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Abstract.  The dynamic evolution of the first National Spherical Torus Experiment (NSTX) H-modes

will be discussed.  The H-modes were obtained in lower-single null divertor discharges with various

forms of plasma heating.  The exact timing of divertor formation and also the NBI power level affects

both whether or not the discharge exhibits ELMs and the duration of the ELM-free phase.  ELM-free

discharges had energy confinement as high as 120ms, whereas the few discharges with ELMs had

confinement times ~ 50-70ms. Buildup of a steep edge density gradient and formation of ‘ears’ on the

density profile were observed within a few ms of the L-H transition, yielding broader density and

pressure profiles. The L-H transition was marked by a decrease in edge visible light and simultaneous

increase in electron Bernstein wave emission, reflecting a steepening of the edge density gradient. Gas

puff imaging (GPI) of He-I light during the H-mode phase showed rapid formation of a narrow

emission layer ~ 2 cm wide in the H-mode phase, which returned within 20 microseconds at

termination of the H-mode phase to a broader turbulent emission layer. All of the H-modes were

terminated by an MHD reconnection event.  The first power threshold (Pth) study showed the neutral

beam injection power (Pb) component of Pth to be   <   0.84 MW, higher than that predicted by the ITER

database scaling.
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1. Introduction

H-modes with high stored energy and strong edge density gradients have been

obtained on NSTX with good reproducibility.  Significant experience, progress and

extension of the H-mode operating space has been gained since earlier reports on the

NSTX H-mode1.,2  L- to H- transitions have occurred using neutral beam injection (NBI)

heating only, RF heating only (high harmonic fast wave, HHFW), and RF + NBI.  NSTX

is a spherical torus (ST) capable of producing a plasma of nominal parameters R =

0.85 m, a = 0.67 m, 0.3 < Ip ≤ 1.4 MA for NBI heated plasmas, Bt ≤ 0.6 T, κ ≤ 2.3, δ ≤

0.5, and ne = 1 × 1019 − 7 × 1019/m3, where Ip = plasma toroidal current, Bt = toroidal

magnetic field, κ  = elongation, δ = triangularity, and ne = line-average density. The

present heating capability includes 5 MW of Neutral Beam Injection (NBI) and 6 MW of

High Harmonic Fast Wave heating.  Elongations of 1.6 to 2.3 have been achieved.  The

largest ST's are NSTX (R/a = 0.85 m/0.67 m, aspect ratio R/a ≥ 1.27) at PPPL and

MAST3 (Mega-Ampere Spherical Tokamak; R/a = 0.85 m/0.65 m, aspect ratio = 1.31)

located at the Culham Science Center in England.

Studies are underway to understand the dynamic evolution and termination of the

NSTX H-modes in order to be able to create them reproducibly, to control them, and to

utilize them to achieve the high βt and performance goals of the NSTX program.4'5  ELM-

free and ELMy H-modes have been obtained with NBI and/or RF heating6.  The edge

transport barrier is evident by “ear” shaped peaks on the edge density profile, which

develop and remain for the duration of ELM-free H-modes.  Electron Bernstein wave

(EBW) emission increases 3-fold at L- to H- transitions as the edge density magnitude

and gradient increase7.  ELMs modulate the EBW emission.  Gas puff imaging (GPI)8
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provides visual evidence of the barrier as it develops, and shows a concomitant decrease

in edge turbulence.  After the L-H transition, the H-mode phase can be sustained at a

power less than the threshold power.  H-modes have been obtained on NSTX only in

lower single null divertor (LSND) configurations, where the ion ∇ B drift is towards the

X-point, even though the center stack limited (CSL) configuration is most common, with

very limited operation in upper single null divertor (USND) and double null divertor

(DND) configurations.  The ELM-free H-mode will be discussed in Section 2 and  ELMy

H-modes in Section 3.  Results of a power threshold study is reported in Section 4, and a

summary is presented in Section 5.

