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Abstract:
The response of kinetic plasma profiles to 3D-field triggered edge localized modes (ELMs) and the inter-ELM

carbon impurity transport were analyzed in lithium-conditioned H-mode discharges in NSTX. Non-axisymmetric
magnetic perturbations (n = 3) were applied in naturally ELM-free discharges to trigger ELMs (triggering fre-
quency fera = 10-60 Hz), and mitigate core impurity buildup maintaining the positive effects of lithium on
energy confinement. Edge impurity flushing increased with fgr s, with a progressive reduction in the car-
bon density nc at the pedestal top. The changes in 7; profiles due to triggered ELMs led to changes in car-
bon neoclassical transport coefficients comparable and opposite to those observed in the transition from ELMy
boronized discharges to ELM-free lithium-conditioned discharges. The agreement of inter-ELM carbon trans-
port with neoclassical estimates improved with the increase in fr . Quasi-linear fluxes from hybrid kinetic
ballooning modes are shown to be of similar magnitude (but opposite direction) of the anomalous neoclassical
fluxes in the ELM-free discharges.

1 Introduction

The ability to control the size and frequency (frras) of edge localized modes (ELMs) will be critical in
future fusion devices, in order to avoid impurity accumulation and damage to wall and divertor plasma
facing components due to large ELMs. In the National Spherical Torus Experiment (NSTX), ELM-
free lithium-conditioned H-mode discharges were characterized by core accumulation of impurities [1]
as a result of near-neoclassical impurity transport, an edge inward impurity pinch and the absence of
edge flushing mechanisms (e.g., ELMs, edge oscillations [2—5] and enhanced transport due to stochastic
boundaries [6]). Accumulation of metal impurities led to core radiated power P,oq up to 50% of the
injected power, while accumulation of carbon led to uncontrolled electron density n.. The combined
use of lithium coatings for deuterium control and ELM-triggering (via 3D-fields [7] or granule injection
[8]) to flush core impurities is one of the candidate density control strategies for the NSTX-Upgrade
(NSTX-U)[9] and therefore a better characterization of the operational regime and impurity transport is
needed. Non-axisymmetric (n = 3) resonant magnetic perturbations (RMP) were applied in NSTX to
trigger ELMSs (fgras = 10-62.5 Hz), and mitigate core impurity buildup maintaining the positive effects
of lithium on energy confinement. The triggering method and the effect on core plasma parameters has
been extensively described in previous publications [7, 10—12]. This paper is dedicated to the analysis of
the kinetic profiles evolution following triggered ELMs and to the characterization of impurity transport
due to and following triggered ELMs.
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2 Experimental setup and global parameters evolution

In NSTX, the triggering of ELMs via the appli-
cation of 3D-field perturbations in naturally ELM-
free discharges arrested the temporal evolution of
global impurity parameters, such as impurity inven-
tories and radiated power. In this paper, naturally
ELM-free NSTX discharges with lithium condition-
ing (250 mg) are considered (see Ref. [11]). The
discharges had plasma current I, = 800 kA, neutral
beam injected power Py pr= 6 MW, strong shaping
(triangularity 6 = 0.8, elongation x = 2.4) in a lower
divertor biased double null configuration (6, —sep =
-5-6 mm). Resonant magnetic perturbations (n = 3,
3 kA in coil current) were generated by the six ex-
vessel midplane coils used for error field correction
and applied for 4 ms starting at £ = 0.4 s. Evo-
lution of total core particle inventories (carbon and
electrons) are shown in Figure 1 (a) and (b), respec-
tively. ELM triggering and the increase in frrs led
to a progressive reduction in electron and carbon to-
tal inventories until stationary values were achieved.
MHD activity affected the discharge with the high-
est frrar starting from ¢ = 0.8 s. Evolution of edge
and core carbon inventories (outside and inside of
r/a = 0.5, respectively, with r/a defined as the nor-
malized half-width of the flux surface) are shown in
Figure 1-(c-d) as a function of frras at three dif-
ferent times: ¢ = 0.35 s (before the start of ELM
triggering), 0.65 s and 1.15 s. Separating the con-
tribution to total particle inventories from core and
edge plasma shows that the reduction in total inven-
tories was due to a reduction in particle content in
the plasma edge (by a factor of 2) while the core im-
purity content was unaffected, suggesting changes
in impurity transport. The evolution of plasma ki-
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FIG. I: Temporal evolution of carbon (a) and electron
(b) particle inventories for increasing frpa. Core (c)
and edge (d) carbon inventories as a function of frr
att = 0.35 s (black), 0.65 s (red) and 1.15 s (blue).

netic profiles and core impurity transport is analyzed in detail in the following sections.

