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Abstract. Edge parameters play a critical role in H-mode access, which is a key component
of discharge optimization in present day toroidal confinement experiments and the design of
next generation devices. Because the edge magnetic topology of a spherical torus (ST)
differs from a conventional aspect ratio tokamak, H-modes in STs exhibit important
differences compared with tokamaks. The dependence of the NSTX edge plasma on heating
power, including the L-H transition requirements and the occurrence of edge-localized modes
(ELMs), and on divertor configuration is quantified. Comparisons between good L-modes
and H-modes show greater differences in the ion channel than the electron channel. The
threshold power for the H-mode transition in NSTX is generally above the predictions of a
recent ITER scaling. Correlations of transition and ELM phenomena with turbulent

fluctuations revealed by Gas Puff Imaging (GPI) and reflectometry are observed. In both



single null and double-null divertor discharges, the density peaks off-axis, sometimes

developing prominent “ears’ which can be sustained for many energy confinement times, T,

in the absence of ELMs. A wide variety of ELM behavior is observed, and ELM

characteristics depend on configuration and fueling.

|. Introduction:

A main goal of the National Spherical Torus Experiment (NSTX) [1] is to assess the
attractiveness of the spherical torus (ST) for pulse lengths longer than current diffusion times.
This is important since one possible advantage of operation at low aspect ratio, A = R/a,
would be a smaller size, and in turn, a lower cost reactor concept. H-mode studies are
important to this goal since their profiles provide the stability needed for high  long pulse
operation.

Recent operation of NSTX resulted in rapid progress in increasing performance [2-4].
This was accomplished through reduction of intrinsic magnetic field errors, improvementsin
machine conditioning techniques, and development of operational scenarios with gas puffing
from the center stack. As a result, H-mode access and reproducibility were improved
substantialy.

The main advantages of the H-mode are broad density, temperature and pressure
profiles. Use of the H-mode has allowed rapid progress in increasing the toroidal beta ()
up to 35 % [5], where B; = <p>/(B;,*/2u,), due to the reduced pressure peaking factor and
improved energy confinement. H-modes have also helped in sustaining high p; ~ 21 % for

500 ms, as aresult of reduced volt-second consumption because of high bootstrap fraction.



In order to utilize H-modes to achieve the goals of NSTX, experiments were
conducted to determine the parametric and configurational dependencies of the L-H power
threshold and occurrence of edge-localized-modes (ELMs). This paper describes the H-

mode operating window, power threshold studies, fluctuation studies, and ELM experiments.

Il. Description of Experiment and H-Mode Parameter Range:

The H-mode results reported here were all for plasmas for which only neutral beam
injection, NBI, auxiliary heating was used. RF H-mode results were reported elsewhere [6].
H-modes were obtained in both lower single null divertor (LSN) and double null divertor
(DN) configurations. The mgjority was LSN but the DN configuration is finding increasing
usage because of access to higher 1/aB, and thus higher absolute ;. However, it was
observed that higher power was required to access DN H-modes. During the most recent
experimental campaign, no effort was made to obtain H-modes using the upper single null
configuration. Also, a dedicated effort has not been made to obtain ohmically heated (OH)
or center-stack limited H-modes. No H-modes were obtained in any of these three cases.

B limit studies were done mainly in the double-null divertor configuration, and pulse
length extension studies in the lower single null configuration. Heating power included up to
7 MW of neutral beam injection, NBI, and 6 MW of high harmonic fast wave, HHFW, radio
frequency (RF) power. The lowest aspect ratio, A = R/a, achieved was > 1.27 for R = 0.8m
and a= 0.67 m; more typicaly, A ~ 1.4 - 1.5 for H-mode discharges with inner wall gap ~ 10
cm. The parameter ranges for access to H-modes in NSTX were wide, and this can be seen
from Figure 1, where plots of B;vs |, [Fig. 1(a)] and Py, Vs n, are shown. Here, n, was the

line-averaged density at the time of the L-H transition. From Fig. 1(@) one can see the ranges



forl,and By; 0.6 <1,<1.3MA and 0.3 < B;< 0.6 T. The beam power was varied from a
low of 320 kW to a high of 22 times this value, i.e. 7 MW. The range of plasma line
averaged densities was 1.5 < n, < 4.8 x10"°/m? (at the L-H time). In addition B, ~ 35% and
B, ~ 1.4 were obtained, and the maximum H-mode phase duration was ~ 500 ms (with NBI).
The database plotted in Fig. 1 contains more than 500 H-mode plasmas.

