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Abstract

Turbulence and plasma parameter data from the National Spherical Torus Experiment
NSTX [M. Ono, S.M. Kaye, Y.-K.M. Peng, G. Barnes et al., Nucl. Fusion 40, 557 (2000)] is
examined and interpreted based on various theoretical estimates. In particular, quantities of
interest for assessing the role of turbulent transport on the midplane scrape-off layer heat flux
width are assessed. Because most turbulence quantities exhibit large scatter and little scaling
within a given operation mode, this paper focuses on length and time scales and dimensionless
parameters between operational modes including Ohmic, low (L), and high (H) modes using a
large NSTX edge turbulence database [S.J. Zweben, W.M. Davis, S.M. Kaye, J.R. Myra et al.,
Nucl. Fusion 55, 093035 (2015)]. These are compared with theoretical estimates for drift and
interchange rates, profile modification saturation levels, a resistive ballooning condition, and
dimensionless parameters characterizing L and high H mode conditions. It is argued that the
underlying instability physics governing edge turbulence in different operational modes is in fact
similar, and is consistent with curvature-driven drift- ballooning. Saturation physics, however, is
dependent on the operational mode. Five dimensionless parameters for drift-interchange
turbulence are obtained and employed to assess the important of turbulence in setting the scrape-
off layer heat flux width 14 and its scaling. An explicit proportionality of the width A to safety
factor and major radius (qR) is obtained under these conditions. Quantitative estimates and
reduced model numerical simulations suggest that the turbulence mechanism is not negligible in
determining Aq in NSTX, at least for high plasma current discharges.
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[. Introduction

A topic of great contemporary interest for tokamak magnetic fusion research is the
possible role of edge turbulence in influencing the scrape-off layer (SOL) heat flux width. More
generally, edge turbulence is both driven by, and in part determines, plasma and flow profiles
throughout the edge region, setting the conditions for low (L) and (H) mode confinement that are
critical to understand for the success of fusion. These considerations motivate fundamental
studies of the character of tokamak edge and SOL turbulence and their linkages to the transport
of particles and heat across the last closed flux surface.

Many papers have been written on edge and SOL turbulence, including recent reviews,1-4
the latter two of which specifically address the topic of blob-filaments in the SOL. The
complexity of the edge region in general, and turbulence in particular, has been a limiting factor
for the applicability of both analytical and numerical models. Ideally theory-based relationships
for interpreting experimental turbulence data are desired. There have been a few attempts in this
direction.

A phase space regime diagram based on drift-resistive ballooning was proposed® and
applied to Alcator C-Mod experimental data.® SOL transport and regime transitions were linked
with collisionality and theory-based estimates for ASDEX-Upgrade experiments.” Parametric
dependences of the L to H transition threshold have been related to turbulence properties.?
Statistical properties of SOL turbulence in the TCV tokamak, such as distributions of amplitude
and waiting times, have been very successfully described by a statistical model.® Analytical
scalings of blob velocities3 were compared with metadata from a number of experiments.4 More
recent attempts at comparing tokamak experimental blob velocities with analytical scalings and
regimes have also been carried out.’>-** Scaling of edge turbulence and transport properties based
on an international database were carried out in Ref. 15 which emphasized a strong connection
between drift wave turbulence in the edge and blobs in the SOL. In addition to papers which
have addressed the scaling of edge turbulence with parameter variations, there are a large
number of papers in which numerical modeling of turbulence in specific discharges has been
advanced; some have specifically addressed the SOL heat flux width question.*®-*

In general, although edge and SOL turbulence data in tokamaks is order-of-magnitude
consistent with theoretical expectations for length and time scales, clean parametric scaling
dependences have often been elusive. This point is evident from recently published data from
the National Spherical Torus Experiment (NSTX)? as described in the analysis of a large edge
turbulence database.10 Data for turbulence length and time scales within a particular operational
mode, Ohmic, L or H mode, generally shows far more scatter than scaling. This may be partly
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due to the fact that plasma parameters could vary considerably between one coherent structure
(blob) and another in the same discharge. As well, there are turbulent variations in the
background plasma through which the structures propagate. Such variations could make it
difficult to extract scaling with global or even local time-averaged parameters of the discharge.
Furthermore, within a given operational mode, the accessible range of parameter variations in a
given device is limited.

In this paper we make the ansatz that the physical processes underlying edge-SOL
instabilities in all operational modes are similar enough to justify a search for parametric scalings
between operation modes. Indeed, blob structures emitted in L and H mode plasmas appear
qualitatively similar in character (though not in number or amplitude).10.11 We will examine
relationships between the mean values of various edge turbulence database quantities in four
operational modes: Ohmic (OH), low (L), low with applied rf (L-RF) and high (H). Here regular
L mode refers to neutral beam heated plasmas, while the L-RF plasmas were heated by high
harmonic fast waves.

It will be evident from Refs. 10 and 11 that much edge turbulence data is at best only
understood qualitatively. While it is important to keep that perspective in mind, we show in this
paper, that a few carefully selected properties of the turbulence exhibit reasonable quantitative
scaling behavior among different operational modes. Of particular interest are the scaling of the
typical wavenumbers and frequencies, and the character of the underlying instabilities. The main
goal of the present paper is to investigate these scaling properties of the turbulence and apply
them to the problem of turbulent transport in the near SOL. Our paper thus extends previously
published results which surveyed a broad scope of turbulence observations from the large
databasel0 and, specifically for tracked blobs, from the subset database.1l Two results from Ref.
10 are recapitulated here for continuity of the present analysis.

Recently, the role of turbulent transport in setting the SOL heat flux width A4 was
assessed using heuristic arguments.?” The analysis begins with the estimate g g = q”/L” where
q, is the turbulent heat flux flowing across the separatrix, g is the heat flux flowing down the
SOL exhaust channel, and L, is the field line length. Estimating L, ~ gR where q is the safety
factor (e.g. at the 95% flux surface) and R is the major radius, and defining an effective parallel
energy transmission factor g = qy/(pcs) where cq is the ion sound speed, and p is the plasma
pressure at the separatrix, one obtains the general result

hqr———=— (1)
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Here V, is the perturbed ExB velocity in the radial (x) direction, and P is the perturbed
pressure. The physics governing the parallel heat flow factor gR/g is relatively well understood
and believed to be governed by classical transport. Of interest here is understanding what NSTX
edge turbulence data can tell us about the g, /(pcs) factor.

