7)
0
=
7

L

a

o
(o
7

e
7.
>

-

a

A comparison of edge turbulence in
tokamaks, stellarators, and reversed-field

pinches”

Cite as: Physics of Fluids B: Plasma Physics 5, 2491 (1993); https://doi.org/10.1063/1.860734
Submitted: 30 November 1992 . Accepted: 11 February 1993 . Published Online: 04 June 1998

H. Y. W. Tsui, A. J. Wootton, J. D. Bell, R. D. Bengston, D. Diebold, J. H. Harris, N. Hershkowitz, C. Hidalgo, J.
C. Ingraham, S. J. Kilpatrick, G. X. Li, H. Lin, D. M. Manos, M. A. Meier, G. M. Miller, C. P. Munson, J. Pew, S. C.
Prager, Ch. P. Ritz, A. Rudyj, K. F. Schoenberg, J. Sorensen, T. Tanaka, T. Uckan, and P. G. Weber

@ &

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

A general comparison between tokamak and stellarator plasmas
Matter and Radiation at Extremes 1, 192 (2016); https://doi.org/10.1016/j.mre.2016.07.001

Convective transport by intermittent blob-filaments: Comparison of theory and
experiment

Physics of Plasmas 18, 060501 (2011); https://doi.org/10.1063/1.3594609

Physics optimization of stellarators
Physics of Fluids B: Plasma Physics 4, 2081 (1992); https://doi.org/10.1063/1.860481

Physics of Fluids B: Plasma Physics 5, 2491 (1993); https://doi.org/10.1063/1.860734 5, 2491

© 1993 American Institute of Physics.


https://doi.org/10.1063/1.860734
https://doi.org/10.1063/1.860734
https://aip.scitation.org/author/Tsui%2C+H+Y+W
https://aip.scitation.org/author/Wootton%2C+A+J
https://aip.scitation.org/author/Bell%2C+J+D
https://aip.scitation.org/author/Bengston%2C+R+D
https://aip.scitation.org/author/Diebold%2C+D
https://aip.scitation.org/author/Harris%2C+J+H
https://aip.scitation.org/author/Hershkowitz%2C+N
https://aip.scitation.org/author/Hidalgo%2C+C
https://aip.scitation.org/author/Ingraham%2C+J+C
https://aip.scitation.org/author/Ingraham%2C+J+C
https://aip.scitation.org/author/Kilpatrick%2C+S+J
https://aip.scitation.org/author/Li%2C+G+X
https://aip.scitation.org/author/Lin%2C+H
https://aip.scitation.org/author/Manos%2C+D+M
https://aip.scitation.org/author/Meier%2C+M+A
https://aip.scitation.org/author/Miller%2C+G+M
https://aip.scitation.org/author/Munson%2C+C+P
https://aip.scitation.org/author/Pew%2C+J
https://aip.scitation.org/author/Prager%2C+S+C
https://aip.scitation.org/author/Prager%2C+S+C
https://aip.scitation.org/author/Ritz%2C+Ch+P
https://aip.scitation.org/author/Rudyj%2C+A
https://aip.scitation.org/author/Schoenberg%2C+K+F
https://aip.scitation.org/author/Sorensen%2C+J
https://aip.scitation.org/author/Tanaka%2C+T
https://aip.scitation.org/author/Uckan%2C+T
https://aip.scitation.org/author/Weber%2C+P+G
https://doi.org/10.1063/1.860734
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.860734
https://aip.scitation.org/doi/10.1016/j.mre.2016.07.001
https://doi.org/10.1016/j.mre.2016.07.001
https://aip.scitation.org/doi/10.1063/1.3594609
https://aip.scitation.org/doi/10.1063/1.3594609
https://doi.org/10.1063/1.3594609
https://aip.scitation.org/doi/10.1063/1.860481
https://doi.org/10.1063/1.860481

A comparison of edge turbulence in tokamaks, stellarators,
and reversed-field pmches