The rapid progress in NSTX performance was made possible by a wall-conditioning
regimen [7] consisting of a 350° C bake-out, followed by boronization, and between shot
helium glow discharge cleaning. Use of high field side (HFS) gas puff fueling served to
increase ease of access to the H-mode just as was observed earlier on MAST [8]. The results
for an HFS vs LFS H-mode access experiment in NSTX were recently reported [9]. It was
found during HFS fueling studies that at too high a gas puff rate, H-modes did not occur, and
at too low aflow rate, low density locked modes and reconnection events occurred.

A very important result for the NSTX H-mode was that not only was high
performance achieved, but it could also be sustained during long duration H-modes. Figure 2
shows a long pulse (>700 ms) discharge where the L-H transition took place at 230 ms and
the H-mode duration was ~ 500 ms. Through the duration of the H-mode, the stored energy
[Figure 2(c)] plateaued at W,,,, = 250 kJ. The energy confinement enhancement factor
Hogony2 OVEr the predictions of the ITER-98P ELMY H-mode scaling [10] remained at a
steady state value of 1.5. Figure 2(b) shows that the line averaged density increased during
the H-mode reaching a value of 6x10/m®. Note that the radiated power, P,.,, Figure 2(b)
was fairly constant during the long duration H-mode phase, indicating that there was no

significant core impurity accumulation.



One benefit of the long duration H-mode was the ability to observe profile evolution.
Early NSTX H-modes [11,12] were too short for such observations. For the long pulse high
performance H-mode of Figure 2 we see that the n,and T, profiles evolved differently. The
n, profile of Figure 3(a) shows the usual L-mode edge at t = 0.227 s. At the transition the
edge n, pedestal rose rapidly, developing an off-axis peak or “ears’ [13] by t =0.260s. The
early profiles were hollow. The n, profile evolved with the core filling in faster than the
edge, and finally becoming flat with no “ear’ features. In general, the n, profile filled in
within 300 to 500 ms. On the other hand, the T, profile, Figure 3(b), was flattened and
broadened significantly (t = 0.26 s) just after the transition. Initialy it remained broad but
later became peaked. The flat n, profile and broad T, profile resulted in a broad pressure
profile with low pressure peaking factor F,= p,(0) / < p,> < 2. The NSTX H-mode developed
avery steep electron density gradient at the edge that evolved rapidly at the L-H transition.
A fast scanning edge reflectometer was used on NSTX to follow the dynamics of the edge
density with much better time resolution than available with the Thomson scattering
diagnostic. The steep density gradient was consistent with the concept of an edge transport
barrier. At the steep gradient position, the ultra soft X-ray (USXR) array often showed
accumulation of carbon. However, there often was no evidence for accumulation of
impurities inside the edge barrier.

In NSTX both L-mode and H-mode plasmas achieved good confinement
reproducibly. Thisis shown in Figure 4, which is a plot of Tz "™ vs 1.7 [14,6] where the
experimental values were taken at times when the plasma was in quasi steady state. Both L-
modes and H-modes occurred throughout the range of 0.75 < t."°™* / t.>* < 2.5, with a

maximum measured confinement time of 110 ms.



