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ABSTRACT

Experiments are described that have increased understanding of the transport and stability physics
that set the H-mode edge pedestal width and height, determine the onset of Type-l edge localized
modes (ELMs), and produce the nonlinear dynamics of the ELM perturbation in the pedestal and
scrape-off layer (SOL). Models now exist for the n, pedestal profile and the pe height at the onset
of Type-1 ELMs, and progress has been made toward models of the T, pedestal width and nonlinear
ELM evolution. Similarity experiments between DI11-D and JET suggested that neutral penetration
physics plays an important rolein the rel ationship between the width and height of the—n, pedestal.
Plasma physics appears to dominatein setting the T, pedestal width. Measured pedestal conditions
including edge current at ELM onset agree with intermediate-n peeling-ballooning (P-B) stability
predictions. Midplane ELM dynamics data show the predicted (P-B) structure at ELM onset, large
rapid variations of the SOL parameters, and fast radial propagationinlater phases, similar to features
in nonlinear ELM simulations.

|.INTRODUCTION

This paper describes experimentsthat were focused on optimizing pedestal parameter measurements
to determine the transport and stability physicsthat set the H-mode edge pedestal width and height,
the onset conditionsfor Type-1 edgelocalized mode (EL M) instabilities, and the nonlinear dynamics
of the ELM perturbation observed in the pedestal and midplane scrapeoff layer (SOL). These are
critical issues for future burning plasma devices such as ITER [1] because for stiff profiles the
height of the pedestal determinesthe overall confinement [2], and the size of the ELM s determines
divertor target lifetimes[3]. The experiments were carried out primarily on DI11-D with additional
results coming from dimensionally similar plasmasin DII1-D and JET.

Results are in agreement with models for the density pedestal width and the pressure gradient at
the onset of Type-I ELMs, and show that progress has been made toward generating models of the
temperature pedestal width (transport barrier) and nonlinear ELM evolution. Previous studies of
pedestal structure have been done for many individual devices including MAST [4], C—-Mod [5],
ASDEX Upgrade (AUG) [6,7], JET [8] and DIII-D [9]. Recently pedestal structure has been
examined through similarity studies between C—Mod/DI11-D [10] and between JET/JT-60U [11].
Studies of Type-I ELM evolution have also been reported from AUG [12-14], JET [15,16] and JT—
60U [17,18] while studies of Type-111 ELM evolution have been done at MAST [19,20] and TCV
[21]. The new measurementsreported in this paper show that the density pedestal width isconsistent
with neutral penetration physics playing asignificant rolein setting the density pedestal parameters.
The pressure pedestal gradient is limited by the stability of coupled peeling-ballooning (P-B)
instabilities at the edge. In similarity experiments with fixed pedestal beta, B, collisionality, v*,
normalized gyroradius, p* and safety factor, g, the transport barrier width, A, scaled with minor
radius, a. When p* wasvaried at fixed (8, v*, ), At/awas nearly independent of p*, and ELM size
decreased as p* decreased in agreement with changesin the radial mode width of the most unstable
P-B mode. New edge current measurements confirmed the edge bootstrap current models used in



the edge stability calculations. Finally, new fast dataand initial nonlinear ELM simulationsindicated
that ELMs have acomplicated spatial and temporal structurein the pedestal and SOL. Someinitial
scaling of these resultsto future devicesis possible, as described below.

The paper is organized as follows. The experimental techniques and some of the important
diagnostic measurements are described in Sec.2. Experimental resultsare described in Sec.3including
those from the pedestal similarity experiments, the edge stability characterization, and the nonlinear
ELM dynamics. A summary and conclusions are given in Sec.4.

