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Fluctuation-induced transport and poloidal rotation in the interchangeable 
module stellarator 

P. G. Matthews, D. T. Anderson, F. S. 6. Anderson, J. L. Shohet, and J. N. Talmadge 
Torsatron/Stellarator Laboratory, University of Wisconsin-Madison, Madison, Wisconsin 53 706 

(Received 7 June 1993; accepted 3 August 1993) 

Probe measurements over the two-dimensional plasma cross section of the average and 
fluctuating density, electron temperature, and potential, as well as the Reynolds stress, have been 
made in the Interchangeable Module Stellarator (IMS) [D. T. Anderson, J. A. Derr, and J. L. 
Shohet, IEEE Trans. Plasma Sci. PS-9, 212 ( 1981)]. These measurements were performed at 
two magnetic field strengths, and also when a positively biased electrode induces a poloidal 
plasma flow. The data shows the fluctuation-induced transport to be poloidally asymmetric and 
dependent upon the location of the electron cyclotron resonance position, and upon the 
electrode biasing. The induced poloidal plasma flow changes the nominally outward 
fluctuation-induced particle transport to be inward (negative radial transport) by changing the 
phase relationship of the density and potential oscillations. The amplitude of the density and 
potential fluctuations are, in general, not reduced by the sheared poloidal flow. Calculations are 
presented comparing the computed Reynolds stress induced poloidal plasma flows with the flow 
calculated from momentum balance. 

I. INTRODUCTION 

Neoclassical transport does not adequately predict the 
gross particle and energy confinement observed on present 
toroidal devices, and broadband plasma turbulence has 
been suggested to be the cause of the anomalous 
transport.*‘2 Recent investigations of the effects of electro- 
static plasma fluctuations on the transport processes in to- 
roidal systems have been performed on tokamaks,3-5 
stellarators,6 and reversed-field pinches7 (RFP) . In such 
studies measurements of the local fluctuation-induced 
transport were made at relatively few spatial locations in 
the edge plasma regions. Estimates of the total fluctuation- 
induced particle and energy losses thereby require the as- 
sumption of poloidal and toroidal symmetry. In order to 
investigate the assumption of poloidal symmetry of the 
fluctuations and the fluctuation-induced transport, in this 
work we describe detailed measurements of the fluctuating 
density, plasma potential, electron temperature, the calcu- 
lated electrostatic fluctuation-induced particle transport 
( (&&) ), and Reynolds stress ( (@&) ) over the entire two- 
dimensional plasma cross section. 

Sheared poloidal rotation has been suggested as a 
mechanism to suppress plasma turbulence’ and reduce the 
anomalous transport. Strongly sheared poloidal plasma 
flows are induced in the Interchangeable Module 
Stellarator’ (IMS) by means of a positively biased elec- 
trode placed in the plasma edge, similar to techniques used 
in the Tokamak Experiment for Technically Oriented 
Research” (TEXTOR) and the Continuous Current 
Tokamak” (CCT). The effect of these flows on the trans- 
port is observed to alter the magnitude and direction of the 
radial flux in IMS, but not substantially reduce the fluctu- 
ation levels. 

In addition, IMS exhibits a factor of 2 change in par- 
ticle confinement time, depending upon the location of the 

electron cyclotron heating (ECH) resonance zone. The 
complete two-dimensional fluctuation measurements were 
performed for each of these “good” and “bad” particle 
confinement configurations to determine the role of the 
plasma fluctuations on the particle confinement time. It is 
concluded that the fluctuation-induced transport is the 
dominant particle loss mechanism in the “bad” confine- 
ment configuration, while it is not a significant loss mech- 
anism in the “good” configuration. 

Finally, it has also been suggested that fluctuations in 
the radial and poloidal velocity components can couple to 
generate poloidal flow through the Reynolds stress, and 
that such a mechanism might be involved in the low (L) to 
high (H) mode confinement transition observed in 
tokamaks. l2 The multipoint emissive probe measurements 
used in this study allow the calculation of the simultaneous 
fluctuating electric field components necessary to compute 
the Reynolds stress. The Reynolds stress-driven poloidal 
flow is then estimated from these calculations and mea- 
surements of the poloidal damping time. While it is found 
to be comparable in magnitude to the equilibrium flows in 
nonbiased IMS discharges, the errors associated with this 
measurement, and the absence of an independent measure- 
ment of the poloidal flow, make the existence of the Rey- 
nolds stress-driven flow difficult to determine. 

