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Abstract

Impurity transport in the DIII-D tokamak [J. L. Luxon, Nucl. Fusion 42, 614 (2002)] is inves-
tigated in stationary high confinement (H-mode) regimes without ELMs. In plasmas maintained
by RMP ELM-suppression and QH-mode the confinement time of fluorine (Z=9) is equivalent to
that in ELMing discharges with 40 Hz ELMs. Particle confinement time compared to the energy
confinement time is in the range of 7,/7. ~ 2 — 3. In QH operation, the impurity confinement time
is shown to be inversely proportional to the magnitude of the EHO fluctuation intensity. Trans-
port coefficients are derived from the time evolution of the impurity density profile and compared
to neoclassical and turbulent transport models, displaying reasonable agreement in regions of the

plasma unaffected by core MHD instabilities.
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I. INTRODUCTION

Since the early experiments seeking to optimize the tokamak for magnetic confinement
fusion, the importance of controlling impurities was realized [I]. Impurities in tokamaks
can be intrinsic (first wall material, vessel components), self-generated (helium from fusion
alpha particles that have thermalized) or introduced deliberately for impurity confinement
and transport experiments (gas puffing, laser blow-off, pellets). In low confinement mode
(L-mode) and improved L-mode (I-mode) plasmas, the particle confinement time of the main
plasma particles and impurity ions (7,) is near or shorter than the energy confinement time
(7e) and experimentally this is reflected in the significant fueling required to maintain the
plasma density[2]. In the high confinement mode (H-mode) envisioned for a fusion reactor,
particle confinement of the main plasma particles and impurities can be several times the
energy confinement time (7, > 7.), and can result in uncontrolled rises of the plasma density
after the L—H transition. This uncontrolled density rise is typically called the “ELM-free”
phase of the discharge, because the density rise has not been halted by the appearance of
the first edge-localized mode (ELM). ELMs are periodic relaxations of the H-mode edge
transport barrier that remove electrons, main-ions and impurities from the plasma core[3]
and is one mechanism by which stationary density can be maintained in the H-mode[4].
However, the ELM produces a large, transient heat flux to the tokamak divertor that can
erode the plasma facing components and may be unacceptable in a fusion power reactor. The
ELM acts both as an impurity exhaust mechanism, removing impurities from the plasma
core, and also a trigger of impurity sources by physical sputtering and erosion, promoting
influx of impurities[5]. An ideal ELM suppression solution replaces the ELM particle and
impurity exhaust, without promoting plasma-material interactions that release impurities
into the main chamber, possibly reducing the requirements on the exhaust rate.

Various strategies to mitigate ELMs and reduce the divertor heat flux are reviewed in
Ref.[6], including the resonant magnetic perturbation (RMP) ELM-suppression that elim-
inates ELMs, pellet pacing to increase the ELM frequency, and operational regimes with
small rapid ELMs or naturally devoid of ELMs. Techniques used to completely eliminate
ELMs currently used on DIII-D are RMP ELM-suppression|[7] and operation in QH-mode[g].
Both of these techniques replace the ELM’s particle exhaust with particle transport resulting
from magnetic fields either applied externally in RMP ELM-suppression, or self-generated



as with the edge harmonic oscillation (EHO) in QH-mode, resulting in stationary plasma
density. The challenge is to maintain energy confinement while providing sufficient particle
exhaust. While the regulation of total plasma density is clearly obtained with these two
techniques, the regulation of plasma impurity content when these mechanisms are applied
requires deeper investigation. As an example, Fig. [1| displays the time history of an RMP
ELM-suppressed discharge in which an influx of the first-wall material (carbon) occurs re-
sulting in a higher impurity content than when ELMing. In ASDEX, it was found that high
average Z.¢¢ in QH-mode is dominated by light impurities and is due to increased impurity
sources from counter-current NBI, as is commonly seen on other tokamaks[9].

Demonstration of stationary H-mode operation without ELMs in the presence of naturally
occurring edge MHD has been obtained on other large tokamaks with studies performed
on ASDEX, JET and EAST [I0HI2], and RMP ELM-mitigation on ASDEX[I3], without
reported increases in impurity content over ELMing H-mode; however no dedicated impurity
transport studies have been done in these regimes.