2. EXPERIMENTAL TECHNIQUESAND DIAGNOSTICS

The pedestal transport and stability mechanisms were investigated both with new diagnostics in
DIll-D and in similarity experiments with matched plasma shape and dimensionless pedestal
parameters between DI11-D and JET. The similarity experimentsfocused on determining the physics
mechanisms that set the pedestal widths. These were done in matched Lower Single-Null (LSN)
discharges with optimized shapes for pedestal profile diagnostics on JET (the so-called DOC-L
shape with elongation k¥ = 1.72 and average triangul arity, Bavg = 0.27 and the DOC-U shape with
k =1.68 and Bavg =0.35) [22,23]. For JET, typical discharge parameters were plasma current Iy
= 1.2-2.5MA, mgjor radius R = 2.95m, minor radius a= 0.93m, and heating power in the range
Pinj = 4.9-17.0MW. For the pedestd smilarity experiments, the dimensionless parameters 3 ~ nT/BTZ,
effective collisionality, v* ~ anA3/2/T2, effective Larmor radius, p* ~ TV?/a Br and safety
factor, q ~ aZBT/ RI, were matched at the top of the pedestal, although they could not be matched
across the entire transport barrier profile. Here By isthe toroidal field, q isthe safety factor at 95%
flux, nand T are the density and temperature respectively, and A is the aspect ratio, R/a. In pulses
with matched shape, maintaining fixed B, p*, v*, and q at the top of the pedestal requiresthat density,
temperature, toroidal field, and plasma current scale as nP™ ~ a2, TP ~ A4 g2 g~ A8 94
and Iy~ A8 g4 respectively. Studies of p* dependence were done by varying By. In this case
with fixed g, maintaining fixed 3 and v* at thetop of the pedestal requiresthat nPed - A5/ 5713 By
¥ 1P A% a % B P and |~ A aBy. Toroidal field wasvaried in JET from By = 1.2t0 2.7T.

Parametersin the DI11-D similarity pulseswere |, = 1.18-1.38MA, R=1.7m, a = 0.6m, P, ~
1.12-9.5MW and By = 1.0 to 2.1T. Pedestal profiles were measured in JET with an edge LIDAR
system (n, and T,) and with ECE emission (T,). On DIII-D, profiles of n, and T, were measured
with Thomson scattering. The profiles of ion temperature T, were obtained from charge-exchange
recombination (CER) spectroscopy.

Pedestal stability physics studies on DIII-D combined detailed pedestal plasma profile
measurementswith pedestal current density measurements using aunique new Li-beam polarimetry
diagnostic[24] to predict the onset of ELMsfrom alinear peeling-ballooning theory with all relevant
parameters measured. In these studies the plasma shape was optimized for pedestal and near SOL
profile measurementswith the DI11-D Thomson scattering and CER systems. Small radial excursions
of the separatrix were used to further refine the profile measurements. In addition, for the first time
the current density in the pedestal region wasdirectly measured [ 24] simultaneoudly with the profiles



using polarimetry of an injected lithium beam. Combining magnetics measurements with the
measured n,, T,, T;, and edge current density provided all the necessary parameters to generate
accurate equilibrium reconstructions and to check theories of bootstrap current generation at the
edge and peeling-ballooning stability predictions of ELM onset.

Pedestal dynamics during ELMs were measured on DII1-D with simultaneous fast diagnostics
near the outer midplane. These included atangentially viewing radial array of fast D, detectors at
up to 100kHz [25], a fast reciprocating probe with data acquisition rates of 200kHz for n,and T,
and IMHz for 1, [26], profile reflectometry measurements up to n, = 6x10%° m™ at 40kHz rate
[27], beam emission spectroscopy of radially and poloidally propagating density fluctuations with
1MHz acquisition rate [28], and avery fast interferometer chord viewing radially in from the outer
midplane with a 5SMHz sampling rate [29].

