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Transport and turbulence profiles were directly evaluated using probes for the first time in the edge

and scrape-off layer (SOL) of NSTX [Ono et al., Nucl. Fusion 40, 557 (2000)] in low (L) and high

(H) confinement, low power (Pin � 1.3 MW), beam-heated, lower single-null discharges. Radial

turbulent particle fluxes peak near the last closed flux surface (LCFS) at �4� 1021 s�1 in L-mode

and are suppressed to �0:2� 1021 s�1 in H mode (80%–90% lower) mostly due to a reduction in

density fluctuation amplitude and of the phase between density and radial velocity fluctuations. The

radial particle fluxes are consistent with particle inventory based on SOLPS fluid modeling. A

strong intermittent component is identified. Hot, dense plasma filaments 4–10 cm in diameter,

appear first �2 cm inside the LCFS at a rate of �1� 1021 s�1 and leave that region with radial

speeds of �3–5 km/s, decaying as they travel through the SOL, while voids travel inward toward

the core. Profiles of normalized fluctuations feature levels of 10% inside LCFS to �150% at the

LCFS and SOL. Once properly normalized, the intermittency in NSTX falls in similar electrostatic

instability regimes as seen in other devices. The L-H transition causes a drop in the intermittent

filaments velocity, amplitude and number in the SOL, resulting in reduced outward transport away

from the edge and a less dense SOL. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4873390]

I. INTRODUCTION

Work done in the last decades has shown that the

observed particle and concomitant heat losses in the absence

of, or in between, edge localized mode (ELM) pulses in the

edge of tokamaks are due to electrostatic turbulence,1–3 that

seems to peak at/inside the edge. Much work supports the

idea of the quenching of the turbulence by shear velocity

breaking of turbulent eddies4 that causes a transition to

higher confinement dubbed H-mode,5 which is considered

the standard operation scenario for future devices. More

recent research shows that scrape-off layer (SOL) density

and temperature profiles in tokamaks and other devices are

often close to exponential in the near SOL, but non-

exponential and flat in the mid-far SOL6 pointing to perpen-

dicular transport in the mid-far SOL being much larger than

previously thought. Intermittent, radial ballistic transport,

mediated by plasma filaments7–13 was identified as a vehicle

for the enhanced radial transport and has been extensively

documented in a wide range of devices. The main implica-

tion of this enhanced radial transport is an unexpected

plasma-wall interaction and concomitant recycling and im-

purity release. Work on characterizing the transport, finding

its origins and comparing it with numerical simulations has

been performed in linear devices,11,12 stellarators,13–17

(Wendelstein W7-AS13), and tokamaks17,19,20 (Alcator C-

Mod,21–25 DIII-D,26–32 JT-60U,33,34 ASDEX,35 ASDEX-

Upgrade,36–38 JET,39–42 CASTOR,43 TCV,44–46 NSTX,47,48

MAST49,50) and stellarator-tokamak comparisons.18 Its sta-

tistical properties have been examined51,52 via the probabil-

ity distribution function (PDF).45,53,54 The intermittent

objects are born in the vicinity of the last closed flux surface

(LCFS) at the low field side (LFS) of the torus, as a result of

interchange instability or other turbulence-generating

mechanisms,55–59 and move towards the wall due to rB� B
charge polarization and the resulting E� B radial drifts.7,10

Modeling of the tokamak edge plasmas58–61 incorporat-

ing this transport has verified that under certain conditions

plasma contact with the main chamber wall is significant,

even when the distance to the wall is large compared with

the density decay length existing at the separatrix. An exten-

sive body of work imaging the edge of various devices with

fast cameras8,47,48 and beam emission spectroscopy (BES)62

shows these objects as moving plasma filaments, elongated

along the magnetic field lines.

Intermittent filaments, or “blobs,” although fundamen-

tally different from ELMs,63,64 have similar dynamics once

in the SOL,42,65 appearing as long filaments travelling ballis-

tically towards the wall with a flux dependent on density and

radial velocity.65–67 The intermittent filaments exist in botha)Email: jboedo@ucsd.edu
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L-mode and H-mode (albeit reduced) and are driven by

broadband and interchange instabilities, whereas the ELMs

are purely an H-mode phenomenon caused by peeling-

ballooning instabilities that grow in the steep H-mode pedes-

tal with a specific poloidal mode number, leading to larger

filaments in the poloidal plane. ELMs, particularly type I,

tend to affect the confinement of the pedestal region, and

even the core by shedding up to 30% of the plasma energy

into the SOL, whereas intermittent filaments appear at a high

rate and contain relatively small amounts of plasma.

Although these plasma filaments are generally not circular,

but irregular, in the poloidal plane, assuming so allows for a

reasonable, zero order size approximation.

As damage to the first wall elements and core plasma

contamination with impurities in next-step fusion devices,

such as ITER, should be prevented managing plasma interac-

tion with the main chamber wall is of critical importance.