3 Evolution of kinetic profiles due to RMP-triggered ELMs

Evolution of the pedestal electron and ion profiles was observed during the ELM cycle forced by the
RMPs while the increase in frr s progressively affected the saturated plasma profiles (meaning, in this
case, just before the next triggered ELM). Conditional averaging over the forced ELM cycles is employed
to study the profile evolution recovering from the RMP ELM crash and to study profile changes as a
function of triggered fras for a given fraction of the forced ELM cycle. Modified hyperbolic tangent
functions are used to fit the electron temperature 7, density n., and pressure p. profiles while spline fits
are used for ion temperature 7;, toroidal velocity v; and carbon density no [13].



For frra = 10 Hz, the effect of the ELM
crash was observed on all the kinetic profiles,
with the largest drop on pe, v; and T; (up to 40%
at normalized poloidal flux ¢y = 0.7 —0.8). In
Figure 2, n, Te, pe and T; profiles are shown
at different fractions of the ELM cycle. The
changes in the profiles are to be attributed to the
ELM crash as RMPs with amplitude below the
ELM-triggering threshold had marginal effects
on the plasma [12]. The profiles recovered to
the before-ELM values only towards the end of
the 100 ms cycle. A quick recovery of the steep
gradient region in the electron profiles was ob-
served, with a slower recovery of the pedestal
top. The increase in fry s led to progressively
smaller effects on the pedestal profiles, result-
ing in the reduced drop in stored energy asso-
ciated with higher frequency triggered ELMs in
Ref. [11]. The saturated profiles for the high-
est fpras cases asymptoted to the immediately
post-ELM profiles observed at low triggering
frequency.
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FIG. 2: Evolution of kinetic profiles following trig-
gered ELMs with fra = 10 Hz for different fractions
of the paced ELM cycle.
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FIG. 3: Evolution of saturated kinetic profiles for increasing ELM triggering frequency.

The increase in fgy ) progressively affected inter-ELM Kkinetic profiles. Profiles for the 75%-99%
of the paced ELM cycle are now considered for the different ELM triggering frequencies and shown in



EX/P4-36 4

Figure 3. While T, profiles increased with higher frr s, ne was reduced up to 40% at ¢y = 0.6-0.7 with
respect to the ELM-free case. In the last 25% of the ELM cycle, the steep gradient region for the electron
profiles (0.9 < ¢n < 1.0) was unchanged in all the discharges in consideration (fgry = 0-60 Hz).
A different behavior was observed for the evolution of
v; and T;. For both quantities, higher core values and Log (nc fem))
reduced edge values were observed, resulting in an in-
crease in the temperature and velocity gradients in the re-
gion around ¢y = 0.6-0.8 with normalized gradient scale
length reduced by a factor 3-4. The changes in edge ion
temperature and ion temperature gradient can have im-
portant consequences for edge ion collisionality and the
neoclassical transport term commonly indicated as the 00 0z 04 06 08 012
“temperature screening” term [14]. VQV'WVW-V\\,\,sM
Edge impurity flushing increased with fryas, with a
progressive reduction in the carbon density n¢ inside the
pedestal top. For ELMs triggered at 10Hz, up to a 30%
drop in n¢ was observed for ¢y > 0.5 following the

06 a .
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ELM crash. Given the 100 Hz frame rate and the 7.4 ms 0 0z o4 08 08 10 12
ime (s,
integration time on the charge exchange recombination 10
. . . hkﬁ \ WVWM‘W‘J«V _v‘: i
spectroscopy diagnostic used for the carbon density mea- I Ty ' A
surements, the steep gradient region in the nc profiles osf N ¥ ’ » -

already recovered in the first after-ELM frame. While
nc profiles recovered within the 100 ms ELM cycle, the
increase in fpr s led to a reduction in the overall core

. . . . 0.0 0.2 0.4 0.6 0.8 1.0 12
carbon inventory N¢ progressively affecting nc at inner Time (5

radii. As discussed before, N¢ decreased by up toafactor - g1G. 4: Carbon density evolution as a func-
of two for r/a > 0.5 with the increase in frzys While no 4., of radius and time for the ELM-free, 10
decrease was observed inside r/a ~ 0.5. These changes g, 4nd 50 Hz cases.

can be observed in Figure 4 where contour plots of car-

bon density versus time and radius are shown based on EFIT02 reconstructions for the ELM-free, 10 Hz
and 50 Hz discharges. The observed changes in carbon density profile shape (in Figure 3 and 4) indicate
a change in impurity transport for 0.4< 1 <0.8 induced by the ELM-triggering that goes beyond the
simple periodic flushing and motivated the analysis presented in the next section.

