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Statistical analysis of the turbulent Reynolds stress and its link
to the shear flow generation in a cylindrical laboratory plasma device
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The statistical properties of the turbulent Reynolds stress arising from collisional drift turbulence in
a magnetized plasma column are studied and a physical picture of turbulent driven shear flow
generation is discussed. The Reynolds stress peaks near the maximal density gradient region, and is
governed by the turbulence amplitude and cross-phase between the turbulent radial and azimuthal
velocity fields. The amplitude probability distribution function (PDF) of the turbulent Reynolds
stress is non-Gaussian and positively skewed at the density gradient maximum. The turbulent
ion-saturation (Isat) current PDF shows that the region where the bursty Isat events are born
coincides with the positively skewed non-Gaussian Reynolds stress PDF, which suggests that the
bursts of particle transport appear to be associated with bursts of momentum transport as well. At
the shear layer the density fluctuation radial correlation length has a strong minimum
(~4-6 mm~0.5C,/Q;, where Ci is the ion acoustic speed and () ; is the ion gyrofrequency), while
the azimuthal turbulence correlation length is nearly constant across the shear layer. The results link
the behavior of the Reynolds stress, its statistical properties, generation of bursty radially going

azimuthal momentum transport events, and the formation of the large-scale shear layer.
© 2008 American Institute of Physics. [DOI: 10.1063/1.2985836]

I. INTRODUCTION

In magnetic confinement fusion devices the anomalous
transport across the magnetic field is thought to be caused by
plasma turbulence. The two fundamental instabilities are
thought to be the interchange instability and the drift wave
instability.]’2 Theory suggests for a given background pres-
sure gradient, the turbulence saturation occurs via the forma-
tion of a large-scale shear flow that is generated by the tur-
bulence Reynolds stress (radial transport of azimuthal
momentum) which mediates the nonlinear transfer of turbu-
lent momentum and kinetic energy into the larger scaled
shear flow. The shear flows can also mitigate turbulence by
tearing apart turbulent eddies, resulting in the formation of a
self-regulating complex system.3 Many experimental studies
in tokamaks have provided evidence of the existence of shear
flow during the transition from L mode to H mode,* ¢ as well
as in stationary discharges.7 In recent experiments carried out
on the Controlled Shear Decorrelation eXperiment (CSDX)
linear device, a radially sheared azimuthal flow has been
demonstrated to be sustained by the Reynolds stress against
ion-neutral collisional and viscous damping through the
analysis of momentum balance, providing a direct experi-
mental test of the theory of drift-turbulence/shear flow
interaction.®’

In all the theoretical and experimental studies of
turbulence/shear flow interactions the Reynolds stress plays
an important role. However, in the existing publications, only
the measured mean Reynolds stress profile and its link with
the large-scale shear flow have been examined;6’10_12 to date
there has been no study of how the turbulent statistical prop-
erties (e.g., turbulence amplitudes, cross-phases, cross-
coherency) lead to the development of the detailed Reynolds
stress profile associated with the shear flow. Furthermore, no
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detailed experimental study of the link between the turbulent
Reynolds stress, background shear flow, and formation of
bursty transport events has been carried out. In large-scale
fusion devices direct measurement of the Reynolds stress
with Langmuir probe is difficult because of the high plasma
density and electron temperature. Laboratory-scale plasmas,
in contrast, provide an opportunity to provide such detailed
results.

This paper provides such a detailed study of the statisti-
cal properties of the turbulent Reynolds stress in a
laboratory-scale plasma device and uses these results to build
a physical picture of shear flow generation from turbulent
momentum transport that is consistent with experimental ob-
servations. The results show that the cross-phase between
turbulent radial and azimuthal velocity fields plays an impor-
tant role in determining the divergence of the turbulent Rey-
nolds stress, which drives or reinforces shear flow between
the density gradient maximum and the peak shear layer (we
denote this region as the negative viscosity region, since the
turbulent shear stress is acting to reinforce the shear flow); at
other radial locations the Reynolds stress dissipates shear
flow. Bursts of outward-going positive density fluctuations
are born at or near the density gradient maximum, and carry
positive azimuthal momentum, resulting in a positive Rey-
nolds stress in this region. As the fluctuations move outwards
from the maximum density gradient and towards the shear
layer their amplitudes decrease, resulting in a gradual de-
crease in the positive Reynolds stress, which then results in a
negative stress divergence that reinforces the shear flow.
These results indicate that a system of radially propagating
turbulent structures which are immersed within a background
seed shear flow naturally form a Reynolds stress profile that
then acts to reinforce the shear flow.