Intermittent inter-ELM particle fluxes can exceed ELM-

mediated fluxes in high-density, small ELM regimes,67 and

they become the main plasma-wall interaction mechanism in

ELM-suppressed regimes.68 Among critical questions for the

future are: (1) What is the scaling of intermittency creation

and transport with density/collisionality? (2) Is intermittency

in spherical tokamaks similar to higher aspect ratio ones? (3)

Can the spherical tokamak regimes help to improve models

and their predictive power so that the intermittent transport

in ITER-relevant regimes can be predicted or scaled?

We present data obtained by probes from the NSTX

boundary contributing to these issues by characterizing the

edge plasma profiles, the turbulence, transport, and the inter-

mittency in L- and H-mode. We relate these measurements

to global parameters and identify the instability regimes at

play. We will show that the intermittency is present at the

NSTX edge, where filaments are produced in the vicinity of

the LCFS, leave the core ballistically at high speed

(�3–5 km/s) with a radius of 4–10 cm, and propagate well

beyond plasma-facing structures while decaying monotoni-

cally. We will also show how the aforementioned character-

istics change upon entering H-mode. While some of these

results provide an independent confirmation of earlier work

in NSTX using the gas puff imaging (GPI) diagnostic,47,48,92

others extend the analysis in ways not possible with GPI.

II. RESULTS

Experiments to characterize the NSTX edge and SOL,

obtain fluctuation levels and statistics, and evaluate turbulent

and intermittent transport were performed in four (two each)

L-mode and H-mode discharges (plasma current, Ip ¼ 0.80

MA, toroidal field, BT ¼ 0.45 T, injected power, Pin ¼
1.3 MW, safety factor, q95 ¼ 7, discharge energy content,

W¼ 50–70 kJ, plasma volume, VP1 ¼ 11 m3) as shown in

Figs. 1(a)–1(f), in a diverted lower single-null (LSN) geome-

try, shown in Fig. 2. The density in NSTX rises monotoni-

cally, as seen in Fig. 1(a), in these discharges with boronized

walls and no lithium, and the probe data were taken at

roughly t � 0.28 s in all discharges, indicated in Fig. 1 by a

dashed vertical line and a shaded box. The discharges have

an identical current ramp-up and receive �1.2 MW of neutral

FIG. 1. Time evolution of four NBI-heated NSTX discharges, two in

L-mode and two in H-mode. We show: (a) line-integrated density,

(b) injected NBI power, (c) total input power (including ohmic), (d) dis-

charge current, (e) discharge energy content, and (f) divertor Da. Probe

insertion time is roughly marked by a dashed vertical line at �0.280 s.

FIG. 2. Magnetic equilibrium for the LSN NSTX discharges considered,

based in EFIT01, and showing the general magnetic topology, the Da array,

and scanning probe locations. The probe head is shown in upper inset, fea-

turing 10 tips. Lower inset shows shortest connection length from the probe

to the walls/divertor. The vessel is shown and also the equilibrium and OH

coils, shown as arrays of small squares reflecting the conductor bundles.
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beam injection (NBI) power at �0.075 s that results in

almost 2 MW of total input power, as seen in Figs. 1(b) and

1(c). The line-integrated discharge density in L/H mode at

0.28 s ranges from 5:0=2:0� 1015 cm�2, shown in Fig. 1(a),

corresponding to peak densities of 4:2=3:0� 1013 cm�3,

respectively. Peak electron temperatures reach 0:9=1:5 keV.

Differences in the density evolution and divertor Da are due

to increased gas fueling to keep discharges in L-mode, and

the presence of type III ELMs in H-mode that curb the den-

sity increase. A transition to an ELMy H-mode occurs in two

of the discharges at �0.24 s, followed by the presence of

type III ELMs, seen in the lower divertor Da signal, Fig. 1(f),

detected via the imaging chords shown in Fig. 2.

Although many NSTX diagnostics are used, this work

focuses on data from a fast scanning probe69 located 18 cm

below the midplane, shown in Fig. 2 as a horizontal bar. The

probe head features 10 tips (Fig. 2 inset) that allow measure-

ments of a wide range of plasma parameters with high spatial

(1.5 mm) and temporal (1 ls) resolution, enabling turbulen-

ce/fluctuation measurements. Two of the tips, used as a

swept double probe, provide Te and ne with 1 ms time resolu-

tion. The connection length from the probe to the nearest

structures (Fig. 2 lower inset), quickly varies from �16 m

near the LCFS, to �5 m in the near SOL, where it is con-

nected to the lower divertor, and shortens further out as other

structures appear.

The evolution of the probe position and saturation cur-

rent, Isat ¼ Ap0:5ene

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kbðTe þ TiÞ=mi

p
, signals are shown in

Fig. 3(a) for an L-mode discharge as the probe moves from

the far SOL and into the core. Data blocks 6 ms long are plot-

ted in inserts [Figs. 3(b)–3(e)]. The Isat signal shows high

levels of intermittency throughout, even behind the stabiliz-

ing plates [Fig. 3(a)], reflecting the ballistic (i.e., convective

or non-diffusive) character of the intermittent transport. The

Isat morphs from positive peaks in the SOL [Figs. 3(b)–3(d)]

to voids inside the separatrix [Fig. 3(e)] as observed in DIII-

D9 and expected from an interchange-driven instability56,57

and turbulent transport near marginal stability70 models.