It is possible to proceed from Eg. (1) to a scaling for A in terms of g, R, ps = ¢4/€; and
other parameters once the dispersion character, spatial scales and saturation levels of the
turbulence are known. This was approached theoretically in Ref. 27 using several different
models for the instabilities, saturation and turbulent transport physics. Here we address the same
questions by data analysis. This is followed by a discussion of scaling implications for the SOL
width based on the properties of the turbulence that are revealed by that analysis and by a
numerical simulation. Understanding and characterizing the scaling of the SOL heat flux width is
an ongoing major effort in the international fusion community. Recent empirical multi-machine
fits have been presented for both diverted H mode®® and inner-wall-limited L mode®® discharges.

The work presented here and in Ref. 27 is also related to previous well-known analyses
of the SOL widths by Connor®® and Counsell,* which compared the predictions of a large
number of theoretical models with data from several experiments. Those analyses asked whether
broad data scans support particular types of models rather than attempting to take into account
theoretical validity constraints or careful selection of data. It was concluded that models with
drift wave or magneto-hydrodynamic (MHD) interchange character provide the best overall fits
to cross-field transport in the SOL. This conclusion is consistent with the present more limited
and more focused investigation. Here we take advantage of a large NSTX database in which
turbulent quantities were measured, allowing us to investigate the underlying mechanisms more
directly.

The plan of our paper is as follows. In Sec. Il a brief description of the experimental
database is reviewed. Section Ill contains the main results for scaling properties between
operational modes. Saturation levels, and other characteristics which differ between operational
modes are considered in Sec. IV. Results are applied to the SOL heat flux width problem in the
discussion of Sec. V. A reduced model numerical simulation is discussed in Sec. VI. Finally the
summary and conclusions are given in Sec. VII.

Il. The experimental database

The experimental database used for this analysis is the same one that is described in
detail in Ref. 10. It consists of a total of 140 NSTX discharges, 93 of which are in H mode, 9 in
(neutral beam heated) L mode, 5 in (high harmonic fast wave heated) L-RF mode, and 33 in OH
mode. In addition, the large database contains within it a high quality subset!! consisting of 7 H
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modes and 7 OH modes, where each group of 7 has similar parameters and good Thomson
scattering profiles for the electron density n, and temperature T,. The profiles and fits used in
the analysis that follows are shown in Fig. 1. Scaling results for the subset database are indicated
separately from the large database in the following sections. For each operational mode in the
subset database, density and electron pressure gradients were computed from the smooth fits, and
these same gradients were used for all 7 discharges in the set. This procedure reduced
uncertainties in the gradients compared to the large database where only single-discharge
information was available.

The radial variation of a few characteristic frequencies of interest, as calculated from the
smoothed profiles, are shown in Fig. 2. Here the characteristic frequencies are defined as

C
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where ¢g = (To/mj)1/2, &, = —pe/(dpe/dr), ps = c5/Qj, Q; = eB/mjc, Vg = —CE,/B is the ExB drift in
the radial electric field, and Vg, Vge are the diamagnetic drifts, Vi = viipi/kpi and Vge =
CsPs/Ape. In calculating ., ky = 0.22 and 0.35 cm~1 in H and OH respectively have been used
(see Sec. Il1). Equation (4) isa very rough estimate of the shearing rate assuming negligible
net ion flow shear (Vg'+Vyi' = 0). Zero net flow shear is not supported by any data presented
here but has frequently been employed in theoretical studies of the H-mode. The implications of
this assumption will be examined in Sec. IV.

Furthermore, since T; measurements were not available, T; ~ T, has been employed.
Unfortunately, a direct measurement of the shearing rate was not available, and no further use of
Vg, will be made except for a few speculations related to Fig. 2. Here and throughout the paper
the subscript notations x and y refer to the radial and (strictly speaking) binormal directions. In
practice, the "y" direction is taken as approximately poloidal so that x and y lie in the gas puff
imaging (GPI) viewing frame. See Refs. 10 and 11 for more details of the GPI diagnostic.
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Fig. 1. Thomson scattering profile data vs. radius (relative to the EFIT separatrix) for the high
quality subset database for H mode and Ohmic plasmas (small dots) and smooth fits (solid
curves). For each case (H and OH) the data points are an ensemble of all seven similar

discharges.
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Fig. 2. Radial variation of several frequencies of interest for the subset database, H mode (left
panel) and OH mode (right panel). Note the scale change in the vertical axis.
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Note from Fig. 2 that radii in the range of —4 cmto —2 cm are close to the maximum
characteristic frequencies for yy,ng and o,. From Fig. 2 it can be seen that characteristic
frequencies are much smaller in OH mode where gradients are smaller. In either of the
operational modes, ynng and o, are comparable; and in H mode our rough estimate of the
shearing rate shows it to be much larger almost everywhere than y,nq, Whereas in OH mode, the
opposite is true. The zero in the shearing rate, corresponds to the location of the maximum
pressure gradient under the assumptions previously discussed.