3. EXPERIMENTAL RESULTS

A. PEDESTAL STRUCTURE

Data from similarity experiments between DIII-D and JET are consistent with neutral penetration
physics playing an important rolein setting the rel ationship between the width, A,,, and height, n ped
of thedensity pedestal. Thelimited data obtained so far can not however rule out the possibility that
ionized particle transport physics also plays an important role in setting the density pedestal as
suggested by previous studies|[6,13]. For the present comparison, density profilesfromlow-density
pulses in the two devices are overlaid in Fig.1(a) using the scaling for fixed B, p*, v*, and q.
Although the top of the n, pedestal in JET could not be determined precisely, the top of the ng
pedestal in DIII-D was clearly further outboard than in JET. In higher density similarity plasmas
(Fig.1(c)), the density pedestal width was narrower, scaling as A, ~ 1/neIoed in both DIIN-D and
JET. For both of the density cases, the top of the temperature pedestal (Figs.1(b,d)) wasinboard of
the density pedestal in DIlI-D. The n, and T, profiles were nearly aligned in JET for the low-
density conditions (Figs.1(a,b)) but the top of the n, pedestal was outboard of the T, pedestal at
high density (Figs.1(c,d)).

Simulation of these profiles using a neutral penetration model [30-32] reproduced the shape of
the profiles including the difference between the two machines in the radial location of the top of
the density pedestal (Fig.1(a)) and the narrowing of the density pedestal with increasing density
(Fig.1(c)). The neutral penetration model isbased on a 1D fluid transport formulation in which the
particle diffusion is balanced by neutral ionization in the pedestal and SOL. It takes into account
Franck-Condon neutrals and the effect of poloidal variation in the neutral source dueto differences
in flux expansion around the SOL. Particle diffusivity within the closed flux surfaces is assumed
constant and radial convective flux is assumed negligible compared with the diffusive flux. The
model isvalidin regimesfor which T, within an ionization mean free path, isin the range of afew
tensto afew hundred eV. This condition istypically satisfied for the edge plasmasin the similarity
experiments except for the very lowest density cases not considered here. To compute real density
profile values from the model requires specification of two free parameters, the flux expansion



weighted by the neutral source, E*, and the diffusivity coefficient on the closed flux surfaces,
Dy - These were obtained by fitting the model to a dataset of density pedestal widths versus
pedestal density from a variety of DIII-D pulses. The value of E* is sensitive to the low density,
large width part of the dataset from ohmic and L—mode plasmas, while the value of Dg,, was
determined from higher density H-mode plasmas. Using fixed valuesof E¥ =7 and Doy = 0.72m%/s
for both the DI11-D and JET similarity discharges, the predicted profiles matched the measurements
(Figs.1(a,c)) at both densities. The model predicts that the width of the density pedestal should
scale as the inverse of the density at the top of the pedestal, Ao ~ 1/neped, in agreement with the
observations. The observed variations in the radial |ocation between the n, and T, barriers suggest
that physics other than neutral penetration dominates in setting the T, barrier.

Plasma physics that scales with dimensionless parameters appears to dominate in setting the
temperature pedestal width (transport barrier), At. Some theories suggest that neutral penetration
also setsthe temperature pedestal width [33]. If thiswere the case then Ay / a would scale as minor
radius. However, in these pedestal similarity experiments, At / a was the same in both machines
(Fig.1(b)), suggesting that plasma physics, not neutral penetration controls the transport barrier
width. A similar observation was madein DI11-D/C-Mod similarity experiments[34]. Also consistent
with thisinterpretation was that A1 / a ~ constant was true for arange of densities (Figs.1(b,d)).

No obvious variation of At/a with p* was seen for fixed (B, v*, q) at the top of the pedestal
during scans of By in DI1I-D and JET (Fig.2). A factor of 2 variation of p* was obtained in DII1-D
by varying By from 1.0to 2.1T and asomewhat smaller variation was obtained in JET. Thetransport
barrier width, time averaged over the ELM cycle, A/ain Fig.2, shows no clear dependence on p*
for the combined dataset from both machines.