Profiles of electron temperature, Te and density, ne from

the double probe (circles) and Thomsom scattering

(TF squares), are shown in Fig. 4 for an L-mode discharge,

demonstrating general good agreement between both diag-

nostics within error bars. The temperature and density are

obtained from a four-parameter fitting J ¼ Jsat �
tanhðeVa=2kbTeÞ to the double probe characteristic69 that is

obtained every millisecond, assuming Te ¼ Ti, and resulting

in a spatial resolution of �1.0–1.3 mm. The measured den-

sity profiles are broad, almost flat, in the mid-far SOL and

the high spatial resolution probe measurement clearly shows

the location of structures in the far SOL (stabilizer plates and

RF antenna) by a sharp drop at a normalized flux, wn � 1:3
due to short connection lengths to the probe. The tempera-

ture profile shows more scatter, which is due to the strong

intermittency and Te being a sensitive function of the slope

(i.e., a derivative) of the I–V characteristic. The strong turbu-

lence in the SOL, considering that TS takes a snapshot and

FIG. 3. Isat trace from the scanning probe for a L-mode discharge correlating the signal to the various regions in the SOL and LCFS and showing how the inter-

mittent character of the signal changes from peaks to voids in the core. The vertical arrows indicate when the probe crosses the stabilizing plates and the

LCFS, respectively.
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the probe averages over 1 ms, also contributes to discrepan-

cies between TS and probe data. In H-mode, ELMs are

mostly filtered out of the Te and ne profiles since the I–V fit-

ter often fails to converge during ELMs (i.e., there is no

probe data point for the ELM time as the plasma is too tran-

sient during the 1 ms of the I–V characteristic to get fitter

convergence). The mapping to flux coordinates is obtained

by either running dedicated 2 ms time-resolution LRDFITs71

or by interpolating existing EFIT72,73 data (EFIT and

LRDFIT are equilibrium reconstruction codes) to 1–2 ms re-

solution in order to accommodate the movement of the

NSTX separatrix location.69

Profiles of saturation current density (i.e., tip current di-

vided by tip area) are shown in Fig. 5 for all four of the (2)

L- and (2) H-mode discharges to showcase discharge-to-dis-

charge reproducibility and the importance of compensating

for even small LCFS movements. The data show three main

features: (1) the SOL becomes almost devoid of plasma in H-

mode, (2) H-mode profiles “shift” further inside the EFIT

LCFS, (3) H-mode profiles are steeper in the core, as expected,

and (4) L-mode density is �20� that of H-mode in the SOL.

The thick and flat SOL profiles in L-mode should corre-

spond to more sizeable plasma-outer wall interaction (and

wider divertor footprint) and should be concomitant with

larger radial transport and fluctuation levels in comparison to

H-mode. Therefore we have calculated the radial particle

flux density due to electrostatic fluctuations, as ~Cr ¼ h~n ~V ri
¼ h ~ne

~E?
� �

=jBji, where ~E? is the fluctuating electric field

perpendicular to the magnetic field B and the correlation is

calculated over a 5 ms time series to obtain proper statistics

without losing much spatial resolution. In extracting ~n from
~J satwe use the 1 ms time-resolved Te obtained from the dou-

ble probe in absence of a faster measurement, thus the effect

of temperature fluctuations >1 kHz is ignored, although tra-

ditionally this is less than a 20% effect.29

We show profiles of ~E?, ~n and radial flux ~Cr for two

L- (circles), and two H-mode (diamonds) discharges in Figs.

6(a)–6(c) and the reproducibility is excellent within error

bars, which are determined from statistical variation. The ~E?
fluctuations [Fig. 6(a)] decay monotonically from the core

towards the wall and, surprisingly, they are identical for

L- and H-mode over the whole profile. The ~n fluctuations

[Fig. 6(b)], on the other hand, show much structure across

the profile, peaking slightly inside the LCFS and dropping

towards both the core and the SOL and are much lower (fac-

tor 2–10) in H-mode than in L-mode. The radial particle flux

density, ~Cr, shown in Fig. 6(c) shows a spatial structure that

somewhat reflects that of ~n but featuring a larger gradient

inside the LCFS, and showing a hint of a pinch, which indi-

cates that ~n � ~E? cross phase effects70 are extremely impor-

tant in NSTX. There is a large difference between L- and

H-mode flux densities, as expected; the L-mode flux peaks at

�3–4� 1021 s�1m�2 by the LCFS and remains large

(1–2� 1021 s�1m�2) over a wide region of the SOL, whereas

the H-mode flux density, peaks slightly inside the LCFS at

2:3� 1020 s�1m�2 and is �1� 1020 s�1m�2 throughout the

SOL, a L/H factor of roughly 10 near the LCFS and of

20–50 or more in the SOL region. The large discrepancy

between the profile behavior of the rms quantities and the

flux density indicate strong cross-phase effects at play. L-

and H-mode fluxes drop quickly inside the LCFS to negative

values, a pinch, which has been suggested by Shats75 to be

the result of Er shearing effects. The ensemble averaging of

FIG. 4. ne and Te profiles from the scanning probe (circles) and Thomson

scattering (squares) for an L-mode discharge. The positions of the core,

LCFS, SOL, and far SOL structures (such as stabilizer plates and antenna)

are clearly indicated.