2. Time Evolution of the NSTX ELM-free H-mode

Studies of the dynamics of the NSTX H-mode must include times significantly

before the L- to H-mode transition since early heating and operational factors affect the

transition, the characteristics of the resulting H-mode, and whether an ELMy or ELM-

Free H-mode results.  As indicated earlier, H-modes have only been obtained in NSTX

when a lower single null divertor is created.  The operating range and parameters for

NSTX H-modes are as follows:  Inner wall gap of > 1 – 2 cm for the LSND, 840 kW   <  

PNBI    <    2.5 MW, Bt = 0.45 T and 0.7 MA < Ip < 1 MA for NBI-only H-modes.  H-modes

were obtained also with RF only heating with 0.40 T < Bt < 0.45 T and 0.35 MA < Ip <

0.5 MA.  In general, ne was in the range ~ 1.5 - 2.5 x 1019/m3 at the L-H transition.  The

duration of H-modes on NSTX was in the range of 500 µs to 130 ms.  H-modes have not

been obtained in plasmas that were heated only with ohmic heating.  Very often, when

the LSND was created late in the discharge, the resulting H-mode was ELM free.  An

example of this can be seen in Figure 1, which shows an overlay of operation and plasma
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parameters for an ELM-free H-mode and an L-mode plasma.  These discharges were

programmed identically, but the second one had an H-mode transition.  The L-mode was

run at the same Ip as the preceding discharge, and it was common that H-modes were

accessed in NSTX on the second (and succeeding) of identically programmed discharges.

This could be a wall conditioning effect.

The largest energy confinement time, τE (~ 120 ms), observed so far for all

discharges in NSTX occurred in the 0.90 MA discharge of Fig. 1 (as can be seen in Fig.

1c), for which the stored energy reached a peak value of ~ 125 kJ (Fig. 1d).  The stored

energy was determined by magnetic measurements using EFIT.9  The time rate of change

of the total energy was accounted for in calculating the loss power, however,

contributions by fast beam ions could not be determined at this time and this component

was not subtracted from the stored energy.  This τE is about a factor of 2 greater1 than

that predicted by a high β, ELM-free scaling obtained from an international H-mode

database.10  The plasma was diverted at 200 ms, 100 ms after NBI was turned on.  The H-

mode transition took place at ~ 208 ms or 8 ms after the plasma was diverted.  At the

time the plasma is diverted, the visible light at the center stack reduces dramatically.

When the H-mode is obtained, the edge visible light is reduced, the Dα signal drops (Fig.

1g), and large amplitude fluctuations on a midplane center stack Mirnov coil are

reduced1.  The reduction in edge light due to a reduction in neutral influx was an indicator

of the formation of an edge transport barrier.

At the H-mode transition the ne profile becomes strongly peaked at the edge,

inside the magnetic separatrix (Rsep ~ 1.5 m), with an "ear" shaped pedestal (also

observed on MAST3) which persists throughout the duration of the ELM free phase (Fig.

3a).  Figure 2 gives electron density and temperature (ne and Te) profiles for several
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different discharges as measured by Thomson scattering.  ne profiles are plotted in Fig. 2a

for shot 105578 for time slices at t = 0.195, 0.212, 0.228, and 0.245 s, showing the time

evolution of the ne profile from just before the L-H transition to just before termination.

Figure 2b shows Te as well as ion temperature and toroidal velocity (Ti and Vφ) profiles

for a time just before the L-H transition for a different shot, but which was similar to the

shot of Fig.1.  Central ion temperatures [Ti(0)], from a neutral particle analyzer (NPA)

were Ti(0)NPA ~ 740 eV at t ~ 180 ms [about the same for Ti(0)CHERS] just before the

transition and Ti(0)NPA ~ 850 eV at 20 ms into the H-mode, an increase of ~ 100 eV.  The

maximum edge ne gradient observed in H-modes was > 6x1020 /m4.  Figure 2c shows the

time evolution of the peak dne/dr in the ELM-free H-mode of Fig.1.  The maximum value

in this case was ~ 5.7 x 1020 / m4.  Figure 2d,e show profiles for an ELMy shot and Fig.