H. Y. W. Tsui," A. J. Wootton, J. D. Bell,? R. D, Bengston, D. Diebold,” J. H. Harris,®
N. Hershkowutz o C. Hidaigo, 9J.C. Ingraham, @ S J. Kllpatnck e G X. Li, H. Lin,

D. M. Manos,® M. A. Meier, G. M. Mlllerd)C P. Munson J. Pew,? S. C. Prager,”
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Edge equilibrium, turbuience and transport related plasma parameters from the Advanced
Toroidal Facility (ATF) [Fusion Technol. 10, 179 (1986)] torsatron, the ZT-40M [Fusion
Technol. 8, 1571 (1985)] reversed-field pinch, the Phaedrus-T [Nucl. Fusion 32, 2040 (1992)]
tokamak, the Texas Experimental Tokamak (TEXT) [Nucl. Technol. Fusion 1, 479 (1981)],
and the Tokamak Fusion Test Reactor (TFTR) [in Plasma Physics and Controlled Nuclear
Fusion Research, 1990 (International Atomic Energy Agency, Vienna, 1991), Vol. 1, p. 9] have
been obtained using a standardized Langmuir probe array and a consistent set of data analysis
packages. Additional data from some other devices have also been furnished via private
communications and incorporated from published results. Experimental results over a wide
range of parameters are compared and the turbulence contribution to edge transport are
assessed. Certain physical properties that are relevant to the modeling of edge turbulence are
identified: namely, shear decorrelation of turbulence, the role of resistive dissipation and electron

parallel thermal conduction,

radial mode structure

in sheared magnetic field, and

electromagnetic contribution to the parallel Ohm’s law.

l. INTRODUCTION

Understanding transport processes remains one of the
central issues in fusion research.' Much experimental evi-
dence exists to suggest that fluctuation-driven fluxes dom-
inate particle and energy transport in magnetic confine-
ment systems including tokamaks (e.g., Ref. 2 and
references therein), stellarator,3 and reversed-field
pinches.*® A major task in magnetic confinement physics is
therefore to understand and to find ways to control these
turbulence-induced fluxes. Comparative studies of edge
turbulence and transport in different toroidal confinement
systems®® allow tests of theoretical predictions against ex-
perimental results over a wide range of parameters. To this
end, a self-contained Langmuir probe diagnostic facility®
equipped with its own data acquisition electronics and data
analysis package has been deployed in collaborative
measurements>'®!2 in various devices including the Ad-
vanced Toroidal Facility13 (ATF) torsatron, the
ZT-40M"* reversed-field pinch, the Phaedrus-T'® tokamak,

*Paper 913, Bull. Am. Phys. Soc. 37, 1591 (1992).

"Invited speaker.

*)Permanent address: Oak Ridge National Laboratory, Oak Ridge, Ten-
nessee 37831.

®Permanent address: University of Wisconsin—Madison, Madison, Wis-
consin 53706.

‘Permanent address: Centre de Investigaciones Energeticas, Medioanbi-
entales y Tecnologicas (CIEMAT), Spain.

9Permanent address: Los Alamos National Laboratory, Los Alamos,
New Mexico 87545.

“YPermanent address: Plasma Physics Laboratory, Princeton University,
Princeton, New Jersey 08544.

fPermanent address: Max-Plank-Institut fiir Plasmaphysik, D-8046
Garching bei Miinchen, Germany.
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the Texas Experimental Tokamak ' (TEXT) (and the up-
grade TEXT-U), and the Tokamak Fusion Test Reactor!’
(TFTR). Additional data from some other devices have
also been incorporated from published results or furnished
via private communications.