© 2008 American Institute of Physics
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We have also examined the role that the collisional ion-
ion viscosity plays in determining the time-averaged azi-
muthal flow profile. Collisional viscosity acts to transfer azi-
muthal flow from the shear layer located at the periphery of
the plasma column into the central plasma region. If this
viscosity is strong enough then it will give (nearly) solid
body azimuthal rotation near the plasma axis resulting in the
formation of plasma rotation in the central region away from
the shear layer. The similarities of these results with obser-
vations in tokamak devices are pointed out, suggesting that
the observations may be a universal signature of turbulent-
driven shear flows interacting with bursty transport events,
and may also be related to recent reports of links between
edge plasma flows and so-called “intrinsic rotation” in the
core of tokamak plasmas.

The rest of the paper is organized as follows: In Sec. II
we briefly describe our experimental setup. In Sec. III, we
present our probe measurements of turbulent Reynolds
stress, while in Sec. IV we show the statistical properties of
the Reynolds stress. In Sec. V we compare with intermittent
density fluctuations, following it are the Sec. VI discussions,
and lastly in Sec. VII we review and summarize our results.

Il. EXPERIMENTAL SETUP

The experiments presented here are carried out on a lin-
ear machine CSDX plasma device. This device is operated
with a 13.56 MHz, 1500 W RF helicon wave source via an
antenna surrounding a 10 cm diameter glass bell jar. A
matching circuit is adjusted such that less than 30 W of
power is reflected. The device has an overall length of 2.8 m
and a diameter of 0.2 m. Both source and vacuum chamber
are surrounded by a set of disk-shaped electromagnet coils,
providing a solenoidal magnetic field that can be varied
from O up to 1 kG. The typical working gas pressure is
P=3 mTorr and a 1000 1/s turbopump is located down-
stream from the source. The typical peak plasma density is
~10" m=3, electron temperature is ~3 eV, the ion tempera-
ture is ~0.5-0.7 eV, and the neutral gas temperature is
=<0.4 eV. All of the magnetic field lines exiting the two ends
of the device terminate on insulating surfaces to eliminate
the possibility of currents flowing through the end plates of
the device. Thus, any axial currents due to drift waves must
be balanced by cross-field currents carried by ion polariza-
tion drifts (which are equivalent to the turbulent Reynolds
stress'”). A more detailed description of the machine can be
found in the literature.'*"

Measurements of mean plasma profiles, the fluctuating
density, potential, and electric fields along with the resulting
turbulent Reynolds stress are made by an 18-tip Langmuir
probe inserted radially in a port located 1.7 m downstream
from the source. Same quantities are also measured in the
upstream port located 1 m from the source, which show the
same results indicating that axial gradients are weak and thus
the dynamics are quasi-two-dimensional. The 18 tips are ar-
ranged as two 3 X 3 arrays, which are shifted with respect to
each other along the B field direction by 1.5 mm. One 3
X 3 array measures floating potential and another one mea-
sures ion-saturation (Isat) current, biased by =25 V. Each tip
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FIG. 1. (a, b) Schematic of the multi-tip (18-tip) probe array.

is 0.33 mm in diameter and 1 mm in length. Each tip is in a
single ceramic tube with diameter only 1.2 mm. Figures 1(a)
and 1(b) show the schematic of the probe array. The arrange-
ments of the probe tips allow the calculation of radial and
azimuthal electric fields at the same position (¢4 and ¢, are
used to calculate Ey ¢g and ¢, are used to calculate E,),
which thus give the Reynolds stress assuming that the
plasma particles execute EX B drifts. Such arrangements
also ensure that when calculating the cross-phase between
the radial and the azimuthal velocity fields, there is no spu-
rious phase shifts. The probe is manually moved in the radial
direction in 2 mm increments to get a radial profile of the
measuring quantities. A digitizer with 96 channels sampling
at 500 kHz is used to record the data. The resulting Nyquist
frequency is 250 kHz, well above the fluctuation frequency.
Samples are obtained for a duration of 2 s at each radial
location, allowing for low-variance estimation of the
fluctuation statistics. The measured data are filtered by a
5-250 kHz band-pass filter before being used in the
analysis.