In this work, we examine both the behavior of the intrinsic plasma impurities in DIII-D
and impurities specifically introduced for confinement and transport studies. We find that
although both the RMP ELM-suppressed and QH-mode plasmas can acquire relatively high
concentrations of the intrinsic impurities when ELMs are suppressed, this is not due to an
inherently long impurity confinement time, and these regimes can be operated at high plasma
purity. Measurements of the time evolution of the concentration of introduced trace levels
of fluorine indicate that the impurity confinement times are nearly equal in RMP ELM-
suppressed, QH-mode and ELMing discharges with fgry ~ 40 Hz, and much less than
in ELM-free discharges. Impurity transport equivalent to 40 Hz ELMs for low to medium
Z impurities is consistent with meeting the requirements for helium exhaust in a fusion
reactor, as demonstrated by Wade et. al. in a series of seminal papers on helium exhaust
[T4H16], whereby 40 Hz ELMs on DIII-D produced 7, ~ 8 — 11, sufficient for meeting the
requirements for helium exhaust in a reactor (7,% = 7,/(1 — R) with R the effective recycling
coefficient)

In the RMP ELM-suppressed and QH-mode conditions the relative impurity confinement
time 7,/7. is in the range of 2-3 (7. is the total energy confienement time). These values
are comparable with ELMing impurity confinement times that obtain 7,/7. < 2 for 40 Hz

ELMs, but can be as large as 7,/7. = 4 for lower frequency ELMs fgy < 20 Hz, also under



stationary conditions. ITER demonstration discharges on DIII-D display ELM frequencies
< 10 Hz[17] with density and impurity content that is poorly regulated due to the low ELM
frequency. Similar operational requirements of increased ELM frequency are required for
stationary operation in JET to avoid accumulation of tungsten[I§]. This underscores the
importance of rapid particle transport in high current scenarios.

It has been demonstrated that the magnitude of the increased particle transport caused
by the application of 3D field perturbations (“pumpout”) scales with the applied field
magnitude[I9] and extends into the plasma core [20]. We find that the rate of particle
transport across the edge particle barrier in QH-mode displays the same trend of increasing
particle exhaust with the EHO amplitude and coherence, determined by trace fluorine in-
jection decay times, and corroborated by measurements of the magnetic EHO intensity and
beam emission spectroscopy (BES) density fluctuations.

In both RMP ELM-suppressed and QH-mode plasmas the transport coefficients of trace
fluorine are determined experimentally in the plasma core (square-root of normalized torodial
flux py < 0.8) and are compared with neoclassical and turbulent transport models NEO|[21]
and TGLF[22] 23]. We find reasonable agreement with TGLF diffusion and pinch velocity
(within a factor of two) in conditions free of MHD, with a consistent under-prediction of the

diffuison for both RMP and QH-mode plasmas.

II. IMPURITY CONFINEMENT IN L-MODE, ELMING H-MODE AND ELM-
FREE H-MODE

Impurity confinement in L-mode, ELMing H-mode and ELM-free H-mode can be clearly
differentiated by the decay of impurity emission following a gas puff of a non-intrinsic, non-
recycling impurity as displayed in Fig. [2| where short duration injection of chlorine (Z=17)
gas was used to determine the impurity confinement time. Fig (a) displays the time history
of the plasma density and D, photoemission for three discharges that all enter H-mode with
high NBI power at 1000 ms, and then display different behavior after 2000 ms when the
heating mixture is changed. The first discharge (black) falls out of H-mode and enters
an L-mode phase. The time histories of two chlorine injections at 2200 and 3000 ms are
displayed in Fig. (b) and for both injections the decay of the chlorine emission is rapid.

The second injection occurs in steady conditions and has a decay constant 7, =~ 72 ms with



aratio 7,/7. ~ 0.9. It can also be seen that there is little intrinsic nickel emission (Fig. [2fc))
and the fraction of radiated power (Fig. [§(d)) is modest and constant Pruq/Pay. ~ 0.4.
The second discharge displayed in Fig. [2| remains in H-mode with low frequency ELMs at
fery =~ 20Hz. Here both chlorine injections occur in stationary conditions and the particle
confinement time is 7, ~ 480ms, much longer than L-mode, but by examining the density,
intrinsic nickel levels and radiated power fraction we can see that the discharge has reached
a transport equilibrium. In the second discharge (red), 7,/7. ~ 4.0, or approximately four
times the L-mode value. The final discharge (green) in Fig. [2|falls out of H-mode at 2300 ms
and then enters an ELM-free H-mode at 3400 ms when the density is seen to rise continually.
As the plasma enters ELM-free H-mode, the nickel and radiated power both begin to rise
monotonically. A single chlorine injection was used at 4000 ms, and by examining the
time history in Fig. [J(b) we can see that the plasma has integrated the chlorine gas puff
and retained all particles. During the ELM-free phase of the third discharge in Fig. 2] the
impurity particle confinement time is effectively infinite. Eventually, the ELM-free phase is
terminated by radiative collapse when P,.q > Pyz.