4 Impurity transport and consistency with neoclassical estimates

In NSTX, ion transport (both thermal and intrinsic impurities) was observed to be close to the neo-
classical levels in H-mode discharges [1, 15, 16], with deviations observed at the plasma edge with
lithium conditioning [1, 17]. In this work, neoclassical transport is evaluated with the drift-kinetic ¢ f
code NEO [18-20], which provides first principles numerical calculations of local neoclassical trans-
port. NEO is run with experimental plasma profiles on equilibrium reconstructions from the kinetic
EFITs. Input profiles are varied within the experimental error bars and the code is run 100 times
on the spline-smoothed randomly-generated profiles to estimate uncertainty in the output neoclassical
quantities. For each run a local scan in impurity gradient scale length is performed to infer transport
coefficients from the radial fluxes calculated by NEO. Classical transport coefficients, not included
in NEO but significant in NSTX, are estimated via the NCLASS module [21] in NEO and added to
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the neoclassical coefficients. In beam-heated NSTX plasmas, effects of toroidal rotation on impu-
rity transport can be important. Finite rotation effects are included in the NEO simulations but are
observed to be marginal in the discharges considered in this paper, where toroidal rotation was less
than a factor of 1.5 higher than the thermal carbon velocity. Poloidal asymmetries are estimated to
be up to 10-15% in the difference between inboard and outboard profiles and limited to the core of
the plasma (r/a < 0.4). Enhancement of transport coefficients due to centrifugal effects was typically
observed for r/a < 0.4, with an enhancement in radial carbon particle diffusivity of less than 30%
Modifications to the flux-surface averaged transport coefficients due to in- 10 o
out asymmetries [22] (needed for interpretive runs with flux surface aver- osl 50 HZELMs ]
aged codes like MIST [23]) were considered and found to be negligible.

06

Changes in the carbon neoclassical transport coefficients (particle dif-
fusivity D¢ and convective velocity vc) were observed with the increase
in fgras and were opposite to those observed with the transition from
naturally-ELMy discharges with boronized walls to lithium-conditioned
ELM-free regimes [1]. In NSTX H-mode discharges, intrinsic carbon trans- 00 02 o4 06 08 10
port was consistent with neoclassical estimates in ELMy discharges with ”
boronized PFCs. Changes in T;, np profiles resulting from the application 10
of lithium as wall conditioning led to changes in carbon neoclassical con- s
vection. However, a deviation of carbon transport from neoclassical esti-
mates was evident at the top of the pedestal, where a predicted inward pinch
was not observed experimentally. As discussed in the previous section, the
application of 3D-field triggered ELMs to naturally ELM-free discharges
led to changes in n., T;, v;. The changes in T; and np profiles due to trig-
gered ELMs led to changes in carbon neoclassical transport coefficients. a5 e
In particular, the increased ion temperature gradient in the Pfirsch-Schliiter 00 02 ok o 080
dominated edge region increased the outward convective component which FIG. 5 Neoclassical car-
compensated the deuterium density gradient driven pinch, resulting in a 5, transport  coefficients
sign change in v¢ at the top of the pedestal (from inward to outward con- for ELM-free (black) and
vection). Changes in the diffusion coefficients and convective velocity are fgrry = 50 Hz cases (red).
shown in Figure 5 for the ELM-free and the fras= 50 Hz cases.

04

Carbon diffusivity (m?/s)

Convective velocity (m/s)
&

The agreement of inter-ELM 0 ELM free E>I<perimerl1tal 20 50 Hz ELMs I l
carbon transport with neoclassi- NEO ’
cal estlmgtes at the .top of t.he E oJUJJl" E . 'IMIH I]]II’
pedestal improved with the in- o [T o i II\ )
crease in fry s, similarly to what % | _SE HM Imll”lm.”ﬂln
observed in naturally ELMy dis- g-zo- _ g-zo- 1‘ 1
charges [1]. The ratio of neoclas- £ £ .
sical radial convective velocity to U eberimental |
particle diffusivity is compared to 40 . , 40 . . ‘
the experimental carbon density 02 04 06 08 10 02 04 06 08 10

peaking factor (inverse gradient
scale length L, ) to estimate the
agreement of neoclasswal trans-
port with the experimental transport levels. In Figure 6, the experimental peaking factors, which in
steady state in a source-free region are equal to the ratio of the effective convective and diffusive trans-
port coefficients, are plotted together with the neoclassical estimates for v/D. The ELM-free discharge