A Phantom v.7 fast-framing camera is placed at the end
of the machine to capture the motion of the plasma visible
light emission. The frame rate used here is 100 000/s with
64 X 64 image resolution, and a Pentax 50 mm f/1.4 lens is
used in the experiments. Some statistical properties of the
turbulent fluctuations can be obtained from the imaging. The
Langmuir probe is out of the plasma when recording images.

lll. RADIAL PROFILES OF EQUILIBRIUM
AND FLUCTUATING QUANTITIES

The fluctuation frequencies are well below the ion cyclo-
tron frequency (w/{,;~0.03-0.3), and the ion-ion collision
frequency is marginally below the ion cyclotron frequency
(V;;/1Q,;~0.3-1.0). Thus, it is reasonable to assume that
the convecting velocity fluctuations are given by E X B drift,
where the electric field is due to the electrostatic perturbation
of the drift turbulence. The radial and azimuthal electric
field fluctuations are computed by OJE,=—Ad¢p/Ax, and
OEy=—Ab¢p/Axy, where Ax,=0.5 cm, Ax,=0.3 cm, and J¢
is the fluctuating floating potential. Here we assume the elec-
tron temperature fluctuation is negligible. Therefore, from
the relation ¢,= ¢+ )(Te,16 where ¢, is plasma potential, ¢ is
floating potential, and 7, is electron temperature, fluctuating
plasma potential is approximately equal to the fluctuating
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FIG. 2. (Color online) Radial profiles of relevant equilibrium quantities: (a)
Time-averaged density profile (black solid line) and RMS amplitudes of
density fluctuations (solid red line). (b) Time-averaged turbulent radial par-
ticle flux. (c) Time-averaged turbulent Reynolds stress. (d) Model of the
ion-ion viscosity profile estimated from measured plasma density and line-
averaged ion temperature. (e) Mean azimuthal velocity profiles measured by
the two-point technique (“*”) and predicted by turbulent ion momentum
balance (red solid line). In all figures the dot-dashed line is the position of
the density gradient maximum. Shadow region indicates the shear layer
location.

floating potential, o¢,~ d¢. We assume the plasma fluid
flow is dominated by the E X B drift; thus, the turbulent Rey-
nolds stress is obtained by v,dv = OE,.OF 4/ Bé.

Figures 2(a) and 2(b) show the radial profile of time-
averaged plasma density and the amplitude of the density
fluctuations, as well as the radial particle flux for the plasma
condition B,=1 kG and gas pressure P=4 mTorr. As can be
seen the fluctuation amplitude peaks near the region of maxi-
mal density gradient; i.e., r~3.1 cm. (This position is shown
by the dot-dashed line on all the radial profiles in this paper.)
Previous work has shown these fluctuations are collisional
drift waves.'> Measurements of the mean azimuthal plasma
velocity using the two-point estimation technique, along with
the momentum balance analysis,8 using the model of the ion-
ion viscosity profile shown in Fig. 2(d) are also shown in
Fig. 2(e). The results show that the plasma exhibits roughly
solid body rotation for r<3.5 cm, while for the region
r>4 cm the azimuthal velocity is inversely proportional
to the radius. A radial shear layer of the azimuthal velocity
then exists at the interface region located between 3.5 cm
<r<4 cm, which is shown by the shadow region on all the
radial profiles in this paper. In previous work we have shown
that this shear layer is consistent with the experimentally
observed turbulent Reynolds stress for reasonable estimates
of the collisional ion-ion ViSCOSity.8’9 The effects of different
ion-ion viscosity profiles are also examined here, and are
discussed in Sec. VL.
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Figure 2(c) shows the radial profile of the time-averaged
Reynolds stress (8v,0v). In this paper we use an averaging
timescale of 0.45 ms, which corresponds to the timescale
needed for the plasma at r=3.6 cm to rotate once in the
azimuthal direction (and thus this timescale provides an ef-
fective average over all fluctuations with azimuthal mode
number m > 0). Because CSDX operates in a steady state we
record several 10% plasma rotation periods resulting in small
statistical variance (which is within the thickness of the lines
for these results). In this figure the (Sv,dv,) profile peaks at
r~3.3 cm, while at r<<2.8 cm and r>3.8 cm, the Reynolds
stress becomes negative. Earlier results show that the diver-
gence of the Reynolds stress (which then indicates either the
concentration or diffusion of angular momentum) is balanced
by the dissipation proﬁle.g’9 We notice that the relative shape
of the Reynolds stress profile shown in Fig. 2(c) is very
similar to our earlier results,g’9 but that the amplitude of the
turbulent Reynolds stress is 2—3 times larger than that shown
previously. The origins of this discrepancy are not com-
pletely understood, but might be due to the use of a Lang-
muir probe array in the older work which possibly had more
shadowing effects between the probe tips since the ceramic
block size was larger than the one used in this paper. But we
have not quantified this shadowing effect, so at present, this
discrepancy has not been understood completely. However,
as we have pointed out, the shape of the Reynolds stress
profile is similar.