Normally in NSTX, the gain in confinement time following a transition from the
usual L-mode confinement (i.e. 97 L-mode scaling) to H-mode was > 50%, as in
conventional aspect ratio tokamaks. In NSTX, it was of interest to capitalize on the high
performance L-mode by obtaining the same percentage gain in performance from L to H.
However, very often the gain in going from a high performance L-mode to H-mode was
rather modest. An example of this behavior is the discharge [3] of Figure 5, for which the
time variation of |, and Py, [Figure 5()], B, [Figure 5 (b)], andt and D, [Figure 5(c)] are
plotted. In this case, the L-H transition was late in the discharge (~ 0.34 s) and the L-mode
performance at the time of transition was high. At the transition there was a transient
increase in T which quickly rolled over; p; increased from ~ 13% before the transition to a
final plateau value of ~ 16% during the H-mode phase. Possible explanations for the reduced
gain in performance are based on profile effects and MHD activity.

Additional insight was obtained by comparing plasma profiles before and after the L-
H transition (Figure 6). A big difference appeared to be in the ion channel, based on T, and
V, profiles from the charge exchange recombination spectroscopy (CHERS) diagnostic. The
profiles for the electron channel, n, and T . are plotted in Figures 6(a) and (b). The edge
density gradient Vn, was high and the pedestal n, in the H-mode phase was ~ 4 times the L-
mode edge value. The H-mode n, profile was rather flat. There waslittle differenceinthe T,
profiles in general, though, the inner (high field side) T, went from 100 eV in L-mode to 200
eV in H-mode. The H-mode T, profile was also rather flat. On the other hand, the T; and V,,
profiles [Fig 6(c) and 6(d)] were dramatically different. The T, profile went from peaked to
flat with a much steeper edge gradient, VT,, with a decrease in the core from 1.7 keV to 1.1

keV. Similarly the V, profile went from centrally peaked to flat and a central value of 170



km/s in the L-mode plasma to ~ 100 km/s in the H-mode phase with a steep edge gradient.
Possible explanations for the resulting profiles in the H-phase include triggering of MHD
modes soon after the transition that effectively increased the core transport. These cases

were not fully understood and will require further study.

I11. Power threshold studies on NSTX:

The L-H threshold power requirements for obtaining H-modes were determined for a
number of parameter/configuration combinations in NSTX. This was done in a series of
dedicated experiments involving scans in Py, , |, By, and n, and in the divertor
configuration. In addition, the physics of the L-H transition and the resulting characteristics
of the H-mode and ELMs, were investigated as part of the power threshold experiments.

The L-H power threshold was found by reducing Py, for aset |, By, and n, until no
L-H transition occurred. The indicators for being near the threshold were very short H-
modes or dithers as observed in the D, signal. Parameters for discharges of arepresentative
threshold determination are shown in Fig.7. Inthiscasel, and B; were 0.9 MA and 045 T
respectively. Shown are time traces of |, [Fig. 7(a)], Pyg, [Fig. 7(b)], and D, [Fig. 7(c)].
Four discharges [indicated by 1 — 4 in Fig 7(b)] of the beam power scan are presented in the
figure, for three different power levels; 0.675, 1.146, and 1.636 MW. The power scan began
at Py, = 1.636 MW, using a single beam source full on at a beam voltage of 80 kV, which
was far above the threshold. The beam voltage was decreased to obtain the power levels
shown in Fig. 7(b). The L-H transition, as indicated by the drop in the D, emission, took
place at essentially the same time of 0.210 msfor the three shots that showed transitions, well

after the NBI turn-on time. At the lowest Pyg, (0.675 MW), one discharge had a short H-



mode and the other no H-mode at all. This was taken to be an indication that 0.675 MW was
the Py, required essentially at or very close to the threshold power. A trend evident in
Figure 7 (c) is that the duration of the H-mode increased with power above the threshold,
going from ~ 7 ms near the threshold to 50 ms at nearly twice (5/3) the threshold power and
> 90 ms at the highest power (2.4 times P, at the threshold).