This paper is organized as follows. In Sec. II we de- 
scribe the experimental apparatus and measurement tech- 
niques used to obtain the plasma parameters and for com- 
putation of the fluctuation-induced transport. In Sec. III 
we describe the impact of the electrode bias, and position- 
ing of the ECH resonance on (a) the steady-state param- 
eters, (b) the observed fluctuation levels, (c) the 
fluctuation-induced particle transport, and (d) the Rey- 
nolds stress-driven poloidal flows. The results for the four 
experimental configurations (two magnetic field strengths, 
both with and without electrode bias) are presented simul- 
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FIG. 1. Langmuir/emissive probe array used for measur ing plasma fluc- 
tuations. 

taneously throughout this work so that their common fea- 
tures, or differences, can be more easily compared. Finally, 
in Sec. IV we provide a summary of the major results. 

II. EXPERIMENTAL SETUP AND ANALYSIS 

IMS is a seven field period, L=3 modular stellarator 
(R=0.4 m, Z=O.O4 m, co=O.O, c,=O.6) with typical ECH 
discharge parameters; &=5-l 1 X 10” cme3, 7’,=4-10 
eV, Ti= l-3 eV, Bo=0.24 and 0.26 T, PECH= 1 kW at 
f=7.275 GHz, and pulse length of 10 msec. Particle con- 
finement times are estimated by measuring the plasma ef- 
flux onto the divertor strike plates.13 Discharges performed 
at the central magnetic field strength of 0.26 T, corre- 
sponding to the ECI-I resonance zone located on the mag- 
netic axis, have a typical particle confinement time of 0.4 
msec, while at Bo=0.24 T, the resonance zone is concen- 
trated on the inboard side of the torus, and the confinement 
time increases to 0.8 msec. Midway through the ECH 
pulse, an electrode placed 1 cm inside the separatrix is 
biased to +80 V, which creates a strong positive radial 
electric field ( l-4 kV/m) and drives a large poloidal rota- 
tion of the edge plasma (5-15 km/set). 

Measurements of the plasma density, plasma potential, 
electron temperature, and fluctuations in these quantities 
were made over the entire cross section of the plasma using 
an array of two Langmuir and four emissive probes, as 
shown in Fig. 1. The emissive probes consist of small tila- 
ment loops ( ~0.6 mm across) of 0.0254 mm diam tung- 
sten wire heated by a direct current into thermal electron 
emission, and are used to measure the plasma potential, 
@p(t) directly. The proper level of emission was deter- 
mined experimentally using the inflection point method,14 
after which the probes are allowed to float, so as to follow 

the potential oscillations within the plasma. The probes are 
separated by ~2 mm, and their spatial arrangement allows 
the local determination of - V@J r,t) in three dimensions. 
The two Langmuir probes were used to measure the 
plasma floating potential, ef( t), and ion saturation cur- 
rent, I=& t). Electron temperature and plasma density 
were then determined using the relations 

T,(t) = 
@p(t) -Q&f(t) L(t) m i 

a  and n(t)=- 
J 

- 
0.8qA T,(r)' (1) 

where a= 1.7 is an experimentally determined constant 
(usual theoretical estimates of a: are ~2-3.3~~*~), q is the 
ionic charge, A is the effective surface area of the probe, 
and m l is the ion mass. The constant a was determined by 
first measuring T, with a swept Langmuir probe and then 
dividing T, into the difference of the average values of 
<pp( f) and Qf( t). Radial profiles of ion temperatures were 
measured using the grided energy analyzer (GEA) 
technique.‘5p*6 For the discharges used in this work, the ion 
temperature profile was found to be flat with a temperature 
of 2.1 f 0.2 eV. 