In this study we focus on fluctuations observed with
Langmuir probes. Although these fluctuations are not nec-
essarily composed of purely “electrostatic” modes, the
transport associated with them is often labeled as “‘electro-
static” so as to distinguish it from the transport associated
with stochastic magnetic fields. Power loading on the probe
tips limits probe measurements to within the scrape-off
layer and the edge plasma up to a few cm inside the last-
closed flux surface. The probe assembly is mounted on a
fast reciprocating drive to minimize heating of probe tips
and to provide simultaneous and local measurements of
equilibrium and fluctuating (typically 1-500 kHz) electron
temperature (7',), density (), and plasma potential (¢,),
as well as turbulence-induced particle and electron energy
fluxes. A rotating vacuum seal allows optimum alignment
to preclude interference (shielding) between probe tips.
The standardized four-pin probe array consists of two tips
measuring the floating potential ¢g, and the other two
connected as a double-probe pair with sufficient bias volt-
age (4T ,/e) to measure the ion saturation current /.
In this way, the electron temperature can be obtained using
a triple probe technique'® with correction for phase delay'®
when necessary. Most of the data were acquired using this
four-pin configuration. A modified triple probe technique'®
which utilizes a five-pin array has also been used in some
cases to further reduce phase-delay error arising from finite
probe tip separation across field lines. The two floating pins

© 1993 American Institute of Physics 2491



TABLE I. Generic differences in magnetic geometry of the three toroidal
systems.

Parameter Tokamak Stellarator RFP
Average curvature good for g> 1 good or bad bad
Local curvature good and bad good and bad bad
Magnetic shears medium (L;=~R) medium to 0 high
(Ly=a)
dq/dr>0 usually dg/dr<0 dg/dr<0
Plasma current density medium low to 0 high
Trapped particles high, =~ (2¢) high or low low
are used for determining fluctuation characteristics utiliz-
ing a two-point cross-correlation technique.”® These in-

clude estimates of the spectrum S(k,w), and power
weighted average values of perpendicular wave vector k, ,
frequency f, phase velocity Von» and width of the k, spec-
trum oy . The fluctuation-driven particle flux I';z is de-
rived from the cross-correlation between the density fluc-
tuations 7 and perpendicular electric field fluctuations E, ,
i.e., Dzz=(nE, )/B where (---) denotes an ensemble av-
erage. The electron energy flux can be divided into a con-
vective and a conductive component. The convective part
is related to the particle flux by Qr;r = 5T.[;z/2
= S5T.AE, }/(2B) and the conductive part Q,f 7
= 5n{T,E, )/(2B) can be determined from a correlation
between T, and E, . Many articles are available on the
definitions of energy flux with a coefficient of either 5/2 or
3/2 (see, for example, Ref. 21). The difference is due to
turbulence compression. It is important to note that proper
correction for the electron temperature fluctuations T, is
essential in these flux measurements. In contrast to the
measurement of fluctuation level (rms value), the correc-
tion in the measurement of flux can be of order unity,19 for
instance, the value of uncorrected I';z can be negative in
some situations.

The generic differences between device types are illus-
trated in Table L. They reflect the intrinsic properties of the

equilibrium magnetic field configuration, e.g., magnetic
shear and curvature and S. In the edge plasma, atomic
processes such as impurity radiation and ionization can
introduce additional instability drives.?>> In the scrape-off
region where field lines are connected to material surfaces,
instability can develop from surface dissipation’®?’ arising
from the formation of a sheath. In these experiments, there
are machine-specific differences in the edge conditions such
as wall conditioning and limiter configuration. For in-
stance, TEXT has a poloidal ring limiter, TFTR an inner
toroidal belt limiter and both Phaedrus-T and TEXT-U
have discrete limiters (which are segments of a poloidal
ring). Table II summarizes some of the typical machine
and edge plasma parameters.

. VELOCITY SHEAR LAYER AND EDGE
FLUCTUATIONS

A naturally occurring velocity shear layer has been
found in tokamaks and stellarators, but has not yet been
identified in RFP’s. The layer exists in both divertor and
limiter plasmas, is relevant to the study of edge turbulence
because (i) it demarcates the plasma confinement zone
from the scrape-off region, (ii) it affects the appearance of
the fluctuations via a EXB Doppler shift in the observed
frequency, and (iii) it can influence the turbulence via
shear decorrelation. Formation of velocity shear layer has
been associated with a number of mechanisms, e.g., the ion
orbit loss,?® the finite perpendicular momentum loss,? and
the fluctuation-induced Reynolds stress.’*!