IV. STATISTICAL PROPERTIES OF REYNOLDS
STRESS

In this paper, we are interested in the origin of the shape
of the turbulent Reynolds stress profile, since it is this shape
that enters most critically into the turbulent momentum con-
servation equation. We therefore use different statistical
analyses tools to investigate the statistical properties of the
turbulent Reynolds stress, including calculation of the power
spectrum, cross-phase, and cross-coherence between the two
fluctuating velocity components, as well as the PDF of the
velocities.

The time-averaged Reynolds stress (v ,(t) Sv4(t)) can be
computed in frequency space as'’

(v (1)dve(1)) = Csy 5, (T=0)

+00
= f Sﬁvrﬁvg(f)eiZWdeﬂ =0> (1)

—00

where C is the cross-covariance between dv,(r) and dv (1), 7
is the time lag, and S&,r,gvﬂ(f) is cross-spectrum between
6v,(1) and dv (7). Since the co-spectrum [Re S5, 5,,(f)] is an
even function of f and the quad-spectrum [Im S, 5, (f)] is
an odd function of f, Eq. (1) becomes

(dv,(1) V(1)) =2 f Re[Ss & ,()]df (2)
0

and we arrive at
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FIG. 3. (Color online) (a) Absolute magnitude of the power spectrum of the turbulent Reynolds stress (log;). (b) Cross-phase between radial and azimuthal
turbulent velocity fields @, 5, (c) Squared cross-coherence between radial and azimuthal turbulent velocity fields y3, S,

(S0, (t)Bv (1)) = f”" T(f)df, where
0

T(f) =2¥s 0, €08 a&vrﬁve\/sﬁvrﬁvr(f) \//S(Sveﬁvg(.f)' 3)

This representation allows us to determine how the cross-
spectrum S, &,H(f), cross-phase ay, 5, defined as
r r

ImS$ ov,.6v g(f)
ReS&v,&U B(f) '

and the cross-coherence 7, P defined as
.

a&,r% = arctan |:

\/ S 60,50, (NI
y = 9
2 Sﬁvr&)r(f)s&) pray e(f)

contribute to the total Reynolds stress.

The absolute magnitude of the frequency-resolved
power spectrum Pg)(f) of the turbulent Reynolds stress
R(1)=6v,(t)Sv4(t) at 1 kG is shown in Fig. 3(a). The stron-
gest power featured at 15-23 kHz is located at approxi-
mately r~3.3 cm, which is close to the region of density
gradient maximum. Using our previously published azi-
muthal wavenumber spectra,15 these frequencies correspond
to azimuthal wave numbers in the range of 2—-3 cm™!, which
correspond to an azimuthal mode number m=5-10. Thus,
the Reynolds stress is driven by fluctuations with spatial
scales that are significantly smaller than the plasma column
radial scale. Most power of the turbulent Reynolds stress is
concentrated in the region from r~2 cm to r~5 cm with
broadband frequency properties. Outside this region the
power drops off rapidly. Figures 3(b) and 3(c) show the ra-
dial and frequency resolved cross-phase s bv, between
dv,(t) and Sv (1) and the squared cross-coherence 50,50, In
both figures we see significant variations in a region from
r~3.0cm to r~3.8 cm, with cross-phase first changing
from —a to O then to 7 (or equivalently —r), and the coher-
ence changing from 0.8 to 0 then back to 0.5. [The sign here
is such that a positive cross-phase means dv () leads v 4(z)

in time.] This region is the same as where the shear flow is
located. It is also interesting to note that the innermost loca-
tion of this phase change coincides with the mean density
gradient maximum location and, as shown below, coincides
with the birth location of outward-going positive density
events. The power-weighted averages over frequency of
these two quantities defined as