FIG. 5. Profiles of Jsat from the reciprocating probe for two H-mode (circles)

and two otherwise similar L-mode (diamonds) discharges taken at the same

time slice. The profiles feature excellent reproducibility. Dashed line indi-

cates the EFIT01 separatrix.
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5 ms used to calculate rms values and turbulent particle flux

incorporates the effect of the type III ELMs, lasting �1 ms,

in the H-mode cases, The ELMs can be clearly seen in the

probe saturation current and floating potential (Fig. 7 top and

middle) with higher time resolution and compared to the di-

vertor Da signal (Fig. 7 bottom) where delay and smearing

effects (ion travel time to plates, plasma rotation and outgas-

ing from the graphite) are evident.

The global particle flux crossing the separatrix has been

estimated by running the SOLPS code76 for these discharges.

SOLPS uses a 2D fluid model of the plasma transport

(the B2 code77), coupled to a Monte-Carlo neutral transport

calculation of the recycled neutrals (the EIRENE code78) to

calculate a plasma state consistent with the fueling due

to particle recycling. Transport is assumed to be classical

parallel to the magnetic field (with kinetic corrections), and

cross-field transport is governed by user-specified anomalous

transport coefficients that are adjusted to reproduce the

measured density and temperature profiles at the midplane.

The power flowing into the simulated edge region and the

fueling due to neutral beam injection and gas puffing that

constrain the SOLPS simulations79 are taken from the exper-

imental values.

The measured peak Da emission from the divertor has

been reproduced in the simulation, indicating that the magni-

tude of the neutral recycling is captured in the code. Once

SOLPS yields a plasma density and temperature spatial dis-

tribution that is reasonably similar to experiment (measured

near the midplane), the neutral transport simulation within

SOLPS can then be used to calculate the total ionization that

occurs inside the separatrix. In steady state, this is equal to

the total radial transport of ions across the separatrix. This

method yields a total particle flux of �1� 1022 s�1 for the

L-mode case �5� 1021 s�1 for the H-mode case. Using the

probe data and a discharge area (according to EFIT01) of

roughly 30 m2, and assuming poloidally uniform turbulent

fluxes, we obtain a L/H mode total flux (~Cr � A) of

�1� 1023=7� 1021 s�1, an excellent fit in H-mode but dis-

crepancy of almost a factor of 10 in L-mode. However, it is

known the turbulent flux is more poloidally symmetric in

H-mode while ballooning in character in the in L-mode80,81

and highly peaked on the outer 25%–30% of the discharge

surface area, in which case the L-mode data yield a total par-

ticle flux of �2:5� 3:0� 1022 s�1, in reasonable agreement

with SOLPS global estimates and previous work81 can be

taken as a reaffirmation of the existence of ballooning-driven

asymmetries in transport.

Normalized fluctuation levels of density, ~n=�n, and

plasma potential, ~V pl=kTe, are shown in Fig. 8 for H-mode

(open symbols) and L-mode (filled symbols). Normalized

fluctuation levels for H- and L-mode are roughly 0.2 at

Wn ¼ 0:9, rising quickly towards the LCFS, where the H-

mode normalized density fluctuations, surprisingly, are

larger by almost a factor of 2 at the LCFS than in H-mode.

Normalized values and scatter in the SOL increase partly

due to rapidly decreasing signal levels. Error bars are

FIG. 6. Profiles of (a) rms levels of E?, (b) rms levels of density fluctua-

tions, and (c) turbulent radial particle transport, in H-mode (circles) and

L-mode (diamonds) discharges. Dashed line indicates the EFIT separatrix.

FIG. 7. Time evolution of (a) probe saturation current, Isat, (b) floating

potential, Vf , and (c) divertor Da, during a probe plunge in a H-mode

plasma. Type III ELMs can be clearly seen in the high time resolution probe

signals, some are identified with vertical dashed lines, as well as inter-ELM

turbulence. Time delay between probe and Da signals is clear and due to var-

ious factors.
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determined by statistical spread. Notice fluctuation levels at

Wn � 0:9 include not only peaks, but also voids.