In Fig. 1 the velocity shear layers observed in some of
these experiments are overlaid to illustrate the size scale.
The layer is located close to, and its width can extend
across, the last-closed flux surface. It is characterized by a
peak plasma potential profile and a reversal in the phase
velocity (¥,) of the turbulence. The phase velocity of the
fluctuations is dominated by the equilibrium EXB rotation
(i.e., Vou=VExp=E,/ B) and the reversal of the propaga-
tion is related to the change in the radial electric field. In

TABLE II. Edge plasma parameters close to r~a or the last closed flux surface. The average phase velocity ¥, is obtained from a two-point
cross-correlation and Vpxy is the poloidal rotation derived from the equilibrium radial electric field.

Parameter ATF MST ZT-40M Phaedrus-T TEXT TFTR Tokapole
a (m) 0.27 0.5 0.2 0.26 0.26 0.8 0.09
R (m) 2.1 1.5 1.14 0.93 1.0 2.45 0.5

B (m) 1 0.1 0.13 0.9 2 3.9 0.5

I, (kA) (ECRH) 250 120 90 200 900 12

194} 1 0.03 0.02 3.4 33 6.5 3.5
n(a) (10" m~?) 1 3 10 3 2 0.5 10

T, (eV) 25 35 25 40 30 100 20

L, (cm) 4 L5 2 3 3 9 1.7
Ly, (cm) 12 >3 >8 2 3.5 11 3
|7|/n 0.05-0.1 0.2-0.4 0.3-0.5 0.2-0.3 0.1-0.2 0.3 0.16

| T\ /T, 0.05-0.1 0.1-0.25 0.2-0.4 0.1-0.2 0.05-0.1 0.1-0.2

el@ul/T. 0.2-0.4 ~03 0.6-0.8 0.4-0.5 0.3-0.4 0.5-0.6 0.01
|Vph/VExB| >1 >1 >1 >1 >1

k, (em™1) 2 0.3 0.1 1.5 2.5 0.8 3

k, p, 0.1 0.2 0.1 0.1 0.1 0.02 0.3
iz (102! m™2sec™) 0.02 1 7 1 0.5 0.06 0.5
2492 Phys. Fluids B, Vol. 5, No. 7, July 1993 Tsui et al. 2492
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FIG. 1. Velocity shear layer depicted by the phase velocity (V) of the
turbulence. The profiles are aligned to the inversion point (7;) where ¥,
is zero.

the scrape-off region, the turbulence propagates in the ion
diamagnetic drift direction. An interesting observation is
that the thickness of the layer, typically 5-10 mm wide,
appears to be rather insensitive to the differences in ma-
chine size, edge plasma parameters, and limiter configura-
tions. Typically, the EXB velocity shear dVgxp/dr
(=dVy/dr) is in the range of 10°-10% sec™! in these ex-
periments.

Theoretical studies®*™ indicate that the velocity shear
(or more appropriately the radial electric field shear) can
influence the turbulence and the linear growth rate when
the shear frequency w,=k, A,dVgxg/dr) is large com-
pared to the diffusion rate 7' (= DA?) or ¢/L,. Using
the radial correlation length or the mode width for A, and
the effective radial diffusion coefficient for D, it is found
that the shear frequency is typically comparable or larger
than both the diffusion rate and the ratio ¢/ L, in these
experiments. Thus, it may be expected that the differential
EXB rotation can “shear” apart the turbulence structure.
When this happens, one may expect a broader spectrum,
i.e., an increase in the spectral width. Examples of normal-
ized spectral width (o./[k|) from two-point cross-
correlation measurements in TEXT-U and in TFTR in
Fig. 2 show increases within the shear layer. In this region
increase in o}/ | k| arises mostly from changes in ;. The
increase in spectral width implies an increase in the spatial
decorrelation and supports the idea of “shearing” of tur-
bulence structure; a result consistent with previous obser-
vation in terms of correlation times in TEXT.3® Reductions
in the level of fluctuations in the proximity of the shear
layer have also been observed in some cases. It has been
suggested that shear decorrelation plays a role in H-mode
plasmas, making the study in ordinary discharges very im-
portant.

