic
system.

Figure 4 - Profile changes in discharge 158473 during the high-power phase (t = 2555 ms)
and the low-power phase with ELMs (t = 3500 ms) and without ELMs (t = 3800 ms)
showing: a) the electron density, b) the electron temperature, c) the electron pressure and
d) the electron pressure gradient.

Figure 5 - Evolution of discharge 158434 showing: a) the line average density and lower
divertor D, recycling, b) the 2H neutral beam power (Png1) and ECRH power (Pgcrp), and c)
the pedestal toroidal rotation vy and I-(RMP) coil current (Irmp).

Figure 6 - a) Profiles of the edge toroidal rotation ({14) and b) radial electric field (Er)
during the high-power ELMing phase at t = 2800 ms (black) and low-power ECRH ELM
suppressed phase at t = 4620 ms (red).



Figure 7 - a) An expanded view of the edge Q  , profile during the high-power ELMing
phase at t = 2800 ms and the low-power ECRH ELM suppressed phase at t = 4750 ms in
discharge 158434 and b) edge profiles showing Qg, Q* and Q. during both the high- and
low-power phases of the discharge.

Figure 8 - Radial distribution of the applied § by*¢ vacuum n = 3 resonant magnetic field

components and corresponding plasma response 5bflasma from M3D-C' simulations using
the profile data shown in figure 7 as a function of normalized poloidal flux.

Figure 9 - a) q(yn) profiles during the high-power ELMing phase (2880 ms) and the low-
power ELM suppressed phase (4620 ms) showing the positions and widths of the islands
based on 6bY lasma g om M3Dp-c' simulations shown in figure 8 and b) island vacuum

widths (dashed lines) compared to M3D-c' island widths (solid lines) in yy at 2880 and
4620 ms.

Figure 10 - Poincaré plots showing the magnetic field line structure, from the M3D-C'
simulations shown in figure 8, due to resonant islands, non-resonant kink modes and edge
stochasticity as a function of poloidal angle and normalized poloidal flux during the (left)
high-power phase at 2880 ms and (right) the low-power phase at 4820 ms. The thick
dashed lines show the approximate extent of the strong M3D-c! kink response based on the
data shown in figures 12 and 13.

Figure 11 - The fraction of field lines from the edge stochastic region, based on the M3D-C'
simulations shown in figure 8, that strike the lower divertor as a function or the
normalized poloidal flux (yn) for each time shown in the Poincaré plots in figure 10.

Figure 12 - Radial distribution of n = 3, m = -8 through -14 non-resonant plasma response
fields calculated with the two-fluid resistive MHD code M3D-C! during the high-power phase
of discharge 158434.

Figure 13 - Radial distribution of n = 3, m = -8 through -14 non-resonant plasma response
fields calculated with the two-fluid resistive MHD code M3D-C! during the low-power phase
of discharge 158434.

Figure 14 - Evolution of a) the line average density, pedestal density, I- (RMP) coil current
and lower divertor D, signal near the inner strikepoint along with b) the electron pedestal
pressure and ¢) the balanced co- and counter- 2H neutral beam power (Pnp;) as well as the
ECRH power (Pgcry) during the high-power ELMing and low-power ELM suppressed
phases in discharge 158494.

Figure 15 - Evolution of the total radiated power and lower divertor radiated power
following a CC12F2 (dichlorodifluoromethane) diagnostic impurity gas puff at 4000 ms in
discharge 158494 that triggered an H-L back transition.

Figure 16 - Evolution of a) the total input power (Prot), line average density, pedestal
density, I- (RMP) coil current and initial He gas injection along with b) the lower divertor
D, signal near the inner strikepoint, 2H neutral beam power (Pxgi) and the ECRH power
(Pgcry) during the high-power ELMing and low-power ELMing phases in discharge 158479.



Figure 17 - Comparison of a) the line average density and I- (RMP) coil current, bc) the
lower divertor D, signal near the inner strikepoint, d) the plasma stored energy (Wwmmp),
e) the 2H neutral beam power (Pngj) and f) the ECRH power (Pgcry) during the high-power
ELMing and low-power ELM suppressed phases in discharges 158479 and 158495.

Figure 18 - Evolution of a) the line average density, pedestal density and the lower divertor
D, signal near the inner strikepoint during a 60° toroidal phase flip of the n =3 I- (RMP)
coil current along with b) the distribution of ELM energies and frequencies for each I-
(RMP) coil configuration shown in a) during the low-power phase of discharge 158482
using the same 2H neutral beam power (Pxg;) and ECRH power (Pgcrp) configuration as in
discharge 158479 (figure 14b).

Figure 19 - Distribution of ELM energies versus frequency based on changes in the fast
diamagnetic stored plasma energy signal during ELMs observed in each of the discharges
analyzed. Different symbols are used for each discharge. The discharge numbers associated
with each symbol are listed above the figure.

Figure 20- Evolution of a) the total input power (Pror), line average density, pedestal
density, I- (RMP) coil current and initial He gas injection along with b) the lower divertor
D, signal near the inner strikepoint, 2H neutral beam power (Pxgi) and the ECRH power
(Pgcry) during the high-power ELMing and ELM mitigated phases in discharge 158411.
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