In summary, we wish to operate in regimes with good energy confinement but poor
particle confinement, especially of helium ash and higher-Z impurities that can lead to
radiative collapse. While 20 Hz ELMs displayed in Fig. |2 are sufficient for density and
impurity control, they may be marginal for helium control in a fusion reactor with the low
frequency unmitigated ELMs expected in ITER[24] because the particle confinement time

may be relatively long compared to the energy confinement time.

III. IMPURITY CONFINEMENT IN ELMING, RMP ELM-SUPPRESSED AND
QH-MODE

In this section, we present the measurements of fluorine (Z=9) emission following short gas
puffs in ELMing, RMP ELM-suppressed and QH-mode plasmas using a technique previously
reported in [25]. Discharges with n=3 RMPs applied to suppress ELMs on DIII-D are
typically executed with edge electron collisionality v, < 0.30, Sy > 1.4 and q¢; between
3.1-3.6 [7] to obtain ELM suppression. The discharges are begun by entering an ELMing
H-mode with co-I, NBI, establishing quasi-steady conditions, and then applying the RMP
to suppress the ELMs. These shots are characterized by large sawteeth due to the low



¢os and commonly have m/n = 4/3 and 3/2 tearing modes, where m is the poloidal mode
number and n is the toroidal mode number. QH-modes in this study are executed with early
NBI heating in the direction counter to the plasma current, and enter a rapidly counter-1,
rotation state for the first 1-1.5 seconds of the shot to enter the QH-mode phase, and then
subsequently the density may be raised or balance of injected torque modified for study.

After a short (10 ms) gas puff, fluorine enters the plasma and propagates all the way
to the magnetic axis. Fluorine emission peaks at the magnetic axis within approximately
50-80 ms in the QH-mode and decays afterwards. The duration of the rise phase is longer
in the RMP discharges in the presence of tearing modes and sawtooth precursor oscillations
than in the QH-modes, which do not have measurable core MHD. Beyond the peak of the
fluorine emission the signal possesses an exponential decay character and defines the particle
confinement time 7,. Formally, the particle confinement time is the decay constant of the
radial eigenmode that possesses the longest decay time. Once the radial profile of this
eigenmode is established, the impurity density profile decays self-similarly. The confinement
time is set by the rate of transport across the edge barrier because there is no core source
of fluorine. In the QH-mode, the signals decay exponentially with a time constant that
is independent of radius because the radial eigenmode is established rapidly. In plasmas
with core tearing modes and sawtooth precursor oscillations, the radial eigenfunction is
established rapidly for plasma radii larger than the MHD, and more slowly for radii inside
of the core MHD. Therefore, in order to compare the decay constants between plasmas
without and with core MHD, we report the impurity confinement time at large radius.

The first condition we investigate is an ELMing plasma with large ELMs occurring at
nearly constant frequency of 40.5 Hz between 1800-2200 ms. This discharge, 156823, is
executed with I, = 1.42 MA, By = —1.97 T, line-averaged denisty (n.) &~ 3.4 x 10! m~3,
By = 1.73, q95 = 3.98, and 5.82 MW of NBI. Fluorine is injected and monitored with
charge-exchange recombination (CER) spectroscopy and is seen to have an exponential decay
character after its peak during constant ELM frequency, seen in Fig. [3] During 40 Hz ELMs
the decay constant is 7, ~ 335 ms and confinement ratio is 7,/7. ~ 2.2. After 2200 ms the
ELM frequency increases and the confinement time becomes shorter during 65 Hz ELMs.
For a given ELM amplitude (exhaust of density across the ELM), the particle loss due to
the ELM is seen to be inversely proportional to the ELM frequency|[3].