lil. EDGE TURBULENCE CHARACTERISTICS

A significant level of fluctuations with normalized rms
amplitude of the order 107! exists in the edge plasma (in
the vicinity of the last-closed flux surface) of all three de-
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FIG. 2. Profile of the normalized spectral width (o,/|k|) in TEXT-U
and TFTR showing increases within the shear layer. These are not
H-mode plasmas.

vice types. After taking into account superficial differences
in the appearance, such as those arising from the orienta-
tion of the equilibrium magnetic field and the equilibrium
EXB Doppler shift in the mode frequency, notable simi-
larities in the turbulence characteristics are observed. In
this section we present examples to illustrate how edge
fluctuations are categorized in this comparative study,
identify some of the commonly observed properties and
discuss their implications, and investigate the electrostatic
and electromagnetic nature of the fluctuations.

A. Categorizing edge fluctuations

In all three device types, there is a rich spectrum of
intrinsic fluctuations. When comparing fluctuations be-
tween these devices, it is important to only compare similar
kinds. For instance, strong MHD (magnetohydrodynam-
ics) activity can lead to density fluctuation via ideal flux
surface perturbation. Away from their resonant surfaces
the MHD modes behave ideally and can give rise to density
fluctuations via coupling to the equilibrium gradient, i.e.,

di i dnydB,
di k+By or dr

In RFP’s, a high level of magnetic activity originating from
“tearing modes” resonant close to the magnetic axis is de-
tectable in the edge. With | B|/B in the order of 107, the
density fluctuation level of order |n/ng|~(a/L,)
| B,/ By| ~ 10~! indicates significant coupling to MHD
perturbations in RFP’s.!% On the other hand, the density
fluctuation of order |n/ny|~(Lys/k, L,A,)|B,/By|
~ 1072 for a magnetic fluctuation level of 10~ as is found
in tokamaks is negligible in the edge plasmas. The same
conclusion is obtained for stellarators. This type of
“frozen-in” perturbation does not cause particle transport.
Therefore, it may be necessary to distinguish these global
perturbations in the discussion of transport related phe-
nomena.

An example of categorizing fluctuations, typical spec-
tra of the ion saturation current fluctuation (/) in the

()
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FIG. 3. Spectra of edge fluctuations ([,,) [(a)] and the fluctuation-
driven particle flux [(b)] in TEXT. In between the peak at the Mirnov
frequency and the broadband activity are isolated peaks observable in
spectra obtained near major resonant surfaces.

tokamak TEXT are shown in Fig. 3(a). The difference in
the appearance of the two spectra, one taken in the scrape-
off layer (represented by the dotted line) and the other
taken in the bulk edge plasma inside the last-closed flux
surface (represented by the solid line), can be largely at-
tributed to the EXB rotation. The larger EXB Doppler
shift in the bulk edge (r<a) helps to spread out the spec-
trum. In this case we can identify a peak at the low-m
Mirnov frequency and a broadband high-frequency activ-
ity. In between these two spectral regions, isolated spectral
peaks often exist in the power spectra obtained from fluc-
tuation measurements near major resonant surfaces. These
modes are labeled as quasicoherent modes>® because they
are less coherent than the Mirnov oscillations and are more
coherent than the microturbulence. A comparison with the
particle flux spectrum, shown in Fig. 3(b), indicates that
the fluctuation-driven particle flux is mostly supported by
the small-scale broadband turbulence. Using a bispectral
analysis*’ which quantifies nonlinear three-wave coupling,
we found that the quasicoherent modes are nonlinearly
coupled to the broadband modes.*! On the other hand,
modes at the Mirnov frequency are neither coupled to the
quasicoherent modes nor the broadband activity in normal
discharges. This means that the relatively low-frequency,
long-wavelength modes localized at major resonant sur-
faces in the edge region are indeed part of the edge turbu-

2494 Phys. Fluids B, Vol. 5, No. 7, July 1993

TABLE III. Edge fluctuation properties commonly observed in the ex-
periments.