The example of Fig. 7 included many of the main components of the threshold
determination procedure in NSTX. However, since only one beam source was required, the
full means of controlling the range in power possible could not be demonstrated in Fig 7.
The extremely wide range in Py, of 320 kW to 7 MW [Fig. 1(a)] was obtained using a
combination of varying the number of beam sources from 1 to 3, varying the beam voltage
from ~ 45 kV to ~ 100 kV and finally by beam modulation. For the low value of 320 kW a
low beam voltage of 55 kV was used and a single source was modulated using a 50% duty
cycle of 10 ms beam on and 10 ms beam off. Usually as the power was increased above the
threshold, the transition time shifted forward to an earlier time, consistent with easier access
to the H-mode at the higher power levels.

The power threshold on NSTX has an apparent current dependence. This was seen
from determinations of P, at two different currents, 600 and 900 kA respectively both at a B,
= 0.45 T and use was made of the techniques presented in discussing Fig 7. Results for this
comparison are shown in Figure 8, where the time variation of |, P, ..¢ D, are given for the
two cases. Modulated beam power was used to lower P, sufficiently to obtain the result for
the 600 kA case as can be seen in Figure 8 (¢). The very short H-mode phases were taken as
evidence that the power was close to the threshold in each case. P, required at the threshold

were 320 kW at 600 kA and 660 kW at 900 kA).



The NSTX L-H threshold powers for the discharges of Fig. 8 can be compared to
values given by scalings derived from conventional aspect ratio tokamak data contained in
the international L-H threshold database. The most recent scaling was given by P,,; ~
N %'B,%a”®R%* [15]. The experimental loss power, P, oes = Poy + Pyg — dW/dt — Pr, o,
(where Pr oss included the total fast ion loss power as calculated by TRANSP) was
normalized to the above scaling for Py, and plotted versus |, in Fig. 9 along with other L-
mode and H-mode data near the threshold. Inthe Figure, P, o5 values ranged from 96 kW for
|, = 600 KA to 230 kW for 1 MA. Asseen from Fig. 9, the threshold power levels for NSTX
H-modes were higher than those predicted by the scalings, even though the actual values of
Pus Were rather modest. The ratio at 600 KA was P od/Py; ~ 2.5, i.e. the threshold level for
NSTX was 2.5 times P,,; . At 900 kA the ratio was ~ 6.3. These results indicate the
importance of including the NSTX data to determine explicit aspect ratio dependence in
future threshold scalings.

The threshold studies showed that there were other factors that affected the L-H
transition power threshold on NSTX which have yet to be fully understood. These factors
included wall conditioning, plasma impurity content, and fueling rate and location. For |, =
900 kA, the NBI power required at threshold was reduced from 830 kW to 660 kW following
350° C bake-out, boronization, and error field correction.

To complete the picture of the threshold power behavior on NSTX, the L-H transition
data was compared to key physics parameters from three different L-H transition theories
[16]. They were the (1) drift-ballooning [17], (2) peeling [18], and (3) drift-Alfven mode
[19] theories. For all three theories it was found that H-mode points were well separated

from L-mode points due mainly to decreased density gradient scale length and increased 3 in



the H-mode. The groupings were separated in parameter space in qualitative agreement with
expectations from the theories. The NSTX H-mode threshold studies will continue during the

next experimental campaign.

V. Fluctuations before during and after theL-H transition:

Fluctuations were reduced in the edge plasma at the transition and during the H-
mode, including the scrape off layer (SOL) and the steep density gradient regions.
Fluctuation data for the SOL were provided by the gas puff imaging (GPI) diagnostic [20],
the reciprocating edge probe, and the broadband 6 to 26 GHz (6-26 GHz) reflectometer [21].
Data for the steep density gradient region was provided by the edge scanning reflectometer.
Figure 10 shows density fluctuation power spectra from the 6-26 GHz reflectometer for the
L-mode and H-mode phases of atypical discharge. Comparison of the two spectra taken in
the SOL, where T, < 20 eV and n, < 3x10"/cm®, demonstrated that the turbulence was
reduced in the SOL during the H-mode. The H-mode spectrum was far below that for the L-
mode for the full frequency range shown; 10 to 500 kHz. The greatest difference was in the
100 to 500 kHz range with a difference of greater than two orders of magnitude at 300 kHz.
A strong coherent mode at a frequency dlightly greater than 100 kHz was evident in the H-
mode spectrum.