The second condition presented is during RMP ELM-suppression. Discharge 154858,



displayed in Fig. [1] is executed with I, = 1.54 MA, By = —1.92 T, (n.) ~ 3.0 x 10! m~®,
v, = 0.1-0.2, By =~ 1.8—1.9, go5 = 3.55 and 5.89 MW of NBI. 2.8 kA of current is initially
applied to the DIII-D in-vessel coils (I-coils) with the current subsequently increasing step-
wise, resulting in reduction of the plasma density and suppression of ELMs. Shortly after
the ELMs are suppressed fluorine is injected, and decays with time constant of 7, ~ 317 ms
as seen in Fig [ Although Z.;y from the intrinsic carbon begins to rise over this time
period (n¢ increases from 0.1 to 0.2 x10' m™3 at p = 0.74), seen in Fig. [1} the non-intrinsic
impurity fluorine is rapidly expelled. While the carbon density appears to rise in a manner
similar to the ELM-free discharge in Fig. [2| this must be due to an increased source of
carbon, and not an inherently long impurity confinement time. The increased source can be
due to changes in the parallel tranport to the divertor plates or increased beam ion losses
due to the 3D field purturbation. In this plasma, the energy confinement time is higher than
the ELMing plasma displayed in Fig|3| due to the higher current, and this results in a ratio
of particle confinement to energy confinement of 7,/7, ~ 1.8.

In QH-mode plasmas, the rate of electron particle exhaust is proportional to the amplitude
of the EHO MHD oscillation[26], and here we present two different QH-mode discharges
displayed in Figs. 5] and [6| that are operated the same plasma conditions, with one difference;
discharge 153302 has 6 kA of toroidal mode number n = 3 non-resonant external field coil
current applied to the DIII-D “C-coils”. Discharges 153291 and 153302 are executed with
I,=—-121MA, Br = —1.93 T, (n.) = 2.6el9m ™3, v, = 0.1-0.2, By =~ 1.8—1.9, qo5 = 4.78
and 5.75 MW of NBI. In discharge 153291 (Fig. , the edge harnomic oscillation is coherent
and dominated by n=3, with n=2 and n=1 sub-harmonics also visible. Application of the C-
coils in 153302 affects the EHO character, making the coherent magnetic fluctuations seen
in Fig. [B[(b) become less coherent, but still of finite amplitude with a more “broadband”
character, seen in Fig. [f(b). Due to the lower intensity of the EHO when it presents a
broadband magnetic signature, the particle exhaust is less rapid. This reduced particle
transport can be seen by comparing Fig. [f|c) and Fig. [6f¢) where the impurity confinement
time is 7, ~ 327 ms with coherent QH-mode operation, and a longer confinement time of
7, =~ 405 ms when the EHO is broadband. Magnetic measurements are dependent on the
proximity of the plasma to the pickup coils and are not a local measurement. However, using
beam emission spectroscopy to deduce the local density fluctuations caused by the EHO,

the local fluctuation intensity can be compared between coherent and broadband EHO.



Fig. [7 displays the beam emission intensity at p = 0.96 for coherent and broadband EHO,
demonstrating that the coherent EHO has the largest low frequency fluctuation intensity, and
that the broadband EHO possesses 80% of the intensity of the coherent EHO when integrated
over the frequency domain. The coherent EHO produces particle transport equivalent to
40 Hz ELMs seen in Fig. with a similar ratio of particle to energy confinement time
7,/ Te &= 2.4, while the broadband EHO presents a somewhat higher ratio of 7,/7. ~ 3.0. It
is noteworthy that the ratio of particle confinement time to energy confinement time can be
minimized when operating QH-mode at low injected torque [25]. In both cases, we clearly
see that the impurity confinement time is less than that for 20 Hz ELMs seen in Fig. 2] and
much less than standard ELM-free operation.

In summary, we have shown that both RMP ELM-suppressed and QH-mode discharges
accomplish impurity particle transport equivalent to 40 Hz ELMs in DIII-D, with 7, /7. ~ 2

sufficient for impurity control, and much less than standard ELM-free impurity confinement.