< faﬁvrﬁvg(f)|sﬁvrﬁvg(f)|df
o =
il IS 50 50, (ldf
and
f')/%svr&; e|S§v,5u g(f) |df
<’y2§vr5ub.> = f|Sé‘vr&u9(f)|df

are shown in Figs. 4(a) and 4(b). It is clear that at
r~3.4 cm the cross-phase goes to 0, while the coherence
drops down to 0.2. The fact that the cross-coherence nearly
vanishes at the shear location indicates that there is only a

41 (o) :
> 2f
g Of
3 2} ‘

-4t

1.0 (®) ;

0.8¢ i
& 0.6§
S 0.4}
0.2F
0.0t
o 1 2 3 4 5

r (cm)

FIG. 4. (a) Power-weighted average cross-phase (as, 5,). (b) Power-
weighted average squared cross-coherence <y2,5v 5”()'
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FIG. 5. (Color online) Experimentally measured time-averaged turbulent
Reynolds stress (plus sign). Calculation including all factors of power spec-
trum, cross-phase and cross-coherence (black solid line), calculation with
both cross-phase and cross-coherence excluded (purple solid line), calcula-
tion with cross-phase only excluded (blue solid line), and calculation with
cross-coherence only excluded (red solid line).

weak statistical correlation between the two fluctuation ve-
locity components at this position. As a result, the cross-
phase between the two velocity components must vary
nearly randomly in the interval [—a, 7] at the shear layer
location from one ensemble to the next, as might be expected
for two randomly phased signals. When averaged over many
statistical ensembles, the cross-phase then averages to a
small value at the point where the cross-coherency vanishes.

Figure 5 shows the comparisons between the time-
averaged Reynolds stress directly measured in experiments
and from the above computations, in which the black solid
line includes all the factors of power-spectrum, cross-phase,
and cross-coherence, and the blue, red, and purple solid lines
exclude the cross-phase, cross-coherence, and both, respec-
tively. It is found that when the cross-phase is excluded, the
profile differs significantly from the experimental measure-
ments, which are represented by the “+” symbol. However,
when the cross-coherence only is excluded, the profile agrees
strikingly well with direct measurements. This shows that the
cross-phase provides the dominant contribution to the shape
and magnitude of the Reynolds stress. The radial and fre-
quency resolved cosine of the cross-phase is evaluated, as
well as the power-weighted average cosine of cross-phase,
which is shown in Figs. 6(a) and 6(b). The cosine of the
cross-phase changes sign at r~2.8 cm and r~3.8 cm,
which is the same as where the time-averaged Reynolds
stress changes sign. This result indicates again that the cross-
phase determines the shape of the time-averaged Reynolds
stress.

These fast Fourier transform-based analyses provide a
time-averaged view of the turbulence. To obtain insight into
the dynamics of the turbulence, we now look at the PDF and
the skewness (i.e., the third moment of the PDF) of the tur-
bulent Reynolds stress. Figure 7(a) shows the turbulent
Reynolds stress PDF at three different radial locations. At
r~?2 cm, which is inside of the shear layer and density gra-
dient maximum, the PDF shows a significant negative skew-
ness [see also Fig. 7(b)] indicating that on average the Rey-
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FIG. 6. (Color online) (a) Radial and frequency resolved cos(as, 5,,), and
(b) power-weighted average (cos(a&,’&ug)).

nolds stress is composed of either outward-going transport of
negative azimuthal velocity events, or of inward-going posi-
tive azimuthal velocity events. At r~2.8 cm the PDF is
close to symmetric, indicating no preferential transport of
azimuthal momentum. At r~ 3.4 cm, which is between the
density gradient maximum and shear layer, the Reynolds
stress PDF has a large (>1) positive skewness indicative of
intermittent or bursty momentum transport events which are
characterized by outward-going positive turbulent azimuthal
velocities. Figure 7(b) shows the radial profile of the skew-
ness of the turbulent Reynolds stress. A comparison of Fig.
7(b) with Fig. 6(b) shows that the location where the skew-
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FIG. 7. (a) Turbulent Reynolds stress PDF at three radial locations (normal-
ized by standard deviation), and (b) radial profile of the skewness of the
turbulent Reynolds stress ov,6v .
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FIG. 8. (Color online) Joint PDF of radial and azimuthal velocity fields at three radial locations (log,). Normalization is standard deviation.