The fast edge scanning reflectometer [22] also showed fluctuations to be reduced
after the L-H transition. Figure 11 shows the results for this diagnostic. Spectrograms of the
density fluctuations are shown at 3 different density locations (cutoffs); 3.8x10%/cm?® (f =
17.6 GHz), 9.9x10%/cm® (f = 28.2 GHz), and 3.1x10"/cm? (f = 50 GHz). At the transition,

al three spectrograms showed an instantaneous reduction in the fluctuations for frequencies
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above approximately 50 kHz. All three spectrograms showed a temporary return of
fluctuations due to an event (most likely an ELM) at ~ 0.334 s. At the steep density gradient
position at ~ 1x10%/cm?® the power spectrum for the H-mode phase (0.340 — 0.345 s) was an
order of magnitude lower than the spectrum for the L-mode phase (0.325 — 0.330 s) through
the full frequency range studied of 5 kHz to 1 MHz. This was found in the power spectra of
the two cases but is not shown here. The H-mode spectrum showed an intermittent coherent
mode at high frequency, 120 to 150 kHz, similar to the coherent mode centered at ~ 120 kHz
in the spectrum for the 6 - 26 GHz reflectometer.

The edge turbulence in the scrape off layer (SOL) during H-modes in NSTX was aso
measured using Gas Puff Imaging (GPI) [20], in which the neutral line emission from a
helium gas puff was imaged to determine the local space-time structure of the edge
turbulence. In these experiments the gas injected was He and the Hel (587.6 nm) line was
used for imaging. The temporal evolution of the 2-D turbulence was measured within a 30
cm poloidal by 15 cm radial area centered 17° above the outer midline using a PSI-4 ultra-
high speed camera[23]. Thiswas supplemented by time series data from discrete chord fiber
optic arrays located within the image.

Normally, based on GPI data L-mode (and Ohmic) plasmas showed a complicated
structure in the edge region, whereas H-mode plasmas normally have a less turbulent
structure. A comparison of the poloidal k-spectrum, from GPI, of an H-mode and an L-mode
discharge showed the k-spectra to be similar, but with the fluctuation level = 3-4 times lower
in the H-mode as compared to that in the L-mode.

Just as in L-mode plasmas, H-modes can have localized "blobs" moving radially or

poloidally within the edge region, similar to structures recently seen at Alcator C-Mod [24].
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These blobs appeared as local maxima in the 2-D images and as large transient spikesin the
discrete chord time series. It isinteresting to note that these transient spikes were apparently
not related to the ELMs that occurred during NSTX H-mode plasmas, since the spikes seen
in the GPI chord signals could occur between ELMs (and seemed to be reduced during
ELMs). Similar intermittent events caused significant local particle transport during the H-

mode in DIII-D [25].

V. ELM behavior and characteristicsin NSTX:

ELMs are of interest to NSTX for several reasons. First, determining and quantifying
their effects on the plasmaitself may help to gain an understanding of ELM physics. Second,
ELM behavior must be controlled in order to employ them to modify plasma properties, e.g.
restricting core impurity accumulation, and edge density control. Third, and associated most
with fundamental physics of H-modes, were the ELM effects on the edge pedestal. Recent
studies in tokamaks showed that the edge pedestal (n, T, p) affects the core confinement in a
dynamic fashion. Changes in edge pedestal height and width impacted core confinement
essentially instantaneously. Therefore, the ELM studies included preliminary determination
of the parametric dependence of ELM perturbations such as AnJn,, AT, /T, AT/T,,
AV JV, and AW/W at each ELM. Machine parameters, |, B,, n, T and V , affect the size and
radial extent of ELM perturbations. As a component of the push to higher § operation, one
strategy would be to tailor the ELM size and frequency to modulate the edge pressure
without significant de-rating of the overall plasma performance. This could help to avoid
exceeding stability limits that lead to large ELMs that dump large portions of plasma

particles and energy and cause localized wall heat loading (hot spots) of the wall. So far,
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there appear to be few qualitative differencesin ELM behavior between low aspect ratio ST's
and conventional aspect ratio tokamaks.