High quality turbulence data from GPI was available at —2 cm (as determined by the
EFIT equilibrium reconstruction code) and data taken at this location is the basis for the
remainder of the analysis in this paper. While —2 cm does not correspond to the precise
maximum of the instability drive suggested by ynmng In Fig. 2, it is expected to be a relevant
location for studying the scaling of turbulence characteristics. As described in Ref. 10, GPI data
was analyzed by a correlation analysis and by blob tracking. For analyzing the turbulence drive
region the correlation analysis was deemed to be most relevant and this analysis method is used
throughout the paper for the determination of characteristic turbulent spatial scales and
velocities. In all of the scaling plots which follow, both the mean and standard deviation
(resulting from the shot-to-shot variations) of the measured turbulence quantities for each
operational mode are indicated, with the latter denoted by error bars. The specific quantities
from the GPI database that enter the analysis that follows are: the radial and poloidal turbulence
correlation lengths L ,q and Ly, the radial turbulence velocity Vg, the relative rms GPI
fluctuation level d81/1, as well as the plasma profiles, their gradient scale lengths, and the local
major radius and magnetic field at the outboard miplane.

lll. Scaling between operational modes

In this section the variation of length and time scales, and the role of resistivity between
different operational modes is examined using both the large database and the subset database.
For the large database, T, measurements at —2 cm often had large estimated uncertainties and for
some discharges no measurement was available. In other cases, uncertainties in profile gradient
scale lengths and the occurrence of very small numbers in the denominators of the expressions
being evaluated resulted in a small number of outliers that have been exclude from the analysis
which follows.

The first quantity of interest is the length scale of the turbulence. This was also
investigated in Fig. 8 of Ref. 10 but is repeated here for completeness. Figure 3 shows that, both
radial and poloidal correlation lengths L,q and Lo scale almost linearly with pg when the
variation among operational modes is considered. A best fit yields Liaq ~ Lo ~ 17 pg where pg
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is evaluated using the local magnetic field at the outboard midplane. This corresponds to kyps ~
0.13 where ky, is the binormal (approximately poloidal) wavenumber. It is estimated from the
correlation length as ky, = 2.1/Lpq . (The factor of 2.1 comes from the particular definition of
correlation length used in the database as applied to a sinusoidal waveform.) This result is
consistent with drift waves or drift resistive modes as previously noted.10

Investigating the scaling of characteristic frequencies is more subtle. Autocorrelation
times have already been reportedl0 however they are not necessarily suitable for present
purposes. As noted in Fig. 12 of Ref. 10, the autocorrelation time is likely dominated by
convection, i.e. it is mainly determined by the flow velocities of the structures and their spatial
size. Another estimate of the turbulence time scale in the plasma ExB drift frame is needed. We
call this quantity vy, and use it as a proxy for the turbulence frequency in the drift frame, o, in
the scaling studies that follow. It is defined from the pressure continuity equation assuming that
the time evolution is dominated by ExB convection

ViurbP ~ Vyp/hy ®)

In addition we estimate 'ﬁ/pzT/IWhere Tand | are the fluctuating and mean GPI emission
intensities respectively and also we estimate Vy~ V,yq Where V,yq is the radial turbulence
velocity in the database obtained from a two-point time delay analysis. This time-delay analysis
measures the average radial velocity of the fluctuations and would be zero if there were no
fluctuations (i.e. only steady convection). The phase between p andV, was not measured and
is not important in our use of Eq. (5), but enters the evaluation of the turbulent flux and will be
discussed in Sec. V.

Results for Vg Vs. ka/I are shown in Fig. 4; for any given mode of operation the
slope Viag/ (A 1/1) gives vy The data is scattered, but it will be seen subsequently that it
becomes organized when vy, is plotted against other quantities. Thus, Eq. (5) is central to
much of the subsequent analysis in this paper. For the full database we find an average vy ~
0.10 ps—1 for OH and 0.17 ps~1 for H mode; 0.06 ps—1 for the OH7 subset and 0.38 ps—1 for the
H7 subset. In order of magnitude 1/vy,p is similar to the autocorrelation time but there are
significant differences when comparing operational modes. In Fig. 4 and all subsequent figures
using the full database, A, is computed from the relation A, = A,/2.6 where the factor 2.6 is
obtained from a fit using all the discharges. ~ This procedure reduces the uncertainty in A, for a
given discharge, since A, can generally be determined more accurately than Ae.
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Fig. 3. Scaling of radial (solid symbols) and poloidal (open symbols) correlation lengths with the
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refer to the subset database. The gray line is a best fit constrained to pass through the origin.
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gradient scale length in cm. The individual slopes V ,q/(Ap0l/l) provide a measure of the
turbulence rate vy,,. Here and elsewhere in the figures 51/l and the notation 1/1 employed in
the main text are synonymous.
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Using vy,p it is now possible to compare the observed turbulence time scales with those
expected for drift and curvature-driven modes. Figure 5 explores the drift character of the
turbulence. Within error bars, vy, = 0.39 o, Where o, is the drift frequency defined by Eq. (3)
and ky, is again estimated as ky = 2.1/Lpq . Although the error bars (standard deviations between
discharges in a given mode) are large, the linear scaling is apparent and the ratio vy p/o, is
order-of-magnitude as expected for drift physics. If T; ~ T then |w.j| ~ |04 and drift
dependence could indicate either electron drift wave physics or ion diamagnetic physics (such as
might accompany interchange/ballooning modes). Note also from Fig. 3 that kypS is
approximately a constant, so Fig. 5 also shows that vy, oc cs/A, similar to a result in Ref 15.

As noted in Sec. Il, the error bars in Figs. 3 - 8 indicate the standard deviation resulting
from the shot-to-shot variations of the measured quantities for each operational mode. The
uncertainty in the estimate of the mean for each operation mode (assuming statistical
independence of the values in the sample) is smaller by 1/N/2 where the number of samples N is
93 for H mode and 33 for OH, 9 for L mode and 5 for L-RF mode. This may be a more relevant
estimate of actual uncertainties for our present goal of exploring the scaling of the turbulence
between the different operational modes (as opposed to looking for scaling among the cluster of
data points within a given operation mode).

The turbulence also displays a frequency scaling that is suggestive of curvature-driven
interchange or ballooning modes. A characteristic interchange or magneto-hydrodynamic
(MHD) growth rate is given by Eq. (2). Within error bars, one obtains vy, = 0.6 ymng- Both the
linear scaling and the order-of-magnitude suggest curvature-driven physics is at work. The fact
that vy, lies somewhat below yqng IS not surprising: many effects suppress ideal MHD growth
below the estimate of Eq. (2) such as magnetic shear, ion diamagnetic physics, and the variation
of curvature along the magnetic field.