2f,g are profiles from three shots of a power threshold experiment.

Generally, in tokamaks the edge transport barrier affects the overall global

confinement and transport, including the plasma core.  There has been recent activity in

the world fusion community to characterize the edge pedestal to test physics models and

to be able to extrapolate to the next fusion device.  The "ears" on the ne profile in ST

ELM-free H-mode plasmas appear to be the norm and their implications relative to

theory must be determined.

For the ELM-free H-mode of Fig. 1, the peak ne increased to ~ 3.5 × 1019/m3 at the

time of the peak in the stored energy (~ 125 kJ at t=246 ms) before the "terminating

event" at ~ 253 ms.  The terminating event in ELMy H-modes (and L-modes) appears to

be a locked mode, and this event should be delayed (in the next run) by reductions in the

error magnetic field, due to coil modifications.  The terminating event in ELM-free
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plasmas was often a growing island and sometimes an external kink.  It is anticipated that

improved machine conditioning with a new 350O bake capability and improved current

programming will delay or eliminate these terminations.

The emission from fundamental thermal EBW, mode-converted to the

electromagnetic X-mode at the upper-hybrid resonance layer, increased by a factor of

three at the H-mode transition.7  This was a result of the sudden increase in the edge

electron density gradient which increased the mode conversion efficiency.  The increase

in EBW signal is shown in Fig. 1g.  Very often, just before the transition, precursor

oscillations in the main chamber Dα signal appear, which are also seen in the EBW

emission.  The oscillations are also seen in the Dα signal from a camera viewing the

divertor plates.

The EBW signal remained elevated throughout the ELM-free phase; at the same

time, the intensity of the Dα light remained reduced.  The signal from the central viewing

chord (not shown) of the bolometer array usually increased during ELM-free H-modes.

The Dα profiles at the bottom divertor plates showed peaks near the strike points, as can

be seen in Fig. 3.  Just before the L-H transition for the ELM-free shot of Fig. 1, the peak

emission for the outer divertor plate was much greater than that for the inner plate.

However, in general during the L-mode phase, the particle flux can peak on either plate.

After the transition, the inner divertor peak Dα emission became much larger than the

outer and increased all during the ELM-free H-mode, increasing to six times its initial

value just after the transition.  Once the plasma transitioned into the H-mode, and during

the initial ELM free phase and between ELMs, the inner plate Dα was always higher.  It

is not known if this is an atomic physics effect (i.e., change in ionization/ excitation
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rates), a shift of the in/out particle flux ratio, or a change in the poloidal profile of the

cross-field flux feeding the scrape-off layer (SOL). Toward the end of the H-phase, as the

Dα signal gradually increased, the EBW signal decreased.  There was a fast increase in

Dα at ~ 0.242 s with a concomitant rapid drop in the EBW signal to a new plateau level

before the H-phase was terminated at t ~ 0.254 s.  n = 1 MHD mode activity was

observed in the edge of the ELM free H-mode within the frequency range 50 − 80 kHz.

In this case, the mode disappeared at t ~ 0.2 s, a few ms before the initial gradual rise in

the EBW signal, and 8 ms before the major drop in Dα.  The frequency of the mode

remained fairly steady between 50 and 80 kHz up to the transition.