Numerical simulations82–90 and experi-

ments67,69,74,75,86,91 support the concept of turbulence born

inside or at the LCFS59 propagating into the SOL, in particu-

lar, interchange instability83 seems to reproduce the general

results. An element of these models is not only the produc-

tion of bursts, but also the presence of density voids in the

birth region of the intermittency, features that will cause a

departure from a Gaussian distribution and is measurable via

various statistical tools, such as skewness39 of a signal

S ¼
XN

i¼1

Yi � �Yð Þ3= N � 1ð Þ s3: (1)

The skewness of various signals, Isat, E? and Cr, is

calculated and shown for L-mode (solid symbols) and

H-mode (open symbols) in Fig. 9. The skewness reflects the

presence of voids/peaks beyond a Gaussian distribution and

that excess appears as negative or positive values31 and thus

it is clear from Fig. 9 that voids dominate for Wn � 0:95,

well inside the LCFS while peaks reign elsewhere. The data

show that Isat and Cr are highly skewed, whereas E? is less

so. The high skewness of the flux, negative and positive, is

understood as it compounds the non-Gaussian nature of both

the density and electric field. The skewness is larger in

H-mode than in L-mode for Wn � 0:95 due to two factors:

(1) the presence of ELMs and (2) a much smaller

background plasma signal in H-mode (compared to the

near-LCFS-produced filaments traveling through).

The peaks and voids can be separated from broadband

turbulence and detailed information can be extracted via

conditional averaging (CA)39 of various quantities, using 4

or 5 ms time series and a 2.5� rms-level threshold criteria

on the Isat signal to extract the events (on Isat and all other

signals) that are then binned and accumulated on a 100

wide window (events are typically 10–20 ls long), as

shown in Fig. 10. As a reminder, the CA process rejects

the broadband turbulence and the events smaller than the

2.5� rms threshold, extracting the events at and above

the threshold. In L-mode, a count of 20–50 events is cus-

tomarily obtained in the 5 ms time series considered,

resulting on a �1:0 �104 s�1 production rate. We show the

L-mode conditionally averaged, (open squares) and the

related perpendicular electric field E?, (solid circles) at

2.5 cm into the SOL in Fig. 10(a). Note that a radial veloc-

ity Vr ¼ E? � B=B2 of the plasma filament can be readily

calculated from the E? signal and that there is a slight
~E? � ~Isat de-phasing, as noted earlier on the time-averaged

transport.

The conditionally averaged normalized Isat signal

binned on a 100 window is shown in Fig. 10(b) and the

traces for various radial positions are superimposed to illus-

trate how the duration of the pulses change with radius. The

development of a tail as the filaments propagate further into

the SOL has been predicted in 2D simulations,84–86 where

the existence of an internal potential dipole produces a

sheared double vortex structure compressing the density in

front of the filament and dispersing it towards the back,85

i.e., an interaction with the background plasma. The sheared

flows can also lead to Kelvin-Helmholtz (KH) and other

instabilities inside the filaments that can cause filament

growth or dissipation. These data are very consistent with

the 2D effects reported in the literature.85,86

The amplitude and event count of the peaks, IsatðþÞ, and

voids, Isatð�Þ, in the Isat signal from L-mode obtained from

the CA process are shown vs radius in Figs. 11(a) and 11(b),

respectively. The main vessel structures are indicated for ref-

erence and a polynomial fit was done (solid lines) to guide

the eye. We can infer a filament production rate from

Fig. 11(b) of �0:6� 1� 104 s�1 by tallying the number of

events in a 5 ms time series used for conditional averaging.

The (asymmetric) amplitude of both the positive and

FIG. 9. Radial profiles of the Skewness of Isat, E?, and Cr fluctuations for

otherwise similar L- (solid symbols) and H-mode (open symbols)

discharges.

FIG. 8. Profiles of normalized plasma potential (Vrms
pl =kTe) and density

(nrms=�n) fluctuation levels for L- (solid symbols) and H-mode (open sym-

bols) discharges.
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negative Isat events is largest inside the LCFS and it is clear

the voids only exist at and inside the LCFS where only few

peaks (�5) are detectable, indicating that peak-void separa-

tion occurs at the LCFS in these discharges. The positive

peak’s amplitude decays monotonically throughout the SOL,

as they are drained by parallel transport, even at short con-

nection lengths to various vessel structures thus highlighting

the relevance of convective transport. The question of conti-

nuity and particle conservation, and why the number of posi-

tive and negative events are not the same at/near the LCFS,

comes to mind. The answer is complex and nonlinear

because, among other effects, like dissipation and shear frag-

mentation, filaments that are too large or too small to be sta-

ble are expected to disintegrate due to Rayleigh-Taylor,

Kelvin-Helmholtz, and other instabilities.82,85,86

We can extract the perpendicular (to ~B) velocity of the

plasma using cross-correlation techniques of time-delay esti-

mation between tips separated by �4 mm in the perpendicu-

lar direction and assuming the turbulence is moving with the

plasma. The plasma velocity profile, shown in Fig. 12(a),

indicates a velocity of 10 km/s in the electron diamagnetic

direction (EED) in the core and LCFS (solid line is a spline

fit to guide the eye only) and a much lower velocity of up

2 km/s in the ion diamagnetic direction (IDD) in the SOL,

resulting in a �1 cm thin shear layer featuring a shear rate of

xs � 1� 106 s�1 which will tend to stabilize modes and

breakup turbulent eddies. We can compare that to a filament

autocorrelation time of sc � 2� 10�5 s extracted from

Fig. 10, assuming a dominant convective transport mecha-

nism. In short, the plasma is near stabilizing turbulence al-

ready in L-mode.