Figures 5 and 6 make a case for drift-interchange turbulence, which is strengthened if the
error bars are additionally reduced by 1/N1/2 due to sample size, and becomes most compelling
when the fits are constrained to pass through the origin, as expected theoretically. It will be
noted from Egs. (2) and (3) that ymg oc (Te/Ap)L/2 Whereas wx oo (kyps) Tl / Ay ~ Tgl/2 1,
(given that from Fig. 3, kyps is nearly constant). Thus ympg and o= are strongly correlated and
this is evident from the parameters on the horizontal axis of Figs. 5 and 6. Perhaps more
important than their scaling is the fact that yyng and o« are numerically within a factor of two
of each other for each of the operational modes. This is evidence that interchange and drift
physics are both important. Evidently, the plasma has selected profiles and turbulent k, values to
make this occur.

10
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Fig. 5. Drift character of the turbulence. Here the turbulence and drift frequencies are given in
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In this database the parameter veo,. = VgiR/Ve (Where vgi is the electron-ion collision
frequency and vy, is the electron thermal velocity) at the outboard midplane ranges between 1
and 5 for OH, L and L-RF cases and between 0.1 and 1 for the H mode cases, suggesting a role
for collisionality in the former. To explore this possibility, it is interesting to examine the data in

terms of a parameter relevant to resistive ballooning. In resistive ballooning theory there is a
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competition between the stabilizing effect of magnetic line bending and resistive diffusion of the
magnetic field which relaxes the "frozen-in" condition on the time-scale of the wave (instability).
The fastest growing resistive ballooning instabilities typically balance the two competing effects
resulting in

OO, ~ WA (6)

where @, = kiéigvei is the magnetic diffusion rate, 8¢ = c/wpe is the electron skin depth, wa =
va/R is the Alfvén frequency, and va = B/(4rnim;)1/2 is the Alfvén velocity. (See for example
Eq. (8) of Ref. 27 and references therein.) Results for the comparison of Eq. (6) with data are
shown in Fig. 7 where again o is estimated as vy,r,. For the estimate of o, we have used the
collisionality and wavevector at the outboard midplane, with k| ~ ky, ~2.1/Lpg.
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Fig. 7. Role of resistive ballooning physics. Turbulence and drift frequencies are given in us—1
and the gray line is an unconstrained best fit. Here o, is calculated using outer-midplane
values.

n

From the vastly different scales of the two axes in Fig. 7 it is clear that oo, and wZA are
not comparable at the outer midplane where ,, has been estimated; at that location oacon/ co,%\
<<1 and hence resistive effects are negligible. Nevertheless, the linear correlation displayed in
the plot suggests a role for resistive effects. A candidate explanation is resistive X-point
physics®23  for the OH, L and L-RF cases. The magnetic geometry of the X-point region
enhances the role of resistivity for several reasons. In some discharges the collisionality itself
may be somewhat higher in the X-point region due to neutral recycling at the divertor which
increases the local density and lowers the temperature. Independent of this possibility, local

12
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magnetic shear in the X-point causes a large enhancement of k; when filamentary (field aligned
blob) structures are mapped from the outboard midplane to the X-point region.3435 The net
effect is that ®y, grows rapidly near the X-points; modes which are ideal interchange-like in the
midplane become resistive close to the X-points resulting in an eigenfunction that can localize to
the bad curvature region without paying much of a stabilizing line-bending penalty.32 The three
dimensional structure and dynamics of fluctuations near the separatrix is an active area of
experimental investigation; there is some good evidence for correlation of midplane and divertor
regions in the SOL,*®*" and shear-induced disconnection near the separatrix.36

From Fig. 7, estimating from the linear fit at wa = 1, an X-point enhancement of oy of
about 180 would be required to satisfy Eq. (6). Making the conservative assumption that vy is
constant along a flux surface, a required X-point enhancement of k, of about 14 would be
needed. This magnitude of enhancement factor is well within a typical calculated range. (See for
example Fig. 1 of Ref. 32 which shows oy varying by more than two orders of magnitude.)

The tentative conclusion is that resistive X-point physics is likely at work for these OH, L
and L-RF cases and could easily result in an associated type of resistive ballooning mode that is
not inconsistent with the experimental data. This conclusion is consistent with work by other
authors. For example, the importance of resistive ballooning physics for an L mode discharge in
the DIII-D tokamak was shown in three-dimensional fluid simulations that included the X-point
geometry explicitly.20 For the H mode cases, resistivity does not appear to be important, but this
hardly affects the character of the modes at the outboard midplane.

IV. Saturation physics

The saturation levels of the turbulence in the steep gradient region just inside the
separatrix are also of great interest, in order to understand turbulent transport into the SOL heat
exhaust channel (i.e. the near SOL) and also into the far SOL. It is in this steep gradient region
near the separatrix where coherent blob structures are thought to be born, and where their
outward convective transport begins.3:4

Figure 8 shows the saturation levels in a parameter space which allows comparison to a
simple profile-modification (PM) estimate. The PM estimate, sometime called a mixing length
estimate, equates the perturbed and equilibrium gradients,

Kyl =n/kp (7)

where we take ky = 2.1/L,q and n/n= 1/1. This figure recapitulates similar information from
Ref. 10. As noted there, the OH and L mode saturation levels are close to, but somewhat below,
the PM estimate; the H-mode levels are well below. Arguably, for pressure gradient rather than

13
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density gradient driven modes, one should use A, instead of A, in Eq. (7) in which case the
proximity of the PM estimate for the (OH, OH7, L, L-RF) group is a little less convincing,
falling to 0.18 PM instead of 0.48 PM. H-mode levels are in any case well below the PM level at
0.12 or (with A, instead of i) 0.046. Note also that in the pressure gradient driven case, the
wave-breaking saturation estimate given by ky V4 = vy,p With the definition of vy, given in Eq.
(5) is equivalent to the PM estimate.