B. PEDESTAL STABILITY

Measured EL M onset conditions compared favorably with ELITE intermediate-n peelingballooning
stability constraints calculated in self-consistent equilibria using the measured pedestal plasma
profiles and a model for the edge current density, |9 that was constrained by new %99
measurements (Fig.3). First direct measurements|[35] of the poloidal field inthe pedestal (Fig.3(a)),
were made at the outer midplane just before ELM onset with anew Li-beam polarimetry diagnostic
[36]. The inferred jedge (Fig.3(b)) was consistent with calculations of edge Pfirsch-Schluter and
bootstrap currents [37], using the measured pedestal plasma profiles and the NCLASS bootstrap
model [38]. Free boundary equilibriathat were constrained by the measured jedge, were generated
by the equilibrium solver in the CORSICA code [39]. The inverse solver in CORSICA provided
an equilibrium solution in (p, ©) (i.e. poloidal flux, poloidal angle) with high midplane radial
and X-point poloidal resolutions using an optimized, nonuniform grid. Linear stability calculations
of ELM onset conditions were done on this equilibrium with the ELI TE code[40,41]. In contrast to
ELITE calculations for conditions between ELMs that show stability, for these plasma conditions
just before ELM onset, ELITE showed ingtability for the high n = 30-35 modes, stability for low n< 15,

and marginal stability for intermediate n modes, 16 < n < 29. The mode structure for the most



unstable mode in this case, n = 25 isshown in Fig.4.

The dependence of the normalized ELM energy loss (AWELM/Wped), in the DIII-D p* scan
from the similarity experiments, was consistent with predicted changes in the peeling-ballooning
mode width at the edge, but neutral penetration physicsaso played arole. Asp* decreased (Fig.5)
the steep gradient region in the measured pressure profile narrowed. The measured plasma profiles
before and after ELMsalso showed anarrower ELM affected region and reduced ELM energy loss
at low p*. In addition, the duration of the ELM magnetic fluctuations and their amplitude was
smaller at low p*. For the narrower pressure gradient region in the low p* case, the calculated edge
bootstrap current profilein the equilibrium reconstruction was narrower than at higher p*. Combining
these in the peeling-ballooning stability calculation produced a higher toroidal mode number for
the most unstable mode and, consequently, a prediction of anarrower ELM onset region at low p*.
For these similarity experiments, the discharges at reduced p* (by increased By) also wereat higher
density, P - BT4/ 3, Therefore, the narrowing of the steep gradient of the pressure was due in part
to reduced neutral penetration at high density in this p* scan.

C.ELM DYNAMICSIN THE PEDESTAL AND MIDPLANE SOL

Midplaneand SOL ELM dynamics measurements show large, rapid variations of the SOL parameters
and suggest afilamentary structure of the perturbation with fast radial propagation in later phases,
and parallel propagation of the ELM pulse at speeds approaching the sound speed of pedestal ions.
Previous measurements confirmed the expected outer midplane dominated peeling-ballooning spatial
structure at ELM onset [43,44]. A reduction of neped was seen at all densities during an ELM and TeIOeOI
was also reduced at low neIOeOI (“conductive” ELMs) but no change to Te'[’ed was seen during ELMs
at high density (“convective” ELMs) [44]. Scanning reflectometer data show that the particleslost
from the pedestal during an ELM appear far out in the SOL at the midplane [45]. This result was
independent of the pre-ELM density. In the far outer SOL where neSOL increases substantially, no
increasein TeSOL was observed, implying rapid parallel conduction of the ELM energy inthe SOL.
Fast CER measurements showed similar loss of impurities from the pedestal, a drop in pedestal
toroidal and poloidal rotation, and the elimination of the pedestal electric field well by the ELM
crash [46]. Scanning probe data near the separatrix showed large, rapid variations of both neSOL
and TesoL during EL Mssuggesting afilamentary structure of the perturbation [47]. Thisinterpretation
was supported by recent data from an ultra-fast radial interferometer chord (Fig.6) At the time of
the ELM crash, the line integrated density at the midplane showed a burst of high frequency
oscillationsfor =100 us, consistent with the duration of the ELM perturbation on the fast magnetics
signals. Beam Emission Spectroscopy (BES) data (Fig.7) [47] also showed the development of a
poloidally localized density “finger” that breaks away from the pedestal at the ELM crash. Finally,
ClI1 (465nm) visible emission datafrom atangentially viewing fast-gated camera[48] at the midplane
(Fig.8), showed muiltiple filaments extended along the SOL flux surfaces. Toroidal mode number
of thesefilaments, inferred fromthe ClI1 images, is15<n < 20. ELITE calculations (Figs.8(c),(€)),
for the case in Fig.8(f), show atoroidal mode structure of the most unstable modes in the range