Changes in edge turbulence during H-mode operation were seen using a gas puff

imaging (GPI) diagnostic which views the HeI (587.6 nm) light emitted from a He gas

puff within a radial / poloidal view near the outer midplane separatrix8.  The fluctuations

in HeI light emission are related to the edge density turbulence11 and perhaps also to edge

temperature fluctuations.  Gas puff imaging demonstrates very clearly the role of H-mode

physics in the dynamic evolution of the edge plasma turbulence during the L- to H- and

the H- to L- transitions.  The onset of H-modes in NSTX causes a sharp decrease in the

radial width of the HeI emitting region (similar to that seen for naturally occurring Dα in

other devices), as shown in Fig. 4(a-c).  Since the HeI emission without an H-mode was

strongly  fluctuating in space and time, this sharpening may be attributed to a reduction in

the edge turbulence level.  The sharpening could also be related to the strong edge

gradients during the H-phase.  Examples of the time dependence of the HeI light

emission during an L-H and an H-L transition are shown in Figs. 4(d-g), for a point

within the sharp barrier region and a point exterior to it.  The L-H transition occurred
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over a ≈ 1 msec timescale and there was usually one (or more) unusually large spike of

HeI light emission at the instant the transition began.  The transition from H- to L-mode

occurred much more rapidly and without any apparent precursors.  In many cases this H-

L transition timescale was comparable to the edge turbulence autocorrelation time of 30-

40 µsec measured using this GPI system in other machines11.  Detailed quantitative

analysis of these signals and their interpretation in terms of edge turbulence and edge

profile changes is in progress.  Edge turbulence reduction was also observed using the

edge scanning reflectometer.  Fig. 5 shows reflectometer signals for an ELM-free H-

mode similar to shot #105578. At the L-H transition at ~ 200 ms, the edge turbulence

(inside the separatrix) is reduced, but the SOL and core turbulence are unchanged.

During the ELM-free phase, the edge and core turbulence levels actually increased back

to and above pre-transition levels respectively, while the SOL was unaffected.

3. Evolution and Characteristics of ELMy H-modes

ELMy plasmas were obtained for the first time when the formation of the LSND

was moved to an earlier start time, 0.135 s compared to 0.20 s for the ELMy and ELM-

free cases respectively.  ELMs were obtained under various conditions with both NBI

heating and HHFW heating.  The ELMy H-modes showed a rapid increase in the EBW

signal at the instant of the transition (Dα drop), to the same level as in the ELM-free case

(compare the EBW signals at the beginning of the H-mode in Figs. 1 and 6).  Shown in

Fig. 6, are the Dα, Wmhd, and EBW signals for two plasmas with ELMs.  In the first case

there were what appeared to be large low-frequency compound ELMs, as are often

observed near the L-H power threshold in conventional aspect ratio devices.  In the
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second case is a plasma which exhibited the classic characteristics of a higher frequency,

smaller amplitude, ELMy H-mode.  However, with each large ELM, the EBW intensity

decreased below the pre-transition level.  This large perturbation on the EBW signal is

consistent with the strong perturbations on the ne and Te profiles for the large ELM case

shown in Figure 2d and 2e respectively.  Fig. 2d,e show profiles before the L-H

transition, during an ELM, and between ELMs.

The apparent “ears” on the ne profile disappeared during ELMs and the edge Te

decreased back to the L-mode shape over a region which extends well into the core

plasma.  This is different from the more edge localized effect on the profiles usually

observed in conventional tokamaks.  For smaller and more frequent ELMs, the EBW

signal decreased to about its pre-transition level as can be seen in Fig. 6f.  The large ELM

behavior of the EBW signal of Fig. 6c had an interesting structure, showing large spikes

at the beginning of each ELM.  The spike is considered12 to be due to non-thermal

emission.  Similar non-thermal bursts were seen on ECE signals on TFTR12 as measured

using a grating polychromator viewing the edge of the plasma on the outboard (large

major radius) side.  For the small higher frequency ELMs, only one or two such spikes

resulted.  In contrast to the ELM-free H-mode of Figure 1, both of the ELMy H-modes of

Fig. 6 showed no peaking of radiative emissivity (however, the increase in core stored

energy was also limited).  The Dα signal (not shown) from the 1D lower divertor viewing

CCD camera showed large emission spikes at each ELM.  The ELM behavior also varied

with NBI power, as ELMs changed to dithering as Pb was reduced from 1.5 MW to 0.84