And VI

& OH7 .
02 | e® I I
2. 3 5. 7 10
Lra

Fig. 8. Saturation level diagram showing each operational mode relative to the profile-
modification (PM) limit. In this plot, the PM limit (solid black) and fractions thereof (0.48
dashed blue; 0.12 dashed red) are represented by diagonal lines. The chosen plotted lines are
for reference to the location of the two groupings ([OH, OH7, L, L-RF] and [H, H7]) . Units for
both axes are cm.

In some cases, particularly for H-mode plasmas, it has been suggested16.19.27 that large
scale convective eddies of turbulence generated in the lower pedestal gradient region carry
plasma across the separatrix and therefore provide the turbulent cross-field flux that competes
with parallel losses to set the SOL width. In these cases, it is argued that A4 in the SOL varies
inversely with A in the lower pedestal. An estimate of A, in the lower pedestal is therefore of
interest and may be obtained by balancing the diamagnetic and ExB drifts (giving Ap~ Ag).
Employing Eq. (4) and equating the shearing rate V)’, t0 Ymng Yields the order of magnitude
estimate2’

1/3 2/3
This condition is conceptually the one for turbulence suppression by ExB shearing, which is

commonly thought to be active in H-mode plasmas.

14
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A scatter plot of individual discharges in the plane of a parameter C; = ,/(R/3p:2/3) and
fluctuation amplitude is shown in Fig. 9. Most H modes are seen to lie in the lower left quadrant,
and most OH, L and L-RF modes lie in the upper right quadrant. The demarcation of the
quadrants does not occur exactly at C, = 1; however, given the heuristic nature of Eq. (8), this is
not surprising. A few "anomalous™ points lie outside of the expected quadrants. The analysis
comes with significant caveats: A is used as the pressure gradient scale length in the plot but
really A, should be used for the ion diamagnetic drift, and the total species summed A, should be
used in estimating ynng. Nevertheless a qualitative trend is apparent. It can be verified (not
shown here) that C, < 1 is characteristic of the smoothed H7-mode profiles of Fig. 1 from — 4
cm on out to beyond the separatrix.

Figure 9 shows directly that C, roughly characterizes the different operational mode
groups with small C, corresponding to H modes. Since H modes have steeper gradients, this is
not surprising. However, assuming A, ~ Ag it follows that C; = (ymna/Vy/)?/3. Thus C, being
of order unity is suggestive that interchange and ExB shearing rates are somewhat comparable
for all of these NSTX plasmas, and that ExB shearing becomes relatively stronger for H modes.
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Fig. 9. Regime diagram for turbulence suppression by ion pressure gradient induced ExB
shearing. The dashed lines are a guide to the eye. Their location was determined to show
roughly the same number of "anomalous" points on each side of the line.

Following Ref. 5, the present data may also be plotted in the space of aiyng ~ Ymng?/®a2
and oy ~ O«j/Ymnhg- The ratio ampg represents the competition in ideal magneto-hydrodynamics
(MHD) between the interchange free energy driving instability, ynnq, and the stabilizing effect of
magnetic field line bending, ma. The ratio o is a measure of the importance of ion diamagnetic
drift effects in stabilizing the ideal MHD interchange instability. We choose not to present this
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type of plot here because of ambiguities in how to evaluate anq in these strongly shaped
spherical torus plasmas, whereas the original work® was developed for a circular flux surface
model. Furthermore, the ,; in the definition of oy in the theory® should be calculated using
the characteristic wavenumber given by Eq. (6) using ® ~ ymhg- As already pointed out in
connection with Fig. 7, this wavenumber is much larger than the measured ky, ~ 2.1/Lp, at the
outboard midplane. Again, the difference could be reconciled by invoking X-point magnetic
shear. Qualitatively, we can say that the H-mode cases have larger values of oqng and agq
relative to the OH and L mode cases, as expected from the model of Ref. 5.

V. Discussion and implications for the SOL width

Before proceeding with more speculative applications of the scalings determined in Sec.
11, it is instructive to estimate A, from Eq. (1) in the most direct way possible. The idea here is
that turbulence generated in the region where the measurements were taken, just inside the
separatrix, is responsible for the turbulent transport into the SOL. For this purpose we let <5 \7X>
~[p ||V x| ignoring a possible cross-phase which would reduce the estimate. (We know that B and
Vyare at least somewhat correlated and in phase, as most detected blobs move outward as
expected from their interchange character.) For the data employed here p /p ~ 81/1 ~ 0.16 and
0.27 in H and OH modes respectively. Also Vy /cs ~ V ag/Cs ~ 0.007 and 0.018 in H and OH
modes respectively. This gives a direct estimate of g, /(pcs) ~ 1.1x10-3 and 4.9x10-3 in H and
OH modes respectively. For the parallel factor gR/g we use qR~ qgsRy where Ry ~ 85 cm and
dos ranges from 6 to 14 in the database. A rough estimate is gR ~ 800 cm which is also
comparable to the connection length in the SOL. For the parallel energy transmission factor we
invoke the sheath limited regime with sheath energy transmission factor g ~ 5. These rough
estimates result in a midplane SOL heat flux width due to turbulence of Ag~0.2cm in H mode
and 0.8 cm in OH mode, similar in order of magnitude to previous estimates made for the subset
database using a somewhat different method.1l Typical H mode inter-ELM midplane-mapped
heat flux widths measured in NSTX are in the range of 0.2 to 1.5 cm (without Li injection)
depending on I, the plasma current.®® At the highest plasma currents the midplane width,
correcting for diffusive broadening in the divertor legs, is 44 ~ 0.2 cm comparable to the
turbulence estimate deduced here. The experimentally observed scaling?8 of Aq in this and other
devices (for H mode diverted discharges) is well described as having an inverse dependence on
|, suggestive of neoclassical drift-orbit physics™ but it would be significant if turbulence led to
different scaling effects at large I,.