The physical spacing and size of the probes tips shown 
in Fig. 1 was determined using the following criterion: the 
probes must be large enough to adequately measure the 
parameters of interest, their separation should be large 
enough to ensure that they do not influence each other, and 
their separation must be small enough to fit within the 
correlation distance of the density and potential fluctua- 
tions. The criteria for the probe tip size is that the probe 
radius should be large compared to the electron gyroradius 
(0.023 mm) and Debye length (0.06 mm) and smaller 
than the ion gyroradius (0.8 mm). l7 The two Langmuir 
probes have an effective radius of 0.25 mm. The emissive 
probe’s filament forms a loop ~0.6 mm in diameter, but 
the effective radius was determined to be -0.2 mm by 
biasing an emissive probe into ion saturation and equating 
the measured current to that of the Langmuir probe of 
which the surface area is known. Thus, each of these 
probes satisfy the criteria for probe tip size. 

The fluctuation correlation length was measured by 
calculating the correlation coefficient of the density fluctu- 
ations as a function of the distance between two Langmuir 
probes. The l/e point of the correlation coefficient was 
determined at ~3-4 mm. Thus, the approximate 2 mm 
spacing between probes was used to ensure the probes were 
spaced within this distance, and the orientation of the 
probes was optimized with respect to the magnetic field 
direction to minimize possible shadowing effects. Even 
though the probes were many Debye lengths apart ( =: 15 
Debye lengths at the lowest plasma density) and five out of 
the six probes in the array are floating (drawing almost no 
current from the plasma), experimental studies were per- 
formed to determine if this spacing would cause the probes 
to influence each other. These studies consisted of moni- 
toring the density, plasma potential, and their frequency 
spectra on one or two of the probes in various scenarios of 
electron emission, applied ion-saturation bias, probe pres- 
ence, and probe array orientations within the plasma. In all 
scenarios, the measured parameters, and their fluctuation 
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spectral characteristics, showed no influence from the 
other probes, as the plasma effectively isolated all the probe 
tips. It is important to note that these probe tips are sep- 
arated by 2.4 ion gyroradii, and as a consequence, these 
probes are sampling adjacent plasma volumes (magnetic 
flux tubes), which may result in nonindependent measure- 
ments of density and potential. This condition may influ- 
ence the calculation of the fluctuation-induced transport, 
possibly causing an underestimate of the flux. However, 
the experiments investigating the probe to probe isolation 
indicate that these probes are sampling independent 
plasma volumes. 

The only perturbation caused by the probe array was 
to lower the overall plasma density by -,5%, as measured 
by a microwave interferometer, when the array was in- 
serted far into the plasma, where there is the most obstruc- 
tion caused by the alumina ceramic holders (see Fig. 1). 
This effect on the measured density by the Langmuir probe 
was compensated by normalizing the average density to 
that measured by the interferometer. 

The signals used for the calculation of the fluctuation- 
induced transport and Reynolds stress were selected to 
avoid transients associated with the initial neutral hydro- 
gen gas breakdown, and the poloidal plasma spin-up/spin- 
down phases of the electrode biasing. This selection pro- 
vided two 3.5 msec time slices when the plasma was in 
equilibrium. For statistical purposes, these intervals were 
further subdivided into records ~0.6 msec in length, or 
about 300 samples at a digitization rate of 500 kHz. The 
local radial electrostatic fluctuation-induced particle flux 
was computed using rr= (gFr), where ( ) indicates an 
ensemble average.‘* The fluctuating radial velocity iT,, is 
determined from the fluctuating EXB drift, where E is 
determined from the four emissive probes. The electro- 
static fluctuation-induced transport can be written in spec- 
tral form as’* 

CnmO) 
I?,= (ny,) =B 

2 m 
=- 

s B o 
da k,(~)y,&d 

XWa,b(a) 1 J~n,(w)P44(~), (2) 

where C,,(O) is the cross-correlation function at r=O, 
kJw) is the experimentally measured dispersion relation 
of poloidal potential fluctuations that is obtained by com- 
puting the phase difference between adjacent emissive 
probes and dividing by their poloidal separation, yn4( w ) is 
the amplitude coherence between density and potential, 
a,+(w) is the phase angle between the density and poten- 
tial fluctuations, and Pn,(w) and P44(w) are the amplitude 
spectra of the density and potential fluctuations, respec- 
tively. 