Property Implication

non-Boltzmann;
|Ee|/Pﬁ‘eL?6pll/Te

nonadiabatic; resistive dissipation

\nl/n>\T,|/T, not thermally driven; possible y influence
k, p,~107"! simple drift waves have k, p,~O[1]
|7 /n~(kL,) " consistent with mixing length type

of arguments

lence. This result also indicates that radial mode structure
is relevant in modeling the edge turbulence.

B. Commonly observed properties

Despite the vast differences among devices, some tur-
bulence properties are commonly observed in both the
scrape-off region and in the bulk edge plasma just inside
the last-closed flux surface (see Table II and Ref. 7). They
are summarized in Table IIL. The observations are by no
means universal and there are exceptions. For instance, in
the Madison Symmetric Torus*? (MST) reversed-field
pinch the fluctuations were found® not to depart from the
simple Boltzmann relationship; in the tokamak TI1* the
normalized electron temperature fluctuation level is com-
parable or larger than that of the density; TFTR has even
a lower value of k, p,; and the simple density scaling fails
when edge plasma is perturbed by limiter biasing.

According to the simple parallel Ohm’s without the
thermal force term 1/, = —iwd) —V, (§—p./en), edge
fluctuations which do not follow the simple Boltzmann
relationship indicates nonadiabatic behavior, i.e., resistive
dissipation can play a role. When the normalized fluctua-
tion level of electron temperature is smaller than that of the
density, thermal drive is not likely to be the principal driv-
ing mechanism. It also suggests possible influence from
electron thermal conduction along the field lines. In these
experiments (see Table II), k, p, typically is about 0.1.
This is an order of magnitude smaller than that expected
from simple drift wave theories. In a number of cases,
when measurements are available, it is estimated that the
collisionality parameter* (kﬁ ufh/wve~k[2| X /o with
ky =k, A,/Ly) for the edge turbulence is of order unity,
i.e., the modes are semicollisional. This parameter is a mea-
sure of the electron parallel diffusion over one wave period.
When it is comparable to or larger than unity, electron
thermal conduction along the field lines can stabilize mode
growth and lead to saturation. It also implies effects of
radial mode structure in sheared magnetic field. In a very
general sense, we find that the normalized density fluctu-
ation level scales inversely with &k, L,. This appears to
support the argument that if density gradients drive the
turbulence, the drive stops when the density gradient is
locally flattened. Another common feature in these mea-
surement is the proximity to the open field lines. With the
large range of possible linear drive mechanisms (e.g., I,
and curvature), different edge configurations (e.g., di-
vertor and limiter types), and variations in edge conditions
(e.g., Z.5 and level and mix of impurities) represented, it

Tsui et al. 2494



was not possible to associate the general observations with
any one single instability drive. It would seem that the
commonly observed characteristics could be signatures of
the plasma dynamics connected to the nonlinear saturation
process. Further investigation is also needed to determine
if open field line effects are important.