Since turbulence may reasonably be argued as relevant for setting A4, though perhaps
subdominant in present devices, it is interesting to investigate the implications for scaling under
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the plausible assumption that the drift-interchange character of edge turbulence found here is
universal. Recalling Eq. (1) and invoking the definition of vy, in Eq. (5) and neglecting the (p
, V) cross-phase, one obtains the order-of-magnitude estimate

LR P oVt

A
a 9p2 Cs

©)

A dimensionless saturation amplitude f,,, may be defined relative to the pressure profile
modification limit as

5 f
P__pm (10)
p

which allows kq to be written as

2
_prm\’turb

Ay =
g k)z(kpcs

(11)
At this point the scaling of vy, can be invoked. From the analysis of the drift-wave
character in Fig. 5 we have

CawKyCsPs

(12)
}”p

Viurb = Caw s =
where Cg,, is an order unity dimensionless number determined to be ~ 0.39 from this dataset.
On the other hand, from the analysis of the curvature-interchange character in Fig. 6 we have

CnhdC
mhd“s (13)

Viurb = Cmhd¥mhd = 177
(Rhp)

where Cnq i another order unity dimensionless number ~ 0.6 for this dataset. Equating the two
expressions for vy, yields

A

2 2
Ap _ CawCio
R

> (14)
Cmhd
where Cy, = kyps is a third dimensionless number which is ~ 0.13 for this dataset (and typical for
drift waves in a variety of contexts). Equations (11), (14) and either of (12) or (13) may be

combined to eliminate vy, and A, resulting in
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AR FimCrmnap?
1779 2 c5 g2 ()
dw~kp
Here, the assumption ky ~ ky, has been used, which is justified by Fig. 6¢ in Ref. 10 which shows
that the correlation lengths Ly,q and Lo are comparable at a radius of -2 cm.

This is as far as the assumption of drift-interchange turbulence alone can take us. The
explicit scaling (in particular neglecting any implicit scaling in fyp) is Aq oc qp52 /R while the
neoclassical drift-orbit scaling39 is Mg ~ dps. They share a common factor of gps and their
relative size will depend on the product of ps/R and a potentially large pre-multiplier.

Making a plausible additional assumption allows further reduction of Eg. (15).
Motivated by Eq. (8) we employ the dimensionless number C; = (ymhd/Vy’)2/3 given by the
relation

1 2
hp=C;RY3p2/3 (16)

From Fig. 9 (an average over the data therein) we find C; ~ 0.33 +£0.16 for H mode and ~ 0.63
+0.24 for OH modes. (C, for L and L-RF are similar to OH. Alternatively using the subset
database, C, ~ 0.26 for H mode and ~ 0.44 for OH.) Then, combining Egs. (14) and (16) yields

3 ~3
ps _ CawCio

= (17)
3 (372
R ChngCi
and Eq. (15) can be expressed in the form
2 ~3 2
o~ GR[ TomCawCip | aR fom 18)
gl g3 | 9563

The derivation of Eq. (18) is clearly heuristic, and rests on several assumptions. It is
meant as a physics-based framework from which to approach future work in assessing turbulence
effects on the SOL width. This form expresses the normalized perpendicular heat flux g /(pcs),
i.e. the expression in parenthesis in Eq. (18), entirely in terms of (nominally order unity)
dimensionless numbers that are physically based on the characteristics of the turbulence. The
final form of Eq. (18) uses the values of Cy,, = 0.39, Crpg = 0.6 and Cy,, = 0.13 deduced from
the database; for drift-interchange turbulence they might be almost universal numbers which
should not influence the overall scaling. The most uncertain, or highly variable, of the inputs are
the saturation level f,n, and the value of C,, which unfortunately appear with rather high powers.
Of course when the appropriate f,, and C, are used, Eq. (18) gives similar numerical values for
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q,/(pcs) and Ay in H and OH modes as the direct estimate given in the first paragraph of this
section. However, the present form may be useful as a physics-based technique for extrapolating
to other situations and devices, provided the underlying assumptions hold there as well.

It is interesting to compare the present scaling with that of the experimental multi-
machine database28 for diverted H mode discharges. The two scalings are not the same. The
interesting possibility is that the physical mechanisms underlying the present multi-machine
database may not be turbulent and may not hold for larger machines. The multi-machine
database scaling is nearly independent of R and gives roughly Ay ~ dps oc 1/1, suggestive of a
drift-orbit24.39 (i.e. non-turbulent) mechanism.

In contrast, the only explicit scaling remaining in Eq. (18) is Aq oc qR oc s2R2B/Ip where ¢
= a/R. Like the multi-machine experimental scaling?8 and the heuristic drift-orbit scaling39 Eq.
(18) has an inverse dependence on I,. This fact may make it difficult to distinguish between
mechanisms based on scaling results alone. Unlike the multi-machine and the heuristic drift-
orbit scalings, however, Eq. (18) has an explicit increase with R. Thus the turbulence mechanism
could become dominant for large devices, especially at large plasma current 1, where the qps
scaling would predict extremely small Ag. The fact that the experimental multi-machine scalings
for diverted H mode28 and limited L mode2® discharges are different suggests a role for
competing mechanisms.

Finally, we can speculate on the generality of the present results for fpm and C,. The
physics behind Eqg. (16) is that ion-pressure-gradient-induced ExB shearing is suppressing
curvature-driven interchange-ballooning modes. This may be reasonable for H modes and
should result in an order unity, roughly constant, value for C,. The same argument cannot
readily be made in general for OH or L modes, so it is indeed possible that C, contains
additional scaling, or that Eq. (16) ceases to be useful, in those operational modes.

Concerning saturation levels, especially for H modes, the f,, factor becomes rather small
according to Fig. 8 and it is far from certain that the profile modification or wave breaking
condition is a relevant quantity with which to normalize the residual turbulence in H mode
plasmas. One speculative possibility is that when interchange-ballooning modes are suppressed
by ExB flow shear with V' ~ yypq then the system becomes unstable to secondary Kelvin
Helmholtz (KH) instability.*>** KH growth rates are known to be at most yy, ~ 0.2 V' (see for
example Ref. 42 and contained references in the introduction) and the wave breaking condition
for them, ky Vi ~ vy, would be corresponding smaller than the wave breaking condition for the
primary ymng instability. Further investigation of this point is warranted.
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VI. Reduced model simulations

Numerical simulation provides a means to test the role of drift-interchange physics,
sheared flows and turbulence levels on the SOL heat flux width. Ultimately, the generality of the
scaling approach discussed in Sec. V could be tested and values determined for the five
dimensionless parameters: the drift-interchange parameters Cg,y, Cmng @nd Cy,,, the sheared flow
parameter C; and the saturation level parameter f,q,. In this section we report on some results
using the SOLT code, which incorporates a reduced 2D fluid turbulence model for the edge and
SOL. The basic model, described in detail in Ref. 19, incorporates fluid evolution equations for
the advection of density, electron and ion temperature and a generalized vorticity from which the
electrostatic potential is extracted. The simulation plane is the 2D plane perpendicular to the
magnetic field at the outboard midplane. Analytical closures are employed to describe parallel
physics such as end losses in the SOL.