ness of the turbulent Reynolds stress is significantly positive
(i.e., where outward-going bursts of positive plasma flow
occur) is linked to the variation of the cosine of the cross-
phase between the radial and azimuthal turbulent velocity
fields. This is borne out by an examination of the joint PDF
of the turbulent velocity fluctuations seen in Fig. 8. At
r~2 cm and r~4 cm, the PDFs are oriented from the sec-
ond quadrant pointing down towards the fourth quadrant,
consistent with radial velocities that are out of phase with the
azimuthal velocities. At r~3.4 cm, the velocities are in
phase, and thus the joint PDF is oriented along an axis run-
ning from the first quadrant to the third quadrant.

V. RELATIONSHIP BETWEEN INTERMITTENT
DENSITY FLUCTUATIONS AND REYNOLDS STRESS

It has been reported that there is a universal nature to
bursts of outward-going blobs of plasma in the edge of mag-
netic confinement laboratory plasma devices such as
tokamaks'® and stellarators.' These blobs have also been
referred to as intermittent plasma objects in the literature.'®
One simple signature of such events is that the PDF of the
ion-saturation current exhibits strongly non-Gaussian distri-
butions in regions where these events are being generated
and propagating. Several mechanisms of the generation of
these intermittent turbulent structures have been
reported.zo’21 These earlier results, and the behaviors of the
Reynolds stress PDF discussed above, motivate us to exam-
ine the PDF of the ion-saturation current. Here we provide
experimental results which suggest that the behavior of the
turbulent Reynolds stress and the generation of intermittent
density bursts at the region are all related. Such a link may
show the causality, or it is also possible that it may simply
show the modification of the statistical properties of the fluc-
tuations in the vicinity of the shear flow.

Figure 9(a) shows the PDF of ion-saturation current
at three different radial locations: r=2 cm, r=2.8 cm, and
r=3.4 cm. At r=2cm the ion-saturation fluctuation is
skewed negatively, indicating a predominance of negative
going density events, while at r=3.4 cm, the fluctuation is
skewed positively, indicating a predominance of positive go-
ing density events at this location. At r=2.8 cm the distribu-
tion is close to symmetric, indicating that the outward-going

(inward-going) positive (negative) density events are gener-
ated near the maximum density gradient. The Isat PDF be-
havior shown in Fig. 9 is also similar to those observed in the
linear device LAPD** as well as at the edge of tokamak
plasma devices.'® Figure 9(b) shows the radial profile of the
skewness of ion-saturation current fluctuations computed
from the Isat PDF at each radial location. The Isat skewness
changes sign at r~2.7 cm, and reaches a maximum near
r~4 cm, after which it decays at larger radii. This behavior
is consistent with the generation of positive bursts of density
near the density gradient maximum.
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FIG. 9. (a) PDF of the fluctuating ion-saturation current at three radial
locations (normalized by standard deviation), and (b) radial profile of the
skewness of the fluctuating ion-saturation current.
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FIG. 10. (a) Radial turbulence correlation length and (b) azimuthal turbu-
lence correlation length, both estimated from fast-imaging.