FIG. 6: Neoclassical (black) and experimental (green) carbon peaking
factor for ELM-free (left) and frry = 50 Hz cases (right).
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shows deviations between experimental transport and neoclassical estimates at the pedestal top with neo-
classical transport predicting a strong conventionally-peaked carbon profile shape which is not observed
experimentally. This anomaly is in line with what previously observed [1]. In the discharges with trig-
gered ELMs a better agreement with neoclassical estimates is observed at the pedestal top with a hollow
carbon density profile region due to the ion temperature driven component of the Pfirsch-Schliiter fluxes.
In the steep gradient region both the ELM-free and ELMy cases are consistent with neoclassical esti-
mates for the density peaking with the larger uncertainties associated to the flux component driven by
the gradient of the deuterium density (not directly measured), resulting from the large carbon fraction
in NSTX. These observations join lithium-conditioned discharges with triggered-ELMs and boronized
naturally ELMy discharges with the comparable changes in the ion temperature profiles across both tran-
sitions. Possible reasons for the anomaly observed in the ELM-free discharges are further discussed in
the next section. Also, it should be noted that the steady state analysis presented in this section (i.e.,
comparison of experimental and neoclassical peaking factors), only provides a necessary condition for
consistency with neoclassical transport. The absolute values of the transport coefficients can only be
inferred from time-dependent, perturbative studies. Initial attempts are presented in the last section.

S Changes in ion scale turbulence

To assess possible anomalous contributions to the impurity particle flux, linear gyrokinetic analyses of the
ELM-free and the frr s = 50 Hz discharges have been carried out. The linear GYRO [24] simulations
utilize the numerical equilibria from the kinetic EFITs described above, and include kinetic deuterium,
carbon and electron species as well as collisional and fully electromagnetic effects.

For the ELM-free discharge there is a broad spectrum
of unstable microtearing modes at ion scale wavelengths
(kgps < 1) present in the region of r/a = 0.5-0.75 which r/Q)
is often found in NSTX H-modes [25]. These modes con- 4 c°
tribute only to electron heat flux and are not expected to in-
fluence the carbon density profile. Farther out (r/a = 0.8, ol 133816 1
0.85) unstable ballooning modes exist that have the charac- C ]
ter of a hybrid kinetic ballooning mode reported in previous 0 : :\.:\z\u/é\ o ]
works [25-27]. These modes do contribute to heat, parti- ]
cle and momentum fluxes and can be considered as possible -

19 ,, 2
avro Qe TRansp (107 #/m°s)

T T[T T T T T T [T T T T T T[T T T[T rrrTrT

. : . -2 .
candidates that influence the carbon density profile. For the r 1
SQ Hz trlggered—ELM case there is very little ev1den?e for af 133821 1
microtearing modes and instead there is a broad region of r ]
mixed ballooning mode activity, all of which can contribute E x 1 | ]
to the carbon transport. -6 05 0.6 0.7 0.8 0.9

While the linear simulations do not provide an absolute r/a

magnitude of transport, they do give the direction of parti-
cle flux (inward or outward) and the ratio of various fluxes,

e.g., carbon particle flux to electron heat flux (I';/ Q). From eraged over wavenumber kops < 1, and
the ratio of fluxes we can make an estimate of the magnitude (..7.4 by experimental TRANSP electron

of carbon fluxes that may be present due to the ballooning 4, ., flux for the ELM-free discharge and
modes, which requires two key assumptions. First, we must 50 g7, ELM-paced discharge

assume the quasi-linear ratio of fluxes is similar to that pre-

dicted in the nonlinear turbulent state (often assumed in particle transport modeling, e.g. [22]). Second,
we assume that the same instabilities are responsible for all of the electron heat flux, as determined from

FIG. 7: Quasi-linear carbon fluxes, av-
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TRANSP analysis (Qc—cyro = Qe—TRANSP)-

With these assumptions we can estimate the magnitude of carbon flux as (I'./Qc) gy RO X Qe—TRANS P>
which is shown in Fig. 7, averaged over unstable wavenumbers kgps < 1. As expected, the microtearing
modes produce negligible carbon flux in the ELM-free case over the region r/a = 0.5-0.75. However,
the ballooning modes at 0.8-0.85 provide outward particle flux (2 — 3 x 10'? m~2s~!) that is similar in
magnitude to the inward neoclassical pinch flux at the same location, which however extends between
r/a =0.65-0.9. In the triggered ELM case there is a similar outward transport of carbon further in (r/a =
0.5-0.65). However, the estimated flux is reduced to near zero around r/a = 0.75 and is inward directed
at r/a = 0.8 suggesting that the anomalous contributions would lead to a carbon peaking at r/a ~ 0.75,
inconsistent with the neoclassical analysis above.