The radial velocity profile of the intermittent events,

show in Fig. 12(b), is calculated as Vr ¼ E? � B=B2 where

E? is the peak value obtained from CA over 5 ms and B is

the value of the local magnetic field at the probe location

(�0.24 T). Two sets of points are shown: (1) the outward

velocity of the intermittent peaks as open circles, fairly flat

at 3–5 km/s and (2) the inward velocity of the voids as filled

squares, at up to �6 km/s inside the LCFS. The voids do not

exist in the SOL, therefore a velocity of zero has been

FIG. 10. Conditional averaging over 5 ms of: (a) the Isat (squares) and E?
(circles) probe signals 2.5 cm into the SOL of an L-mode discharge using Isat

as the reference signal, revealing well-defined, correlated peaks, and (b) the

normalized (to 2.5� rms level) Isat signal at various radial locations from the

LCFS in the SOL showing peak broadening due to a “tail.” The threshold

used for width calculation is shown as a horizontal dashed line at Isat �1.5

rms. FIG. 11. Radial profiles of, (a) amplitude of the intermittent Isatpeaks (Isatþ,

circles) and voids (Isat�, squares) and (b) number of peak or voids events

(circles, squares) are shown. A polynomial fit is done to guide the eye. The

probe is more closely connected to the active (lower) divertor in the near

SOL, further out the field lines are also closely connected to the upper diver-

tor, and in the far SOL, to the antennae structure inside the vessel. We have

marked these regions in the plots.
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arbitrarily assigned in that region and a polynomial fit to the

data is shown only to guide the eye.

The average size of the filaments, @r; @?, or diameter if

symmetry is assumed at the LCFS, is estimated31 as @x ¼
Vx � @t (where x ¼ r;?) if we know Vx and the filament

transit time, @t, over the probe tips. In the SOL, the assump-

tion Vr � V? can be used, whereas at/inside the LCFS V? �
2Vr is true, as seen in Fig. 12(a). The filament transit time is

estimated using the full-width, half-max, (FWHM) of the

conditionally averaged Isat pulses [Figs. 10(a) and 10(b)],

which become longer and asymmetric, developing a

tail,84–86 shown in Fig. 10(b), as they propagate into the

SOL. The filament size estimate, in this case the diameter, if

we assume that the filaments are fairly symmetric in the ?; r
plane, starts at �6–7 cm in the core and increases to 8–10 cm

in the SOL, as shown in Fig. 13. The circles are inferred

from @r ¼ Vr � @t (inside the LCFS we use the negative ve-

locity from the voids), and the squares from @? ¼ V? � @t
the calculated filament diameter (theoreticians commonly

use the filament radius,7,93 not the diameter) is dependent on

how the filament transit time is defined, and we use the half-

height-full-width (HHFW) criteria, measured at the horizon-

tal dashed line in Fig. 10(b).

For comparison to former results and those of other

devices, the filaments in NSTX can be placed in an electro-

static instability regime parameter space, as described in

Ref. 93 in terms of dimensionless collisionality, and filament

scale size, defined in terms of electron-ion collision fre-

quency, tei, parallel connection length. Lk electron gyrofre-

quency, Xe, ion gyroradius, qs, magnetic field, B, major

radius, R, and filament radius, ab, as92

K ¼ �eLk=Xeqs ¼ 1:7� 10�14 neLk=T2
e ; (2)

â ¼ abR1=5=L
2=5

k q4=5
s ¼ 0:018abB4=5R1=5=L

2=5

k T2=5
e : (3)

The K� â5=2 non-dimensional space, computed for the geo-

metrical factors, ex ¼ 0:3 and f ¼ 3:3, i.e., distortion factors

due to fanning effects in the X-point region, treated in detail

by Myra,93 contains several filament/blob regimes, as

shown in Fig. 14 and labeled as: connected ideal interchange

(CI), connected sheath-interchange (CS), resistive X-point

(RX), and resistive ballooning (RB). Additionally, we can

estimate if the boundary is in a regime where electromag-

netic effects are important by evaluating the parameter

aMHD, given by

aMHD ¼ L2
k b =R ab ¼ 2:2� 10�11L2

k Tene=R abB2; (4)

which yields aMHD � 3:1 in L-mode, indicating that blob

propagation drive is a competition between ideal MHD and

Alfv�enic line bending effects.89,90

The filament/blob parameters for the L-mode at NSTX

result in values of K � 0:54=0:39 and â � 1:21=4:5 for the

LCFS/SOL, respectively, which are plotted as circles in

Fig. 14, and of K ¼ 0:13=0:02 and â ¼ 0:6=1:25 in H-mode,

which are plotted as stars in Fig. 14. The LCFS parameters

fall in the boundary between the CI and RX regimes, while

FIG. 12. Profiles of (a) V? velocity extracted from time-delay cross-correla-

tion and (b) radial ½Vr ¼ E? � ~B
� �

=B2	 velocity of the positive events/peaks

(open circles) and negative events/voids (solid squares) obtained from con-

ditional averaging. The EDD and IDD are indicated as well as the location

of vessel structures.