14 <n< 24 at g~ 4. CER measurements indicated that the ELM density perturbation structure
may be toroidally rotating in the SOL [47,49]. The radia velocity of the density perturbation,
inferred from both the probe and reflectometer data, was ~700m/s near the separatrix. The radial
velocity decreases with radius in the SOL. Parallel velocity of the density perturbation, inferred
from the relative timing of the D, pulsesin the two divertors, approached the sound speed of ions
at the pedestal temperature [50].

Poloidal and toroidal narrowing of the density perturbation into filaments (Figs.(9) and (10))
were seen in nonlinear ELM simulations [51] with the BOUT code[52]. BOUT solvesthe 2- fluid
Braginski equations in field line following coordinates. These simulations used conditions of a
high density DIII-D discharge with small, convective ELMs. ELITE indicated that the starting
conditions used in these simul ations were beyond the linear instability threshold. The projection of
the density perturbation, from all of theflux tubesin the ssmulation, onto apoloidal plane (Fig.9(a))
in the linear phase of the mode growth shows the outer midplane dominated structure of the
perturbation expected from peeling-ballooning theory. At this stage the perturbation has atoroidal
mode number, n~ 20 (4 lobesin 1/5 of thetorusin Fig.10(a)) and hasalinear growth rate normalized
to theAlfven frequency of y/m, ~0.15. When the growth becomes nonlinear, the density perturbation
becomes more poloidally and toroidally localized (Fig.10(b)). At the ELM crash, the perturbation
burstsinto the SOL and breaksinto filaments (positive and negative perturbation regions poloidally
in Fig.9(b) and local finger into the SOL in the midplane cut in Fig.10(c)). This is qualitatively
consistent with nonlinear ballooning theory [53]. The simulation shows a substantial drop in the
pedestal density and an increasein the far SOL density at the crash, consistent with measurements.

4. SUMMARY AND CONCLUSIONS

Progress has been made toward a quantitative physics understanding that will increase confidence
in our ability to predict two critical aspects of future high-power tokamak operation, namely the
width of the density pedestal and the pedestal pressure gradient at Type-I ELM onset. Some progress
has a so been made toward understanding the complex coupling of transport and stability mechanisms
that set the temperature pedestal height and width. Given knowledge of neped, A, predicted from a
neutral penetration model agreeswith present measurementsin several experiments. This suggests
that neutral penetration physics is playing an important role in determining the density pedestal
width, although particle transport in the pedestal must al so be understood before predictions of the
density pedestal can be made for future devices. The pedestal At appears to be dominated by
plasma physics transport mechanisms not neutral penetration physics. The results suggest that it
may be possible to independently control A, by controlling fueling of the pedestal, either by
controlling neutral sourcesfrom gasinjection asin present devicesor perhapsby optimizing particle
deposition profilesfrom fueling systems (e.g. pellets, compact toroid injection, etc.) in future devices.
Independent control of the edge density profileat fixed temperature profile could allow optimization
of the edge bootstrap current to minimize ELM energy loss for a given core confinement. Linear
peeling-ballooning stability calculations, using a model of the edge bootstrap current constrained



by jeoIge measurements, predict instability of intermediate-n peeling-ballooning modes for the