6 Time-dependent impurity transport studies

The time evolution of the nc profiles following the 10 Hz triggered ELMs was used to try to esti-
mate absolute values of experimental transport coefficients using the impurity transport code MIST [23].
Only a time-dependent analysis can be used to assess the consistency
of absolute values of transport coefficients with the neoclassical esti-
mates. Time-dependent MIST runs were used based on EFIT02 equi-
libria. Time dependent particle diffusivities were calculated using the os | TR ‘
NCLASS code and used as input to MIST. Convective velocities were
adjusted to match the experimental carbon density profiles in the ELM-
free reference discharge as done in Ref. [1]. The equilibrium v/ D ratio
was inferred from the steady state no profiles and the absolute convec-
tive velocity values were obtained assuming neoclassical diffusivity.
Using neoclassical diffusivities and an anomalous convective velocity,
MIST was able to reproduce the experimental carbon profile evolution, 00 o2 oa o os 0
similarly to what was obtained in Ref. [1]. Transient perturbations to ot
the steady state particle diffusivity D¢ and convective velocity v were
applied in MIST to simulate the response of the n¢c profile to ELMs.
Due to the charge exchange recombination spectroscopy system inte-
gration time, the first available profile is averaged over 10 ms after
the ELM. At the first available charge exchange data point, the carbon
density profile in the steep gradient region already recovered and the

T T
Exp. after ELM
Exp. before ELM
MIST after ELM
MIST before ELM

06

04

Carbon Density (10]8m‘3)

| ELM time .
! - — - Experiment
— MIST

Carbon Density (N.U.)

RvoL =0.2

perturbation in transport coefficients in MIST was used effectively to fo =04
RvoL =0.7

create the starting point for the profile recovery study at inner radii. The oel v  Rw=07
experimentally observed increase in core n¢ following the ELM was 076 080 082 084 086 085 090
simulated with an inward convective perturbation for normalized volu-

metric radii Ry oy, <0.6. An outward (diffusive/convective) perturba-

tion for Ryor, >0.6 was used in the simulation to reproduce the edge FIG. 8: Experimental and MIST-
ELM flushing. Experimental and MIST-simulated profiles before and Simulated carbon density profiles
after the ELM are shown in Figure 8-(top). After the ELM perturbation, béfore and after a triggerd ELM
carbon density profiles were allowed to recover using the steady state (op); temporal evolution of nor-
transport coefficients and the evolution of the MIST-simulated profiles alized carbon density in experi-
was compared with the experimental one in Figure 8-(bottom). Ex- ment and MIST simulations (bot-
perimental profiles are observed to recover on a timescale comparable 071)-

but slower than the neoclassical timescale. The slower timescale would be consistent with transport
coefficients smaller than the neoclassical values but can be interpreted as due to time varying transport
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coefficients, consistently with observations presented in Figure 2 where the recovery timescale of the
profiles driving neoclassical transport was shown to be on the order of the ELM cycle itself.

7 Conclusions

The response of kinetic plasma profiles to RMP-triggered ELMs ( fr1,,=10-60 Hz) and the inter-ELM
carbon impurity transport were analyzed in naturally ELM-free lithium-conditioned H-mode discharges
in NSTX. The triggering of ELMs arrested the temporal evolution of impurity inventories. The increase
in fgry progressively affected inter-ELM Kkinetic profiles. n. profiles for the 75%-99% of the paced
ELM cycle were reduced up to 40% at ¢y = 0.6-0.7 for frry = 60 Hz, with respect to the ELM-
free case. In the same region, a large increase in the ion temperature and toroidal velocity gradients
was observed. Edge impurity flushing increased with frr s, with a progressive reduction in the carbon
density nc at the pedestal top. The changes in T; profiles due to triggered ELMs led to changes in
carbon neoclassical transport coefficients, with a sign change in the carbon convective velocity at the top
of the pedestal (from inward to outward convection). The agreement of inter-ELM carbon transport with
neoclassical estimates improved with the increase in fgr ;.
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