IV. IMPURITY TRANSPORT COEFFICIENTS

In the previous sections, we have investigated the global particle exhaust in ELMing
H-mode plasmas and plasmas designed to eliminate ELMs. Both techniques of RMP ELM-
suppression and QH-mode achieve rapid impurity exhaust equivalent to 40 Hz ELMs. In this
section, we investigate the core impurity transport in these two conditions. First, we examine
the plasma profiles and compute the expected turbulent mode activity. Stiff turbulent fluxes
are extremely sensitive to the driving gradients. In order to compare experimental transport
coefficients to model-based coefficients, we use TGYRO[27] to obtain the flux-matching
profiles with NEO[2I] and TGLF[22, 23] to match the power balance fluxes obtained from
TRANSP[28] and NUBEAM[29]. Having obtained flux-matching profiles, we determine
the neoclassical and turbulent D and V predicted by NEO and TGLF. These transport

coefficients are then compared to the coefficients derived from experimental data.

A. Experimental and Flux-matching Profiles

Two discharge conditions are investigated represented by plasma profiles presented in

Fig. 8l The RMP ELM-suppressed discharge conditions and QH-mode conditions are the



same as reported in Sec. [[TT| except that this QH-mode has higher NBI torque and toroidal
rotation. One feature of note is the relatively flat spot in the toroidal rotation profile for
the RMP ELM-suppressed plasma between py & 0.2 — 0.45 near the 4/3 rational surface.
Magnetic measurements indicate that there is a saturated 4/3 tearing mode, and MSE-
constrained g-profile and ECE cross-phase analysis indicates that the mode is located near
p = 0.38. Later in this section we will see the impact this mode has on impurity transport.
Linear turbulence growth rates calcuated by TGLF for these two conditions are displayed
in Fig. [0 where we report the growth rates 7 for kgps < 1.0 where ion temperature gradient
(ITG) and trapped electron modes (TEM) typically dominate the turbulence spectrum.
Here, the values of 7, and ~; reported are the growth rates where the quantity ~v/(keps)?
is maximized, as a mixing-length estimate for identifying modes that will most strongly
contribute to transport. Also included in the figure is the F x B shearing rate ypxp =
—(r/q)Owy/Or for reference, where r is the minor radius, ¢ is the safety factor and wy is the
E x B rotation frequency defined as —cd®/0v . In the RMP ELM-suppressed plasma, the
outer region of the radial profile is dominated by ~; > Vg« 5. Here we expect ion modes to
promote inward particle convection, whereas inside of py ~ 0.4 electron modes dominate
where stronger outward particle transport is expected. The location of peak electron growth
rate is also coincident with the minimum in vgyp at the 4/3 surface. For the QH-mode
discharge, the turbulence is dominated by low-k ion modes across most of the radial domain,
and we expect an inward particle convection driven by I'TG modes across the profile.
Profiles of n., T, and T; that are consistent with the power flows obtained with TRANSP
and NUBEAM are displayed for the QH-mode and RMP ELM-suppressed discharges in
Figs. respectively, produced by the TGYRO transport solver. These profiles are
obtained by adjusting the local gradients a/Lye,a/Lr. and a/Ly; such that T'., Q. and
Q; from NEO+TGLF match the transport fluxes, forming new profiles. For the RMP
ELM-suppression discharge (Fig. , the flux-matching profiles are in good agreement with
the experimental profiles, however the agreement of the QH-mode profiles (Fig. is less
satisfactory. Nevertheless, in order to make progress we will use flux-matching profiles
moving forward and note that the reduced peaking of n. in the QH-mode discharge will
reduce the neoclassical inward convection near the magnetic axis. Using the experimental
a/Ly; at p = 0.8, for example, results is little transport flux and a/Ly; must be raised from

1.4 to 2.5 in order for TGLF to remove the experimental level of energy through the ion
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channel.

B. Impurity Transport Coefficients

Radial particle transport is commonly cast in the pinch-diffusion formulation, with trans-

port coefficients of particle diffusion D and convective velocity V', given in Eq.

on
S TVT =S

I' = —DVn+Vn. (1)

Neoclassical theory derives D and V' from collisional mechanisms, whereas turbulent particle
transport produces D and V dependent on turbulent fluctuations driven by gradients in the
background profiles. Reviews of these topics are given in Ref. [30, B1] where it can be
seen that there are many separate mechanisms embodied in the effective D and V in the
present formulation. Experimentally, D and V' can be determined by recording the spatio-
temporal evolution of an impurity density following laser blow-off or a short gas puff. In
order to extract both D and V', one must resolve the rise of the impurity density, because
well beyond the peak of the impurity density time derivatives are small, I' ~ 0, and only
the ratio V/D “peaking factor” can be determined.