We can gain additional insight by examining the radial
and azimuthal turbulence correlation lengths computed from
fast-framing imaging data (Fig. 10). These correlation
lengths are obtained by computing the cross-correlations be-
tween the fluctuating intensity at two radially or azimuthally
separated positions. The cross-correlation function envelope
is then used to find the correlation length, defined as the
location where the envelope is down by a factor of 1/e from
the peak value at zero spatial separation. The light intensity
of the image is somewhat correlated to the density fields, but
also likely is influenced by the electron temperature fluctua-
tions and neutral density. Regardless of this fact, we can still
gain insight into the turbulence dynamics from this analysis.
On the core side of the density gradient maximum the radial
correlation length is larger than the azimuthal correlation
length. Near the shear layer, there is a pronounced dip in the
radial turbulence correlation length which is reduced to a few
millimeters (~3 mm) at the location of maximum flow
shear, while the azimuthal turbulence correlation length is
unchanged (1.5-2 cm). These results, with the Isat PDF
shown above, indicate that the density fluctuations originate
at or near the density gradient maximum and have, on aver-
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age, a radially elongated shape at this location. Near the
shear layer these turbulent fluctuations are elongated in the
azimuthal direction, with an azimuthal correlation length that
is about 3—4 times larger than the radial correlation length.
This behavior is similar to the E X B flow shear decorrelation
process that is thought to occur in the edge of H-mode toka-
mak plasmas.23 Outside the shear layer these perturbations
recover their radially elongated shape, and move on average
away from the shear layer. This is consistent with the obser-
vation of fingerlike blobs near 4—5 cm from imaging in pre-
vious studies.**
The joint PDF of the turbulent radial particle flux and the
Reynolds stress is also investigated, as seen in Fig. 11. At
r~2 cm and r~4 cm, these PDFs are oriented from second
quadrant to the fourth quadrant, and the largest probabilities
lie in the second quadrant, indicating that the momentum
transport is associated with outward-going particle flux car-
rying a deficit of azimuthal momentum (i.e., a negative mo-
mentum fluctuation), which is consistent with negative skew-
ness of the turbulent Reynolds stress at those locations. At
r~3.4 cm, the joint PDF is oriented from the first quadrant
to the third quadrant, with the largest probability lying in the
first quadrant. This suggests that near the shear layer the
bursty momentum transport is associated with outward-going
particle flux fluctuations carrying an excess of azimuthal mo-
mentum (a positive momentum fluctuation), consistent with
the positive skewness of the turbulent Reynolds stress. An
empirical investigation between the momentum and the par-
ticle transport was reported in the boundary region of fusion
plasmas and suggested the same conclusion.” In the time-
averaged analysis above, the cross-phase was shown to de-
termine the detailed shape of the time-averaged Reynolds
stress profile, which in turn is linked to the time-averaged
velocity shear layer. The Reynolds stress measurements, ion-
saturation current PDF, and the joint PDF between Reynolds
stress and radial particle flux suggest that the turbulent Rey-
nolds stress is associated with radially directed plasma den-
sity events, which also carry azimuthal plasma flow and mo-
mentum. A significant negative radial divergence to such
bursts of angular momentum transport will then lead to the
concentration of azimuthal flow in that region.26
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FIG. 11. (Color online) Joint PDF of radial particle flux and the turbulent Reynolds stress at three radial locations (log,,). Normalization is standard deviation.
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FIG. 12. (Color online) Physical picture of shear flow generation from drift
turbulence.

VI. DISCUSSION

The above results suggest a physical picture of shear
flow generation shown in Fig. 12. The density fluctuations,
due to collisional drift waves, have a peak amplitude at the
largest density gradient region located at r~r, [Fig. 12(a)].
The Isat skewness results show that at or near this region the
outgoing density bursts or blobs are generated and on aver-
age form outward-going positive density excursions, result-
ing in a positive Isat skewness at r,. For r<<ry, these pertur-
bations carry angular momentum with fluctuating radial and
azimuthal velocity fields that are out of phase [Fig. 12(b)],
resulting a velocity PDF, as shown in Fig. 12(c). As a result,
the mean Reynolds stress is negative in the region r<<r;. In
the region r>r,, on average the fluctuations consist of
outward-going positive density events which have a positive
azimuthal velocity increment associated with them. Thus, in
the region r, <r<r, the fluctuating radial and azimuthal ve-
locity fields are in phase resulting in a positive mean Rey-
nolds stress in this region [Fig. 12(b)]. The joint velocity
PDF then has the orientation shown in Fig. 12(c). The loca-
tion of the positive Isat skewness coincides with the positive
turbulent Reynolds stress skewness, suggesting that the
bursts of positive stress are associated with bursts of density,
consistent with the results shown in Fig. 11. The mean Rey-
nolds stress decays for r>r; since the background density
gradient is weaker here and thus the turbulence drive is
weaker. In addition, the Reynolds stress couples energy from
the higher frequency fluctuation scales into the shear flow,
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resulting in a decrease in fluctuation amplitude in this region.
As a result, there is a peak in the turbulent stress located at
r~ r3, which lies between the density gradient maximum and
the shear layer located at r,. The divergence of the Reynolds
stress thus changes sign across the region from r; to ry. A
negative radial divergence to the momentum flux will act to
amplify a positive azimuthal flow, resulting in the formation
of a positive going flow in the region r;<r<r,; a positive
radial divergence to the momentum flux will drive a negative
mean azimuthal flow, so the plasma rotation could be re-
versed either for r; <r<r; or for r>r,. Evidence for such a
flow reversal at large radius is indeed seen in our data [see
Fig 2(e)]. However, we expect that the collisional ion-ion
viscosity is largest near r~0 (Refs. 8 and 9) and it will act to
dissipate the shear flow in the central part of the plasma
column, resulting in nearly solid body rotation in this portion
of the plasma. A detailed study of the effect of the ion-ion
viscosity on plasma rotation is discussed below.