FIG. 13. Average filament radial size/diameter profile (circles) obtained

from conditional averaging using the CA radial velocity and event duration

@r ¼ Vr � @t and poloidal size (squares) by using the dominant perpendicu-

lar velocity @h ¼ V? � @t at/near the LCFS.
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the SOL parameters fall well in the connected interchange/

sheath (CI-CS) regimes. Identifying the instability regimes is

important since then predictions on growth rates and filament

velocity can be made and compared to data. In the CI and

CS regimes, the filament velocity varies as V̂ � exâ1=2;
V̂ � 1=â2 , respectively. A detailed treatment of this issue

will be addressed in future work since it requires a parameter

scan, thus outside the scope of this paper.

III. DISCUSSION

The observed profiles of fluctuations and radial particle

transport (Fig. 6) peaking at the LCFS are not commonly

documented, but often observed in tokamaks and consistent

with often-used transport coefficients in edge fluid codes. In

NSTX, it is notable that the electric filed, ~E?, fluctuations

increase monotonically towards the core as the flux ~Cr

decreases sharply, indicating that it is the density fluctuations

~n and ~n � ~E? cross-phase effects that determine the inward

shape of the flux profile. It is also notable that there is a hint

of an inward pinch, which is often invoked in simulations to

obtain the experimental profiles.

The skewness profiles shown in Fig. 9 reflect the pres-

ence of voids at or inside Wn � 0:95 due to both intermit-

tency and ELMs, as in the H-mode case we include roughly

2–3 ELMs in the 5 ms time series. However, the skewness is

positive further out, reflecting the plasma filaments and

ELMs that propagate into the SOL. The skewness of the flux

is compounded by the skewness of both the density and elec-

tric field skewness and also the cross-phase between them.

To place these results in a general framework, the loca-

tion of the filaments in the K� â5=2 non-dimensional space

is similar to previous GPI-based observations for NSTX and

Alcator C-Mod.93 Radial velocities are in a similar range of

1–5 km/s and although the filament size is larger in NSTX

than in DIII-D, the normalized values (to qS) are fairly

comparable.

Inspection of Figs. 5 and 6 show that plasma presence in

the SOL and transport in H-mode is drastically reduced from

L-mode levels, this occurs in all discharges, and should be

reflected in the intermittency. Since conditional averaging of

the chosen H-mode discharges (Fig. 1) is complicated by the

presence of type III ELMs, we have chosen another dis-

charge (115517) with a brief ELM-free period, which often

occurs right after the L-H transition and that can be used to

evaluate the characteristics of the intermittency during the

H-mode as well as changes induced by the transition. The

probe remained at a roughly constant position of R� Rsep

¼ 2:9 cm (i.e., in the near-mid SOL) during the L-H transi-

tion, so all the changes, shown in Fig. 15, are purely due to

the evolving L-H transition physics. We have used 4 ms time

series.

Upon the L-H transition, the number of filaments

[Fig. 15(a)] drops only slightly on average with some oscilla-

tions due to some breakup of filaments by the increased

FIG. 14. The filament parameters in L-mode (circles) and H-mode (stars)

are shown in the K� â5=2 non-dimensional space indicating the various

regimes. The LCFS parameters fall along the boundary between CI and RX

regime while the SOL parameters fall well in the connected (sheath and

interchange) CS-CI regimes. The LCFS values are not far from the RB

regime.

FIG. 15. Comparison of filament characteristics from conditional averaging

at a fixed location, R� Rsep ¼2.9 cm, during a L-H transition. We plot, (a)

number of events slightly dropping on average, (b) amplitude of Isat� (raw

signal in background overlay) is reduced by a factor of 3, (c) radial velocity,

Vr, drops by a factor of 3 while (d), filament size/diameter, @r, remains

roughly constant at �2.5–3 cm.
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poloidal velocity shear inside the LCFS.59 The most drastic

changes occur on the filament’s Isat (i.e., / ne

ffiffiffiffiffi
Te

p
) and radial

velocity Vr, [Figs. 15(b) and 15(c)] that drop by a factor of 3.

In the absence of a fast Te measurement, relative contribution

of Te and ne can not be assessed although parallel conductiv-

ity is known to reduce Te rapidly. Since Vr � V? at

�2.5 km/s in the SOL, then filament size, @r, remains

roughly constant at 2.5–3 cm ab � 1:5ð Þ, as long as we

assume @r � @?, i.e., roughly symmetric filaments. An ex-

planation for the strong reduction in Isat and Vr upon transi-

tion to H-mode can be that the stronger H-mode sheared

flows can momentarily trap the filaments while they lose

heat and particles, and release them at lower velocity,59 this

is definitely a topic for further study and intrinsically related

to the details of the L-H transition and shear layer dynamics.

It is noteworthy that the number of filaments >2.5 rms

selected by the CA technique, and their diameter remain

roughly constant after the L-H transition while the broad-

band turbulence and smaller filaments [seen in the Isat over-

lay in Fig. 15(b)] which are not selected by CA may suffer

stronger suppression.