Previous studies of the SOL width with the SOLT code have confirmed the scaling
remaining in Eq. (18) from the SOL connection length L, ~ qR. The L dependence has a simple
explanation in terms of the parallel confinement time. This dependence was explored in Ref. 43
where SOLT results showed an increase of A with L. The scaling was consistent with diffusive
cross-field transport ~ L||1/2 in the weak turbulence regime, and transitioned to a scaling similar
to Ly in the regime of stronger blob-dominated turbulent convection. In the following we
explore the scaling with fluctuation amplitude for a particular discharge, and examine the
dimensionless parameters in Eq. (18) that characterize the turbulence.

Simulations were carried out for NSTX H-mode discharge #127975 (plasma current I, =
1 MA, neutral beam power Png; = 6 MW, and magnetic field B; = 0.4 T). The use of the SOLT
code in this application is best described as interpretive: particle and heat sources, the separatrix
location Rgep, and diffusion coefficients were varied to obtain a best fit match to the measured
density and temperature profiles, the power flowing in the SOL Pg,, and the fluctuation level at
the separatrix (6n/n)sep. (Small changes, within magnetic reconstruction uncertainties, in Rsep
with respect to the profiles measured by Thomson scattering, no(R) and T¢(R) have a significant
effect on Py, requiring the variation of Rge, as @ parameter.) In addition to turbulence which
causes transport through both turbulent convection and diffusion, SOLT allows additional
explicit diffusion coefficients in the evolution equation for ng, Tg, Tj, and vorticity, viz. (Dp, D,
Di. Dp). These describe diffusive transport processes outside the scope of the SOLT model, e.g.
neoclassical transport, transport processes due to neutral charge-exchange, and instabilities that
are not explicitly modeled.19 Our best simulation case achieves good profile matching to
Thomson scattering measurements and turbulence values comparable to typical H-modes in the
database: viz. SOLT finds kyps = 0.17, Pgo = 5.4 MW with intermittent variations up to 6.1 MW,
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and (8n/n)sep = 0.22 decaying rapidly into the closed surface region. The corresponding explicit
diffusivities for this case are (Dp, Dre, Drj, D) = (0.04, 0.04, 0.2, 0.2) cgrpgwhere the reference
normalization value has the value cgpg = 147 m2/s for this simulation. It will be noted that Dr;
and D, are quite large and imply explicit ion diffusive fluxes which are comparable to the
turbulence-induced fluxes.

From this base case the turbulent dissipation was varied as a control parameter for
(8n/n)sep to test the effect of turbulence on A, Motivated by previous studies,19 the turbulent
dissipation parameter was taken as the density diffusion coefficient Dy, which here was also held
equal to D,. It was found that increasing D,, and D, decreased both the fluctuation levels and
the resulting &4. Consequently, D, and D, were primarily damping fluctuations which affect A,
not driving Aq directly (in which case A, would have increased with D and D). Results from
the D, scan are shown in Fig. 10.

Although explicit diffusion from D+; and D, is responsible for contributing to 24 in this
simulation, Fig. 10 shows that turbulence has an order unity effect on Ay which increases with
the turbulence level. For this discharge the measured heat flux width at the divertor target (using
the Eich?8 S and A fit parameters) is A4 = 5.2 cm.** This implies a mid-plane-mapped A, of
0.4 cm which is a bit larger than, but comparable to, the SOLT simulation results in Fig. 10. For
comparison, relative fluctuations levels for typical H-mode discharges are in the range 0.10 to
0.25. The simulations therefore suggest that the effect of turbulence is neither dominant or
negligible for this Iy = 1 MA discharge. It is possible that other physics, such as neoclassical
drift effects,3% could explain the main A4 ~ 1/I, scaling that is observed in NSTX38 but that
turbulence is still important, emerging as dominant only at larger I, (or in larger R devices).
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Fig. 10. Heat flux widths A from a simulation scan in which D,, and Dy, were varied to control
the fluctuation level at the separatrix dn/n. The values of the diffusion coefficient, in Bohm
units, are indicated beside each simulation point.
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Figure 11 shows a snapshot of the simulated density in the RZ plane. From panel a)
where dn/n is displayed, blob structures are visible only in the SOL, with the most prominent
structures in the region 2 to 4 cm beyond the separatrix. These density structures are
accompanied by dipolar structures in the fluctuating potential, illustrated by the superimposed
gray contours. The appearance of blobs mainly in the SOL for H mode discharges is a common
feature of the GPI observations, as noted in Ref. 11. Panel b) displays the total density in a
radially stretched view. Turbulent transport that contributes to Ay is not primarily resulting from
discrete blobs, which have not yet fully formed at this location, but is rather due to wavy density
structures that convect plasma back and forth across the separatrix. These are similar to the
separatrix spanning convective cells noted in earlier SOLT simulations of another discharge.16

In addition to the large scale drift turbulence and blob features in Fig. 11, some fine scale
striations can be seen near the separatrix. These NSTX spherical-torus H-mode plasmas have
very sharp edge gradients with strong shear in the ion diamagnetic and ExB flows. The
approximately stationary, strongly sheared flows tend to evolve fluctuations with moderate ky to
arbitrarily large k, (by “stretching”), resulting in the striations. Diffusion coefficients large
enough to suppress the formation of the striations are inconsistent with those determined to be
appropriate for the experiments considered here. These features are the subject of ongoing
studies.