Theory predicts that, since the turbulence shear flow in-
teraction conserves energy, the radial correlation length of
the turbulence will decrease,3 as seen in our observations.
The reduction in radial correlation length is most pronounced
where the Reynolds stress changes sign at r,. At this location
there is little or no radial transport of azimuthal momentum
even though there are finite velocity fluctuations. Thus, either
the cosine of the velocity cross-phase and/or cross-coherency
of the two velocity components must vanish at this point.
The link between the PDFs of the Isat, Reynolds stress and
the joint PDF of particle flux and Reynolds stress suggests a
hypothesis where the plasma density fluctuations born near
the maximum density gradient also carry angular momentum
as well, and thus may in fact be two elements of the same
underlying phenomena. Taken together with recent results
from the TORPEX device’” which show that the density
blobs are formed by flow-shear “pinching-off” drift-
interchange fingers of plasma extending from a dense core
region into a lower density scrape-off layer region, these
results point towards a strong link between turbulent gener-
ated shear layer formation, shear layer mediated bursty trans-
port, angular momentum transport, and spontaneous central
plasma column rotation. We are now planning experiments to
test this picture using a combination of probe-based and fast
imaging based diagnostics, and will report the results in fu-
ture publications.

In the initial ion momentum balance analysis presented
in Refs. 8 and 9, we assumed a steplike model of the ion-ion
viscosity ;= p,-zv,-,-ft n77” 2 since we did not measure a radial
profile of T;. Here, we perform an analysis with different w;
profiles to better understand its effect on shear flow genera-
tion. Figure 13(a) is u;; with different radial profiles (steplike
model and Gaussian, consistent with the mean density and
ion temperature decreasing with r, since u;%nT;"?), and (b)
is the mean azimuthal velocity field computed from ion mo-
mentum balance equation with assumed w;; profiles in (a).
The colors in the two figures correspond. The symbols “*”
are the experimental measurements of the azimuthal velocity.
In both figures, the black dashed lines indicate the largest
positive radial divergence to the angular momentum flux and
the red dashed lines indicate the largest negative radial di-
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FIG. 13. (Color online) (a) Assumed ion-ion viscosity profiles and (b) mean
azimuthal velocity from ion momentum balance analysis.

vergence to the angular momentum flux. It shows that when
the ion-ion viscosity is large enough at the location of the
largest positive radial divergence to the momentum flux, the
ion-ion viscosity drag transfers the azimuthal flow at the
shear layer to the central part of the plasma column and
generates nearly solid body rotation inside the shear layer. If
the ion-ion viscosity is small, then the plasma rotation could
be reversed due to the effect of the Reynolds stress. Similar
results are also found in the numerical simulations.” With a
proper radial profile of u;;, the mean azimuthal velocity com-
puted from the momentum balance equation will match the
experimental results, as we have shown in Fig. 2. Further
refinements to this investigation will be carried out in the
future by retaining a more complex form of the viscous
stress tensor which includes the higher-order v;;/Q); terms
neglected here,”” and including the radial variation of the
viscosity coefficient when calculating the divergence of the
stress tensor.

Vil. SUMMARY

In summary, we have directly measured the Reynolds
stress using Langmuir probes in a linear machine and ana-
lyzed the data statistically. We found the cross-phase be-
tween radial and azimuthal velocity fluctuations is the key
factor to determine the shape and the amplitude of the Rey-
nolds stress. The skewness of turbulent Reynolds stress
shows a positive peak at r~3.4 cm, and coincides with posi-
tively skewed Isat events. The observations indicate a link
between the behavior of the Reynolds stress, its cross-phase
and cross-coherence, generation of bursty radially going den-
sity and azimuthal momentum transport events, and the for-
mation of the large-scale shear layer. Ideally one would like
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to see the dynamical coupling between the azimuthal mo-
mentum transport and the particle transport. We are planning
this in our future experiments.
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