In this article, we choose to use the impurity transport simulation code STRAHL[32, [33]
to determine D and V. For our STRAHL simulations we use time-independent transport
coefficients. Initial guesses for D(p), V(p) are formed as radial profiles from the magnetic
axis out into the scrape-off layer, and then iterated upon until the modeled n,(r,t) matches

the observed n.(r,t). Here x? = (n%? — n3 BAHL)

2/o? for all measurement points, with o
being the uncertainty in the impurity density. By using the Levenberg-Marquart minimiza-
tion with MPFIT [34] reducing x?, D and V consistent with the observed impurity density
spatio-temporal evolution can be determined with uncertainty estimates in a manner simi-
lar to Refs.[35, [36]. The results of this procedure for QH-mode and RMP ELM-suppressed
dicharges are illustrated in Figs. [12] and [I3] where one can see that the STRAHL modeling
matches the experimental density evolution. For the simulations reported in this article,
fluorine is constrained to have a recycling coefficient of R = 0.0 and the gas puff waveform

used is a “top-hat” function, with start time, stop time and magnitude of gas flow (parti-

cles/s) able to be adjusted around their experimental values in the minimization procedure.
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Therefore we will only report transport coefficients inside of the outer-most radius due to
the uncertainties in the particle source.

In the QH-mode discharge, with profiles displayed in Fig. [§] and growth rates in Fig. [9]
there is no core MHD from sawteeth or tearing modes and we expect the transport models
to more accurately capture the transport coefficients. Due to the dominance of low-k ion
modes, we expect a strong inward convection, and indeed this is what is observed. During
the first few measurements in in Fig. the fluorine density increases rapidly across the
entire radius. The rapid rise of fluorine density observed is approaching the time resolu-
tion of the measuremetns in these conditions, and increases the uncertainty in the derived
transport coefficients. We note that the time evolution of measurements near the magnetic
axis (Fig. (f,g)) displays a systematically higher and lower fluorine density, respectively,
in the STRAHL modeling compared to the measurements, but remain within error bars.
The x? mininmization with MPFIT has compromized between the weighting of these two
channels when deducing the transport coefficients. Fig.[14]displays the transport coefficients
extracted from STRAHL modeling, as well as the coefficients from neoclassiclal and turbu-
lent transport. For the QH-mode plasma, a small amount local radial profile variation for
D and V is required to match the time evolution of the fluorine density, resulting in smooth
transport coefficients without sharp features or changes in the sign of V. Combining the
diffusion and convective velocity profiles produces the peaking factor V/D, which indicates
the shape of the density profile. A negative V/D means that the profile will maintain a
peaked character with positive a/L,, and a flat profile from strong diffusion relative to con-
vection is associated with |V/D| < 1. Neoclassical transport coefficients are well below the
observed D and V', and the neoclassical peaking factor indicates that the fluorine density
should be very peaked. NEO produces a negative /D across the entire profile driven by the
peaked density profile seen in Fig. |8l V/D < 0 is a common concern for regimes that oper-
ate with neoclassical impurity transport and peaked profiles due to impurity accumulation.
TGLF D and V' are qualitatively consistent with the observed coefficents, with a diffusion
and pinch velocity that increase in magnitude with minor radius. However, the diffsuion is
under-predicted by approxiately a factor of two at large radius.

Time evolution and STRAHL modeling for the RMP ELM-suppressed discharge is dis-
played in Fig.[13] By examining the time evolution for the RMP ELM-suppressed discharge

a few characteristics can be easily seen. For radii larger than p =~ 0.4, the rise of fluorine

12



density is rapid, occurring in a few measurement points obtained at 2.5 ms time resolution.
Inside of p ~ 0.4 the rise of fluorine is much slower. This implies a change change in trans-
port near p ~ 0.4 from fast inward (relatively higher D and/or high negative V' for p > 0.4)
to much slower (relatively lower D and V for p < 0.4).