C. Are edge fluctuations purely electrostatic?

Fluctuations observed with Langmuir probes are often
described as electrostatic. This description is useful to dis-
tinguish the transport associated with these fluctuations
from that associated with stochastic magnetic fields. The
electrostatic labeling may be slightly misleading in that the
fluctuations themselves need not be purely “electrostatic,”
i.e., the electromagnetic component may contribute to the
mode dynamics. According to the Ampére’s law and the
parallel Ohm’s law, (7/u) V2 4 =71/, =—V; §—iwd
where 4 is the fluctuating parallel magnetic potential and
the time derivative is replaced by iw, the induced parallel
electric field (ie., iwd) ) is negligible for purely electro-
static modes. In this case, the resistive dissipation is bal-
anced by the parallel gradient of the electrostatic potential.
(The paraliel drive can be extended to include the electron
pressure and the thermal force.) Thus, the electrostatic
limit corresponds to g<1 where the dimensionless param-
eter g is defined as the ratio of the induced electric field to
the resistive drop, i.e.,

|04, /9] pow

Injy | [avi |’
The parameter g, which describes the ratio of a “skin time”
to the mode rotational time, can be estimated using two
approaches. In the fine-scale electrostatic limit, V2 is re-
placed with the measured k] to give an upper bound g;. In
the other, an estimate of the magnetic mode width, taken
to be 3p,, is used to give a lower bound g,. The frequency
w is taken to be the electron diamagnetic drift frequency.
This is deemed appropriate, even though  is much re-
duced when diamagnetic effects are included in the linear
theory, because there are y| effects and turbulence broad-
ening. The estimates of the upper bound g, (solid symbols)
and lower bound g, (open symbols) are plotted in Fig. 4.
This figure shows the radial behavior for data obtained in
TEXT (with an error bar denoting the standard error of
the mean) as well as estimates near the plasma edge for
some other devices. The values of g in the scrape-off layer
are generally much less than unity indicating that the fluc-
tuations can be described as “electrostatic.” Inside the last-
closed flux surface, the indication from TEXT data as well
as from other machines including ZT-40M, Phaedrus-T,
and TFTR is that the electromagnetic contribution is not
negligible. For the pinch ZT-40M, the results are not un-
expected because of the high level of magnetic activity ob-
served.

(2)

IV. FLUCTUATION-DRIVEN TRANSPORT

The role of fluctuations in edge transport can be as-
sessed by comparing the fluctuation-driven fluxes with

2495 Phys. Fluids B, Vol. 5, No. 7, July 1993
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FIG. 4. Profiles of the parameter g in TEXT and estimates near the
plasma edge in some other devices. Solid symbols represent the upper
bound g; and open symbols the lower bound g;. Fluctuations can be

regarded as “electrostatic” when g<1. Error bar shown is the standard
error of the mean.

those estimated from equilibrium measurements using a
simple scrape-off layer model.*® It is important to recog-
nize that significant asymmetries exist in the scrape off
Jayer,*® so that such comparison cannot be exact and at
best reflects local rather than global balance.

When the local source of particles can be ignored, bal-
ancing the parallel loss to the limiter with the radial vari-
ation of the outward flux (dI',/dx+ncy/2L, =0) yields
the total radial flux, i.e.,

FSOLzO.SncSﬂ./Lc, (3)

where A"!=L; 1+0.5L;e1 and L. is the characteristic

connection length to a limiter. For this simple estimate to
be meaningful, it is necessary to check the validity of cer-
tain assumptions such as the exponential falloff of equilib-
rium density and temperature profiles, small scale length A
relative to the scrape-off layer width, and ignorable local
source. Figure 5 shows a comparison between the mea-
sured electrostatic turbulence-driven particle flux I';z and
the total radial flux T'gyy derived from Eq. (3) simulta-
neously at the same location. Within the typical experi-
mental variations, they agree reasonably well over a fairly
wide range. There are exceptions. For instance, the data
from a discharge with typical edge g value (=3.5) in
Tokapole*’ follow the trend. Yet, data from a discharge
with low edge g value (=1.4) behave quite differently. In
the lower edge g case, both the assumptions of exponential
falloff profile and small A are not well satisfied and there is
high level of magnetic activity. Nevertheless, the large de-
parture of this data from the trend is not fully understood.
The conclusion from this comparison is that generally the
fluctuation-driven particle flux can explain the density be-
havior in the scrape-off layer.