MW, i.e., at the power threshold.  τE was ~ 50 ms for the ELMy H-mode of Fig. 6d-f.
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4. Power threshold and comparisons to models and conventional

tokamaks

Understanding the L-H threshold physics would help in extrapolating to the next

device with confidence.  A dedicated power threshold experiment was conducted in order

to examine the changes in the plasma profiles leading up to the transition so as to

compare with predictions from L-H transition theories.  The experiment was carried out

at fixed Ip and Bt of values ~ 900 kA and 4.5 kGauss respectively.  Only NBI heating was

used and the power was varied from 0.7 to > 1.6 MW.  At 700 kW, the NBI power, Pb,

was below the threshold.  Pb ~ 840 kW was slightly above the threshold and dithers13

were observed.  At Pb = 1.6 MW the ELMs were large and “normal.”  This behavior of

the ELMs tending to be smaller and grassy and finally more like dithers as power is

lowered toward the threshold value is also often observed in conventional aspect ratio

tokamaks.

The plasma MHD activity, Te, ne, and other parameters were compared to

determine if there were noticeable differences between the three power levels (below, at,

and above threshold).  ne and Te profiles for three shots of the threshold study are shown

in Figs. 2f and 2g respectively.  The profiles in each case are for times just before the

transition.  The thick curve is for a case well over the threshold, the dashed curve for the

case at Pth, and the thin solid curve is for a plasma with heating power < Pth.  It was

found that the ne and Te profile shapes were similar for the three cases,  as can be seen in
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Fig. 2.  In general, no clear differences were seen for edge profile values for shots with

and without H-mode transitions (i.e., comparison discharges).

The lowest power for H-mode access was ~ 840 kW  (auxiliary heating power

required above the ohmic power, which was 1.15 MW).  The ITER H-mode

multimachine database scaling for the threshold power is Pth = 0.65 ne
0.93 Bt

0.86 R2.15 ,

(MW, 1020/m
3, T, m)14,  which, for NSTX yields 50 − 60 kW.  It appears that the ITER

scaling does not apply to ST’s.  The ratio of observed lower limit to predicted threshold

power is 33.  When the dW/dt is folded in, the loss power is 1.1 MW, or 18 times the

value given by the ITER scaling.

There are other power threshold scalings to which ST’s may be compared.  For

example, the ITER scaling has no Ip dependence, though for operational purposes, for

TFTR, Pth(MW) = 11 × Ip (MA) was a reliable scaling for reproducibly obtaining H-

modes8.  The TFTR H-mode database was compared to that of ITER and it was found

that Pth(TFTR) ~ 2.72 × Pth(ITER).  The TFTR database was dominated by supershot-H

transitions.  While an Ip dependence of the power threshold has not been quantified in

NSTX, it is difficult to reliably trigger H-modes at Ip    >   900 kA.  Dnestrovskij15 has

recently introduced another threshold scaling for considering shots from START and T-

10.  The scaling is arrived at by using the full Canonical Profiles Transport Model

(CPTM), which depends on local plasma edge parameters.  The CPTM scaling is

Pth(MW)=0.13(zo+ zq− zn)RTe(a)κ where Ptot − Pcon− Prad > Pth, κ  = nχ = a2n/2τE , zq =

3(1−1/qa) ~ 2− 2.5, zn = −an'a/ na.  Here, Pcon is the power loss by conduction, Prad is

power lost by radiation, χ is the plasma thermal diffusivity, a is the minor radius, qa is the
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edge stability factor, na is the edge density and n'a is the edge density gradient.   Initial

application of this model to NSTX data yields a predicted power threshold just before the

L-H transition between 100 – 500 kW, depending on the discharge.  The present accuracy

of the calculation is limited in NSTX by spatial resolution of the ne and Te profiles and

also the uncertainty in the position of the separatrix. Other theories will be addressed in

future H-mode studies and experiments on NSTX.