In Fig. we present the experimental transport coefficients, alongside the transport
coefficients from NEO+TGLF. Experimentally, the transport coefficients outside of p ~ 0.4
are large in magnitude with D ~ 5 —10 m?/s, and V negative, but with a large uncertainty.
These coefficients promote rapid transport from the edge to p = 0.4, as expected from
ion turbulence seen in the linear growth rate spectrum in Fig. [0 and observed in the QH-
mode conditions discussed previously. Inside of p =~ 0.4 diffusion is strongly reduced and
the convective velocity is slightly positive, where both of these features in the transport
coefficients inhibit impurities from entering or exiting the deep core. Indeed the time history
of the inner-most measurement displays a slow rise and fall of the fluorine density, consistent
with the low level of diffusion. Model-based transport coefficients are overplotted in Fig.
from NEO and TGLF individually, and combined. For most of the radius, the neoclassical D
and V' are small compared to the experimental values. However nearer to the magnetic axis
the neoclassical convective velocity is within the experimental uncertainty. This deep core
region is where the ion thermal transport becomes neoclassical, and there is little turbulent
ion energy flux. The TGLF diffusion coefficient is of the proper order of magnitude to be
relevant, but the radial profile is poorly matched. In the outer regions of the plasma, the
particle diffusion coefficient is under-predicted, while in the inner regions of the plasma the
diffusion is over-predicted. The convective velocity for p > 0.4 is in agreement with TGLF,
however the error bar is large due to the relatively few experimental measurements during the
rapid rise of the fluorine density. The peaking factor obtained from TGLF and NEO+TGLF
is quite flat across the radius, but does display a trend towards zero in the radial region
where electron modes are active, in accordance with electron dominated transport driving
stronger outward particle flux than ion modes.

In this comparison we have neglected the presence of a 4/3 tearing mode at p ~ 0.38. It
is clear that the location of the 4/3 surface is a dividing line between high and lower particle
diffusion, and the radial region in which the particle convective velocity changes sign. We
posit that the transport coefficients inside of the 4/3 surface are strongly affected by the

occurrence of the mode, and should not be directly compared to turbulent or neoclassical
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transport coefficients that neglect magnetic islands. Nevertheless, we take this opportunity
to state the need for transport models that incorporate MHD phenomena, as advanced,
high performance scenarios are typically accompanied by saturated tearing modes that can
significantly affect all transport channels (particle, energy and momentum) and the impurity
dynamics[37,[38]. In this example, the presence of the mode strongly modifies the local E'x B
shearing rate with little apparent impact on n., T, and T; profiles.

In a predictive simulation based on neoclassical and turbulent transport, the combined
NEO+TGLF coefficients in Fig. can be used directly to determine the evolution of the
fluorine density. In Fig. [16| we bring the model to the data and simulate the fluorine density
evolution, once again matching the outer-most measurement by design. During the density
rise in Fig. (c,d) we see that the simulation transports the particles less rapidly than
observed experimentally, and this is a result of the under-prediction of the particle diffusion
coefficient in Fig. [13] For channels inside of p ~ 0.38 the simulated particle density peaks
earlier and decays more rapidly than in the experiment. The impact of the tearing mode
on the impurity transport can be interpreted as beneficial, in that the experimental influx
is less rapid and does not obtain quite as peaked of a density profile. However this benefit
comes at the cost of the longer on-axis impurity confinement times. In this discharge, the
fluorine density remains peaked until the occurrence of the first sawtooth crash that appears
at 3300 ms, coming 800 ms after the gas puff, at which point the central fluorine density is
flattened.

V. DISCUSSION AND CONCLUSIONS

In this work we have shown that ELM control techniques, RMP ELM-suppression and
QH-mode, have impurity transport across the edge barrier comparable to ELMing plasmas
with ELM frequencies near 40 Hz. These exhaust rates are much faster than the ITER base-
line demonstration discharges on DIII-D and the unmitigated large, low frequency ELMs
seen in JET high current operation[l8] and unmitigated low frequency ELMs expected in
ITER[24]. This exhaust rate also compares favorably with previous work on helium trans-
port, indicating that regimes without ELMs such as RMP ELM-suppression and QH-mode
may successfully replace ELMs for removal of helium ash in a fusion reactor. Further, sup-

pression of the ELM, which removes a dominant source of impurities, while maintaining

14



impurity exhaust, may tip the balance towards high purity operation if the sputtering yield
can be kept lower than that produced by ELMs by coupling detached divertor operation to
the regimes described in this article.

Core transport coefficients in these regimes display features expected from turbulent
transport in regions without MHD, however the presence of MHD strongly affect the impurity
influx and retainment, and is an area that requires dedicated study. In regions of the plasma
where the calculated turblent spectrum is domimnated by modes in the ion drift direction
by TGLF, the observed and calculated inward impurity convection is rapid, as expected
from quasi-linear considerations [31].