A variety of ELMs were observed on NSTX, and ELMs were obtained in both LSN
and DN divertor configurations. DN divertor plasmas ELM easily while LSN divertor
plasmas do not. Very often, the LSN H-modes were ELM free or have long period
intermittent giant ELMs.

On NSTX the ELM behavior depended on operating conditions and divertor
configuration. Factors that influenced ELM behavior included, edge density and
temperature, toroidal field, heating power magnitude and type, gas puff flow rate, and
magnetic geometry. Thisisillustrated in Fig. 12, which shows the ELM behavior for three
different discharges.

Figures 12(a) and (b) show two different types of ELM behavior in the LSN divertor
configuration, and Fig 12(c) isa DN divertor example. In Fig 12(a) the D, signal shows the
plasmawas virtualy ELM free. However, there were high frequency fluctuations that were
superimposed on the D, signal for the duration of the H-mode. We have not yet conclusively
identified if the fluctuations were high frequency grassy ELMs or oscillations similar to
observations during high performance plasmas in conventional aspect ratio tokamaks.

Giant ELMs occurred in the second LSN case, which had, among other differences, a
lower fueling rate. In the third case, for the DN divertor, the ELM frequency was high and
the amplitude modest. A database of ELM parameters was assembled and in general it was
found that ELM amplitude decreased with increasing frequency. Thisis evident in Fig. 13,
which isaplot of the amplitude of the D, burst, AD,, during an ELM, versus frequency vg, -

Here, vg ,, 1S /At ELM to ELM. As shown in Fig. 13, AD_, decreased strongly as vg
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increased. This frequency behavior is consistent with Type | ELMs on conventional
tokamaks. Different from conventional aspect ratio tokamaks, the giant ELMs were
observed in the highest 3 discharges (high 6, DN divertor). Usually high performance
discharges had the largest ELMs.

The ELM size and frequency also affected the extent to which the H-mode character
was temporarily lost afterwards. Large ELMs as in Figure 12(b) very often appeared to
return confinement to L-mode. In fact, the L-mode edge immediately following the ELM
seemed to cause an instant transition back to the H-mode, with the D, signal falling below its
original level just before the ELM (H-mode phase) as seen just after the three large ELMs of
Figure 12 (b). The fourth burst on the D, trace was the result of an internal mode that
destroyed confinement and terminated the H-mode. For more modest ELMSs, as in Figure
12(c), the effect was restricted to a thin shell of plasma and performance was only slightly
reduced relative to ELM-free operation. It isimportant to note that a much wider variety of
ELM behavior was observed on NSTX than illustrated in Figure 12.

For aplasmain which asingle giant ELM occurred (shown in Fig 14) the “ears’ on
the n, profile were completely lost, reducing n.at the edge (e.g. R ~ 1.40 m) to ~ 50% of its
prior H-mode value. The magnitude and radial extent of the ELM perturbation were also
reflected in USXR array emissivity. The emissivity in a broad shell fell to essentially zero;
only a15 cm radius region of the core was unaffected as seen in Figure 14 (e)

A stability analysis [26, 27] (Fig. 15) of a similar discharge showed the plasma to be
high-n ballooning unstable and low-n stable before some giant ELMs. A large fraction of the
plasma was high-n ballooning unstable just before the final ELM [Fig. 15(c)]. In addition,

the plasma was low-n kink unstable without a wall, but stable in the presence of the NSTX
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conducting wall. It is likely therefore that high-n ballooning was responsible for the

instability.