5. Summary and conclusions

In summary, L-H and H-L mode transitions have been obtained on NSTX using

both RF and NBI heating.  The H-modes have only been obtained in the LSND

configuration; other configurations will require additional experimental studies and run-

time.  The H-mode threshold power using NBI alone was determined for a single

combination of operational parameters, including Ip = 0.9 MA and Bt = 0.45 T, and found

to be Ptot ~ 2 MW with a Pb contribution of ~ 840 kW.  The best confinement time on

NSTX to date is ~ 120 ms, and this was obtained in an H-mode plasma.  A maximum

duration of the H-phase of ~ 130 s has been realized in NSTX.  Several diagnostic

observations are consistent with existence of a strong edge transport barrier during the H-

mode, including peaked edge density profiles and reduced amplitude of turbulent

fluctuations.  GPI shows very rapid return to L-mode during the H-L transition, within 20

to 30 µs.  ELM-free and ELMy H-modes have been obtained, however, detailed

characterization of the ELMs will be done in future experiments.
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Figure Captions-

Figure 1.  Time variation of operating and plasma parameters for an L-mode (dashed) and an H-mode

plasma (solid).  Shown are (a) plasma current Ip, (b) NBI power, (c) energy confinement time τE, (d) stored

energy Wmhd, (e) CIII emission, (f) Dα emission, (g) EBW emission.

Figure 2.  ne and Te profiles for several H-mode plasmas:  (a) ne profiles during evolution of the H-mode of

Fig. 1 at t1 = 0.195 s, t2 = 0.212 s, t3 = 0.228 s and t4 = 0.245 s, (b) Te, Ti, and ne profiles for a time just

before L-H transition, (c) Dα emission data and edge density gradient, dn/dr, from Thomson scattering

measurement (d,e) ne and Te profiles for times just before L-H transition, during an ELM, and between

ELMs for the discharge of Fig. 6d-f, and (f,g) for three discharges of the Pth determination; NBI below, at,

and above the threshold.

Figure 3.  Dα emission from the lower divertor showing the peaks at the strike points on the inner and outer

divertor plates.  For this ELM-free H-mode, peak emission is on outer plates before transition and shifts to

inner plate at L-H transition and during H-mode.

Figure 4 (a)-(c).  Images of the edge of NSTX while a He gas puff is being injected into a 1.0 MA, 0.45 T

discharge.  While a quiescent, sharp edge is observed during H-mode, turbulent eddies and a diffuse edge

are observed in L-mode.  Each frame is exposed for 10 µs and registered in neutral helium emission at

587.6 nm.  (d)-(g).  Time series of light emission.  The H-to-L transition occurs in ~20 µs, comparable to

the turbulence auto-correlation time.  Arrows indicate times of images in Fig 4 (a)-(c) shown at the top of

the figure.
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Figure 5.  Edge reflectometer signals showing reduced turbulence in the plasma edge during the H-mode,

while fluctuation levels in the SOL and core remain unchanged just after the L-H transition.  The

frequencies of the homodyne reflectometer are 15 GHz, 26 GHz, and 45 GHz, corresponding to cut-off

densities of 3x1018/m3 (SOL), 8x1018/m3 (edge), and 2.5x1019/m3 (core) respectively.

Figure 6.  Time evolution of stored energy (Wmhd), Dα emission, and emission from EBW for a large ELM

H-mode (a)-(c) and for small higher frequency ELM H-mode (d)-(f).   At t ~ 80 ms for both cases, 1.6 MW

of NBI power are turned on.



15

Fig. 1

0

1

0
1

0
100

Ip (MA)

PINJ (MW)

τE (ms)

(a)

(b)

(c)

0

100 WMHD (kJ) (d)

H-mode (105578)
L-mode (105577)

0.0

0.5
CIII (au)

(e)

0.0

0.5

0

100

0.0 0.1 0.2 0.3
Time (s)

Dα (au)

EBW emission  (H) (au)

(f)

(g)



16

Fig. 2
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