This best case SOLT simulation is a first step in connecting the modeling of edge
turbulence to the properties deduced from GPI in Secs. 11l and IV and to their implications for
turbulence-based SOL width scaling in Sec. V. First, recall that the SOLT model is specifically
constructed to describe drift-interchange turbulence, which is the type of turbulence deduced
from the experimental data. Furthermore, drift-resistive ballooning modes have a drift-
interchange character at the outboard midplane where the SOLT model is applied. Next, from
Sec. V, recall that the most important characteristics of the turbulence are: the normalized
saturation level (fom), the o, and ymng dependence of vy, (described by Cg,y, and Cpyng), the kp
scaling (Ckp), and the sheared flow postulate (described by C,).
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Fig. 11. Snapshot of the simulated density in the R (horizontal) and Z (vertical) plane. Part a)
shows the relative density fluctuation dn/n (where n in the denominator is the Z-averaged value
at each R). The dashed black line is the separatrix. The superimposed gray lines show smoothed
125 eV potential fluctuation contours (solid for positive, dashed for negative). Part b) shows the
density itself, in a view which stretches the R coordinate to make features on the scale of kq
visible. For reference, the dashed white line is located at Kq = 0.4 cm. The fine scale striations
in these figures are related to the strongly sheared flows (see text).

The present interpretive simulation is constructed to match the experimental plasma
profiles and saturation level, therefore C, and f,, are inputs to the model. However, Cy,, Cqy
and Cyypg can be compared with the values deduced in Sec. IIl. The simulation gives Cy, ~ 0.17
which is close to the database value 0.13 deduced from Fig. 3. Simulation results for Cg,, and
Cmhg at the separatrix are approximately 0.1 and 0.3 respectively which are factors of 2 to 4
smaller than the mean database values. However, in obtaining these values a different procedure
for estimating Svy in the definition of vy, in Eq. (5) was employed for the simulations and the
experimental data. The simulation analysis used the estimate dv, = I'/n where I" is the average
radial particle flux whereas the database analysis used a time delay correlation estimation (TDE)
method to obtain the mean radial velocity of the turbulence. The different treatment is because
the TDE method applied to the simulation was inconclusive: meaningful results could not be
obtained, possibly due to the presence in the simulation of some blob structures with very rapid
poloidal motion. Finally, and possiblty related, the simulations exhibit strong ExB flow shear
and it is likely that Kelvin-Helmholtz modes are playing a role in the saturated turbulent state. It
will be important to determine if this remains the case in more complete turbulence models.
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Additionally, while ypng, @« and V' should still provide important characteristic
frequencies, in future larger devices with lower collisionality, kinetic simulations2> would likely
be needed to accurately study the turbulent physics.

VII. Summary and conclusions

While there is considerable shot-to-shot variation of turbulence quantities such as
fluctuation amplitudes, radial and poloidal correlation lengths and radial and poloidal turbulence
velocities within a given operational mode in NSTX, and even with a given discharge, some
interesting scalings emerge when considering the mean values of these quantities and their
variation among operational modes. In this paper we have considered Ohmic (OH), low (L), low
with applied rf (L-RF) and high (H) mode plasmas from a large NSTX database, together with a
seven-member subset database of OH and H mode discharges (denoted OH7 and H7). The
length and time scales of the turbulence are found to be consistent (or more conservatively
stated, not inconsistent) with drift-resistive ballooning modes, driven at least in part by curvature,
and possibly affected by sheared flows. The characteristics of the turbulence are summarized as
follows: kyps ~ 0.13 where k,, is the binormal (approximately poloidal) wavenumber and pq is
evaluated using the local outboard midplane magnetic field; o in the drift frame, estimated by
Viurp roughly scales like o ~ 0.4 o, ~ 0.6 ynng- These conclusions are made possible by the use
of a proxy for the local wave frequency in the plasma frame given by Eq. (5), which is central to
this paper. An argument was made in favor of resistive X-point effects likely being at work for
OH and L modes. Turbulent fluctuations levels are much closer to the wave breaking or profile
modification limits for OH and L modes, than for H modes which are well below those levels. H
modes roughly occupy a parameter regime where A,/(R1/3ps2/3) < 0.4 as might be expected if
ion-pressure-gradient-induced ExB shearing is suppressing curvature-driven interchange-
ballooning modes.

These results, all taken just inside the separatrix (2 cm inside the nominal EFIT
separatrix) may be useful in guiding ongoing work on the effect of turbulence in controlling the
SOL heat flux width. Generally the apparent character of the modes is consistent with reduced
models such as SOLT19 and HESEL* which describe curvature-driven drift-interchange
turbulence in the two-dimensional plane perpendicular to B at the outboard midplane. Indeed this
is the expected character of resistive X-point modes: interchange-like in the midplane region and
terminating near the X-point.32

Quantitative estimates for the SOL heat flux width, made both from Eqg. (1) directly and
using the scaling results expressed in Eg. (18), are roughly comparable to the minimum
measured values of A, in NSTX. Remarkably, the normalized turbulent perpendicular heat flux,
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and hence 4 can be expressed in the rather simple and general form of Eq. (15) assuming only
the drift-interchange character of the turbulence. The numbers appearing in this expression (Cgy,
Cmhg and Ckp) may be approximately universal. With the additional physical assumption that H
mode turbulence is suppressed by ion pressure profile induced ExB flow shear, the even simpler
form of Eq. (18) results. It is hoped that Egs. (15) and (18) may provide a physics-based
framework from which to approach future work in assessing turbulence effects on the SOL
width.

Finally, SOLT code simulations were shown to capture some features of the experimental
dataset. The simulations suggest that turbulence contributes to the physics that sets Aq in NSTX.
While it cannot be claimed that turbulence physics dominates Ay the results of both the
simulations and the estimates of Sec. V suggest that it is not negligible, at least for NSTX
discharges with high plasma current. As pointed out here and in Ref. 27 this may have
important, and potentially favorable, implications for future large R devices.
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