When the local source of particles as well as the local
source and sink of electron energy can be ignored, the
balance of the radial energy flow to the parallel energy loss
to the limiter is
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FIG. 5. A comparison between the turbulence-driven particle flux (T';z)
from density and perpendicular electric field correlation measurement and
the estimates of total radial flux (I'sg;) from equilibrium parameters in
the scrape-off layer.

50T .y dq; v neT.
20x Tox~ 2L, ' (4)

where the first and second term on the right-hand side of
Eq. (4) are the radial connective and conductive energy
flux, respectively, and ¥ is the electron parallel energy
transmission coefficient. From the above equation, the ra-
tio of energy conduction to energy convection { can be
related to the electron temperature and density scale
lengths:

s (Lp/L)+}

=zyy —————1L 5
TSN LrsLo+h )

Using a typical value of | =5, the above expression gives
{=04 when Lr/L, = 2 and {=0 when Ly /L, = 1/2.
Measurements of the fluctuation-driven energy fiux indi-
cate that in tokamaks the conductive energy flux is typi-
cally 20% to 40% of the connective energy flux ({=0.2-
0.4) while in pinches magnetic turbulence explains energy
transport with electrostatic turbulence explaining particle
transport (i.e., £»1). These results can be tested against
the behavior of electron temperature and density scale
lengths. In Fig. 6, where the electron temperature scale
length is plotted against the density scale length, the two
straight lines correspond to no conductive energy flux
(£=0) with conductive energy flux being 40% of connec-
tive energy flux ({§=0.4). Most tokamak data fall in be-
tween these two lines. This means that the scale length
behavior is consistent with the measured energy flux ratio.
For the stellarator ATF and pinches MST and ZT-40M
data, it seems that conduction is large. This is expected for
the pinch data because the high level of magnetic fluctua-
tions can lead to large conductive energy flux. The ATF
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FIG. 6. Behavior of the electron temperature scale lengths (Ly,) versus
the density scale lengths ( L,). Constant ratio of conductive to connective
electron energy flux () corresponds to straight lines as depicted by the
two lines for §=0 and 0.4.

result might be explained by the presence of a stochastic
magnetic field associated with the destruction of the sepa-
ratrix.

V. CONCLUSIONS

A velocity shear layer has been found, in 2 number of
different edge configurations, in the edge plasmas of toka-
maks and stellarators but not of RFP’s. There is sufficient
velocity shear and shear decorrelation in these non-H-
mode shear layers to investigate their role on turbulence
and transport. The necessity and means to categorizing
edge fluctuations are discussed. A comparison of the fluc-
tuations over a wide range of parameters reveals some ge-
neric properties of the turbulence. The typical amplitude
ordering of e|@,|/T,>|n|/n>|T,.|/T, indicates that
thermal drive is not likely the principal mechanism to sus-
tain these non-Boltzmann fluctuations. It is found that
electron parallel thermal conduction can play a role in the
saturation process and that radial mode structure and the
electromagnetic component of the fluctuations are both rel-
evant to the turbulence dynamics. Further study is needed
to determine if open field-line effects are important. Tur-
bulence is pertinent to edge transport: electrostatic turbu-
lence can explain the particle transport in all three device
types and the thermal transport in tokamaks.

This study addresses only some of the elementary is-
sues of edge turbulence and transport. Many other remain
to be resolved; for instance, the effect of asymmetries,
plasma flow, and open field lines. The use of controlled
perturbation can help reveal the properties and the origin
of the turbulence. It is expected that the application of
higher-order fluctuation analysis (e.g., bispectral analysis)
can provide more insight into the dynamics. In addition to
the collection of data presented here, a wealth of edge tur-
bulence measurements on many other devices exists. A
consolidation of these measurements could be used to val-
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idate (or otherwise) various proposed driving mechanisms
for the observed turbulence and tranpsort, and to provide
empirical scaling laws for parameters useful in machine
design.
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