VI. Summary and Conclusion:

The NSTX H-modes enabled access to reproducible high performance plasmas with
separately achieved H-phase durations > 500 ms and 3; up to 35%. Both L-mode and H-
mode confinement were enhanced relative to the t=°"" scaling, having a nominal enhancement
factor of Hg;, ~ 1.5, ranging from 0.75 to 2.5 times the 97L scaling.

The NSTX H-modes were found to have similarities to those of conventional aspect
ratio tokamaks, with some notable exceptions. The H-mode power threshold in NSTX was
found to be 2.5 to 6 times higher than arecent international scaling [15]. Therewasaclear |,
dependence of the power threshold for the L-H transition, and this was different from
conventional aspect ratio tokamaks. ELM behavior was dependent on configuration and
fueling and a wide variation in ELM characteristics was observed. Fluctuation levels were
reduced in the SOL and at the steep gradient region of the n, profile at the transition. Thisis
consistent with an edge transport barrier. Thus, routine access to H-modes is facilitating

studies of high  and long pulsein NSTX.

Figure Captions:
Figure 1 The parameter ranges for the NSTX H-mode access space. 1(a) B, vs|, and 1(b)

Pysi VS N, @ the time of the L-H transition time.
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Figure 2 Time variation of parameters for along pulse H-mode. Including; 2(a) machine
parameters |, and Pyg,, 2(b) plasma parametersn,, P, and D,, and 2(c) performance
parameters W,,,,, and enhancement factor over L-mode, H.

Figure 3 Time evolution of n, and T, profiles for the long pulse plasma of Fig. 2.

Figure 4 Comparison of confinement in NSTX to that for the ITER EPS97-L-mode scaling.
The average for the NSTX H-mode is 1.5 x EPS97-L-mode, and ranges from 0.75 to 2.5
times the L-mode scaling.

Figure 5 Parameters for a high performance L-mode plasma in which an L-H transition
occurslateinthedischarge (att =0.34 ).

Figure 6 Comparison of profiles for the L-mode just before the transition with the H-mode
shortly after the transition. Theion channel (T, V,) was affected significantly.

Figure 7 Time variation of parameters for a beam power scan at |, = 900 kA and B, = 0.45
T.

Figure 8 Time variation of parameters for threshold determination at two values of 1,; 600
kA and 900 kKA. The short H-phase occurs near the threshold in both cases.

Figure9 A clear dependence of P, on plasma current is shown in this plot of P osd/Py; VS|,
Here, P oss ~ 3 X Py, at 1, = 0.6 MA. The red dots are shots that had L-H transitions and the
solid blue squares are L-mode shots in which H-modes were not obtained.

Figure 10 Fluctuation spectra for L-mode and H-mode discharges from the broadband 6 to
26 GHz reflectometer. The amplitude of fluctuations was much lower in the H-mode than in
the L-mode. A coherent mode centered at ~ 120 kHz was clear in the H-mode spectrum.
Figure 11 Spectrograms from the fast scanning edge reflectometer for fluctuations before,

during, and after the L-H transition. The fluctuations went away at the transition and except
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for asingle ELM burst, remained suppressed, especially at the steep density gradient position
in the plasma.

Figure 12 Variety of ELM behavior with configuration and operating parameters (a) ELM-
free in LSN divertor, (b) Giant ELMs in LSN divertor, and (c) ELMs of modest amplitude
and frequency in DN configuration.

Figure 13 Plot of ELM amplitude, AD,, versus ELM frequency vg .

Figure 14 Parameters and profiles for a Giant ELM showing effect extends deep into the
plasma core.

Figure 15 Results of a stability analysis for a plasma with a train of four giant ELMs.
Plasma was high-n ballooning unstable just before the 4th ELM but stable after the ELM.

The n = 1 kink mode was wall stabilized and not responsible for the ELM.
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