measured pedestal pressure at ELM onset. They also predict that lower edge current might increase
the toroidal mode number of the most unstable mode leading to smaller ELMs. The reduction of
measured ELM energy loss with decreasing p* in the similarity experiments was consistent with
increased n-number of the most unstable mode leading to narrower ELM affected region in the
edge. Thissuggeststhat tolerable sized ELMsmay be possiblein future devices at low p* and high
density. In addition, the lack of p* dependence of At/a also suggests favorable confinement in
future deviceswith small p*. Finally, recent fast measurements of ELM dynamicsin the midplane
pedestal and SOL show evidence for a filamentary structure of the perturbation at the nonlinear
ELM crash. Initial non-linear fluid simulations show a poloidally and toroidally localized density
perturbation at the crash leading to a filamentary structure in the SOL, in qualitative agreement
with the data.
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Figure 1: Comparison of density (a,c) and temperature (b,d) pedestal profilesin DIlI-D and JET for low (a,b) and
high (c,d) density H—mode operation in the similarity experiments. Predictions of the profilesfroma neutral penetration
model are shown asdashed curvesin (a,c) for both DI11-D and JET. Vertical lines mark the separatrix (solid), and the
top of the pedestals for DI11-D (dashed) and JET (long dashed). Temperature profile width scales with minor radius

(b,d). DIII-D data i |s from 20% to 40% of the ELM cycle. BT

DIlI-D asn <o 2 temperature scaled to DII1-D asT, o<
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gDIII—D) = 2.1T, B; (JET) = 1.2T. Density scaled to
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Figure 2: Normalized temperature pedestal (transport
barrier) width, A/a, as a function of p* at the top of the
pedestal from DIHI-D/JET similarity experiments. Data
does not show a strong dependence with p*.

a - b
_0_25‘ (@) 000020 115117 (b)
B, (Tesla)
p=0.83
1500 J¢ (kA/mz)
-0.35(
1000
-0.451
500,
~0.55 g 0 8
215 2.20 2.25 2.30 215 2.30

Figure 3: Li-beam polarimetry measurements of the pedestal poloidal field profile (a), and the inferred edge current
density profile (b), for plasma conditions just before ELM onset. The measured profiles (solid) are compared with
calculated values using an equilibrium reconstruction code constrained by the NCLASS bootstrap current model
(dotted), and with measured L—mode phase profiles (dashed). A significant increasein the edge current is seen between
L—mode and the profilein H mode just before an ELM. The measured current density peak of 1.35 MA/m agrees well
with the calculated value.
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negative perturbation is black, no perturbationis gray.
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Figure 6: Fast measurements of midplane dynamicsduring
an ELM crash; (a) midplane and divertor D, emission
(a.u.), (b) line averaged midplane density from radial
interferometer chord (1019 m‘3), (c) lineaveraged divertor
density froma vertical interferometer chord (1019 m_s), (d)
dB/dt (T/s), (€) current integrated on divertor tile (A). ELM
crash onset marked by vertical dotted line. Two percent of
the data points are marked with circles to indicate the
temporal resolution.
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Figure 5: Measured pressure gradient profile (—df/dy),
cal culated normalized current profile[<] /(Ip/Area)] and most
ungtable peeling-ballooning mode eigen functionsfor large(a)
and small (b) p* fromthe DIII-D/JET smilarity experiments.
The ELM affected area isreduced for smaller p*.
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Figure 7: Deviation of density (red-positive, blue-
negative) fromaverage (white) near the poloidal midplane
(a) between ELMs, and (b,c) during ELM build-up and
crash. The ELM perturbation is highly localized
poloidally and propagates radially into the SOL.
Separatrix at 225.6cm.
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Figure8: CllI (465nm) imageswith 10usexposure during ELM crashesand ELITE simulation results. (a) Camera view of
vacuum vessdl in reflected light, (b,d,f) images of ClII emission during different ELM crashes, (c) 2D profile of instability
mode from ELITE for case shown in (f), (€) camera view of 3D mode structure from ELITE for case (f).
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Figure 9: Density perturbation from multiple flux tubes
in the pedestal and SOL projected onto a poloidal plane
from (@) linear growth phase and (b) nonlinear crash
phase of BOUT nonlinear ELM simulation. Inset shows
expansion of region near the outer midplane. Unperturbed
density is in red, positive perturbation in yellow, and
negative perturbation in blue.
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Figure10: Dendty contoursversustoroidal angleand radius
from BOUT nonlinear ELM simulation showing (a)
instability mode structure during linear growth phase, (b,c)
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