We can put the present results in context of existing

results obtained in NSTX via imaging techniques with high

temporal resolution using a GPI system47,48,92,94 and photo-

multiplier arrays. The probe results presented here and ear-

lier imaging results are, in general, in good agreement.

Imaging of the intermittent structures permits dynamics visu-

alization and quantitative measurements of velocity, poloi-

dal, and radial extent, etc. It is clear that the intermittent

objects are born from edge turbulence inside or at the

LCFS9,47,48,58 and that both broadband turbulence and inter-

mittent objects are substantially reduced (meaning ampli-

tude, velocity, or both) during H-mode with respect to the

Ohmic or L-mode regimes.9,24,31,65

Quantitative comparison between probe and imaging

results indicates some small differences which can be attrib-

uted to different functional dependencies on the fluctuating

neand Te between diagnostics, to different analysis methods

applied on the raw data, and to variations in the phenomena

studied between the discharges used in the different pub-

lished works. These quantitative discrepancies are typically

not greater than factors 2 or 3. For example, recent imaging

work puts the radial velocity of the filaments near the LCFS

in the range 0.2–1.5 km/s, and filament size, ab, is about

1–2 cm (Ref. 93) in L-mode discharges while the probe

measures ab of 2.5–5 cm and velocities <0.2 km/s inside the

LCFS rising to 3–5 km/s in the SOL. Notice that the filament

size varies significantly as the analysis probe data for the

L-H transition in discharge 115517 show ab � 1:5 cm and Vr

of 2 km/s.

Early GPI measurements of individual blob velocities in

NSTX47 showed a range of �4 to 4 km/s in the poloidal

direction and of �2 to 2 km/s in the radial direction while

later measurements48 showed radial profiles with time-

averaged poloidal turbulence velocity profiles in the range of

2–8 km/s (Ref. 92) in L-mode in the IDD. Flows in the elec-

tron diamagnetic directions (EDD) inside the LCFS are gen-

erally seen in the imaging data94–96 at least qualitatively

similar to the present probe data. The GPI camera data also

allow the determination of poloidal and radial correlation

lengths (4–9 cm and 2–6 cm, respectively)48,92 in rough

agreement with the probe results. The relative fluctuation

level of GPI emission, due to density and temperature fluctu-

ations, increases from the LCFS towards SOL,91 similarly to

the observations from probe data. A recent review97 showing

a database of filament velocity and size shows a very large

spread in filament radius from 0.5–4 cm and poloidal fila-

ment velocity 0–4 km/s. A robust comparison of diagnostic

results is difficult since the velocity scaling with size varies

tremendously with blob regime, and as shown in Fig. 14, a

filament can cross from one regime to another while moving

into the SOL, therefore comparison is only possible in care-

fully planned experiments with overlapping discharges and

locations.

IV. SUMMARY

Measurements with probes in the edge plasma of NSTX

in L and H-mode discharges show that the plasma can extend

far into the SOL, most notably in L-mode, above the

expected exponential decay, resulting in significant particle

and (at least convected) heat fluxes to wall structures, as

seen in other tokamaks. We characterize for the first time the

turbulent radial particle transport in the edge and SOL of

NSTX, showing it peaks at the LCFS at �5� 1021S�1m�2

in L-mode, dropping by a factor of 8–10 in H-mode. The

H-mode flux can fully account for the global particle trans-

port as determined by SOLPS modeling performed for the

same discharges, but in L-mode, a ballooning-like poloidal

asymmetry in transport is required. The particle transport

profile shape, which features a slight pinch inside the LCFS,

is chiefly determined by density fluctuations and ~n � ~E?
cross phase effects, the latter more dominant in H-mode. The

normalized rms density and potential fluctuations vary from

10%–20% inside the LCFS to up to �100% in the SOL.

Plasma filaments/blobs and voids appear as intermittent fluc-

tuations at a rate of 103 � 104 s�1 at the LCFS. Statistical

measurements, such as skewness, indicating non-Gaussian

events, are confirmed by conditional averaging, and reveal

that voids move inward at 2–5 km/s, whereas peaks propa-

gate outward at 3–5 km/s while their amplitude and number

decay with radius. Filament size/diameter in L-mode can be

estimated at 5–10 cm, larger than in DIII-D, and they can

spread as they develop a tail while propagating into the SOL,

consistent with predicted internal potential structures that

produce shear flows and can interact with the background

and also create internal KH and interchange instabilities.

Despite apparent differences between NSTX filament param-

eters and those in other tokamaks, they all fall in fairly simi-

lar electrostatic instability regimes (namely boundary CL-

RX and CS regimes) that determine different velocity scal-

ing. Upon transition to H-mode, the filament density and ra-

dial velocity are reduced by factor �3 in the near SOL while

size and numbers drop only slightly, reflecting the effect of

reduced turbulence source and velocity shear. These meas-

urements motivate the need for more experiments for cross-

diagnostic comparison (probe-GPI, etc) in identical
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conditions and to address the physics of blob generation and

sheared flow-blob interaction.
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