Future research efforts will extend these results to higher-Z impurities, and determine if

the ELM-effective scaling is independent of impurity charge.
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FIG. 1: Influx of carbon after ELM suppression. (a) Plasma line-averaged density and I-coil current,
(b) D-alpha emission indicating ELM-suppression period and (c) Z¢ss at p ~ 0.75 determined from

charge-exchange recombination spectroscopy.
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FIG. 2: Impurity confinement in L-mode (black), ELMing H-mode (red), and standard ELM-free
H-mode (green) plasmas. (a) Plasma line-averaged density and D-alpha, (b) UV emission from
helium-like chlorine, (c) UV nickel emission and (d) ratio of radiated power to auxilary heating
power. Particle confinement time in (b) is 7, ~ 100 for L-mode and 480 ms in ELMing H-mode.
Tp/Te = 1.3 in L-mode and 4.0 for ELMing H-mode. Impurity confinement is effectively infinite in

the ELM-free H-mode.
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FIG. 3: (a) Fluorine emission decay and exponential fit, (b) D-alpha and ELM frequency. Impurity
confinement time in the presence of 40 Hz ELMs is approximately 335 ms. With higher ELM

frequency the impurity is removed more rapidly.
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FIG. 4: (a) Plasma line-averaged denisty, I-coil current and D-alpha indicating ELM suppression.
(b) Fluorine emission decay and exponential fit. Impurity confinement time during RMP ELM-

suppression is 7, ~ 317 ms.
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FIG. 5: (a) Plasma line-aveaged density and D-alpha indicating no ELMs. (b) Magnetic spectro-
gram displaying coherent fluctuations, and (c) fluorine emission decay and exponential fit. Impurity

confinement time during coherent EHO is 7, ~ 327 ms.
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FIG. 6: (a) Plasma line-averaged density and D-alpha indicating no ELMs. (b) Magnetic spec-
trogram displaying broadband fluctuations, and (c) fluorine emission decay and exponential fit.

Impurity confinement time during broadband EHO is 7, ~ 405 ms.
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FIG. 8: Plasma profiles in RMP ELM-suppressed (154858 ,black) and QH-mode conditions

(153298,red) as a function of normalized torodial flux, py. Toroidal rotation (£2) for QH-mode

in (d) is opposite to the direction of the plasma current.
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FIG. 9: TGLF linear growth rates for (a) RMP ELM-suppressed and (b) QH-mode discharges seen

in Fig. |8 as a function of normalized torodial flux, py.
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electron temperature and (c) ion temperature for RMP ELM-suppressed plasma seen in Fig.
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FIG. 12: STRAHL simulation of fluorine time history in QH-mode plasma 153298 for extracting
transport coefficients with experimental measurements displayed with error bars and STRAHL
solution in red for outer through inner radii (a-g). Radial cooridantes of normalized toroidal flux

(pn) and normalized poloidal flux (¢) are included.

27



0.005
0.004

0.003
0.002

n, (10" m?

0.001
0.000
0.006

n, (10"° m?)

0.000
0.008

0.006

n, (10" m®)

0.002

0.000

pN=0.’883

Py=0.

0.004 |

0.002f

0.004 |

2450 2500

2550 2600 2650 2700

n, (10"° m?)

n, (10" m?)

0.006
0.005

0.004
0.003
0.002

0.001
0.000

0.005
0.004

0.003
0.002

0.001
0.000

2450 2

=0.69
=06

(e)

Time (ms)

n, (10"° m?

n, (10"° m?)

500 2550 2600 2650 2700

0.006

0.004 |

0.002 |

0.000

0.005
0.004

0.003
0.002

0.001
0.000

2450 2500

2550 2600 2650 2700
Time (ms)

FIG. 13: STRAHL simulation of fluorine time history in RMP ELM-suppressed plasma 154858 for

extracting transport coefficients with experimental measurements displayed with error bars and

STRAHL solution in red for outer through inner radii (a-g).

toroidal flux (pn) and normalized poloidal flux (¢) are included.
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FIG. 14: Transport coefficients determined from STRAHL modeling (grey band) for QH-mode
discharge seen in Fig. |8 and coefficients from NEO and TGLF. (a) Fluorine diffusion coefficient,

(b) convective velocity and (c) peaking factor.
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