The surface-averaged Reynolds stress-driven poloidal 
flow V, is estimated byI 

a(ica ve=r 7 9 ( ) (3) 

where y is the poloidal damping time, and the parentheses 
( )indicate an average over the magnetic flux surface. The 
poloidal fluctuating velocity i& was determined in the same 
manner as F,.. A poloidal damping time of 20-30 psec was 
determined from the measured decay of the poloidal 
plasma flow after the electrode bias was turned off.” This 
damping time has been shown to be relatively constant in 
the center regions of the IMS plasma due to collisions with 
neutrals and increasing in the edge plasma region, where 
viscosity effects become significant.20 The equilibrium po- 
loidal flow velocity is computed from the momentum bal- 
ance equation, 

where VP, is the radial gradient of the ion pressure, e is the 
electron charge, n is the measured plasma density profile, 
B is the magnetic field strength, and E is the radial electric 
field computed from the measured potential distribution. 
The ion pressure is determined from the measured radial 
density profile and measured ion temperature (2.1 eV) us- 
ing Pi=nkTi, where k is Boltzmann’s constant. The ion 
pressure gradient is then determined from this profile. 

III. OBSERVATIONS AND DISCUSSION 

A. Steady-state parameters 

The radial profiles of plasma density, electron temper- 
ature, and potential for the four experimental configura- 
tions are presented in Figs. 2 and 3. The three profiles in 
Fig. 2 correspond to the on-axis magnetic field strength of 
0.24 T (ECH on inboard side), while the three in Fig. 3 are 
for 0.26 T on axis (central ECH). The impact of the elec- 
trode biasing on these profiles is shown by the dashed lines. 
The standard case (no electrode bias) is shown by the solid 
lines. The radial profiles result from averaging the mea- 
sured parameters found within the poloidal cross section 
that are on the magnetic flux surfaces. The location of 
these surfaces are determined from vacuum flux surface 
mapping using an electron gun and a fluorescent screen.21 
The average radius of the flux surface, normalized to the 
average radius of the separatrix, is used as the abscissa, and 
the profiles were computed using extrapolated magnetic 
flux surfaces beyond the separatrix to examine the first few 
millimeters of the ergodic region. For all profiles, the phys- 
ical position of the biasing electrode is at r/a=0.8. 

The profiles of Figs. 2(a) and 3(a) show that there is 
approximately twice the density at Bo=0.24 T operation 
over that at Bo=0.26 T. The factor of 2 difference in par- 
ticle confinement time is a result of a twofold increase in 
density between the two fields, since the total particle loss 
rate, as measured by the current to the divertor strike 
plates, remains about the same for each field configuration. 
The density obtained at 0.24 T has a less hollow profile 
than at 0.26 T. For both magnetic field strengths, the elec- 
trode biasing causes the peak in the profile to become 
shifted inward in minor radius, and significantly changes 
the edge gradients. For the 0.24 T case, the local density 
increases by z 35% for r/a < 0.6, which is not observed for 
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FIG. 2. Radial profiles of (a) plasma density, (b) electron temperature, 
and (c) plasma potential, at 0.24 T central magnetic field strength, with 
and without electrode biasing. 

0.26 T field operation. The local density is seen to decrease 
in the vicinity of the biased electrode (r/a=0.8). The 
changes in profile shape, as a result of the electrode bias, 
changes the line-average density only minimally over that 
of the nonbiased case (~8.7% increase for 0.24 T and 
=: 2.5% decrease for 0.26 T) . 

The radial profiles of electron temperature are seen, in 
Figs. 2(b) and 3 (b), to be more hollow in the 0.24 T case 
than for 0.26 T. The electrode bias causes a significant 
increase in temperature (50%, or ~3 eV) at the 0.24 T 
field, while less significant alterations occur at the 0.26 T 
field. The same j-80 V electrode bias also affects the 
plasma potential profiles differently for the two magnetic 
fields [Figs. 2(c) and 3(c)]. A higher peak radial electric 
field is generated for the 0.26 T case (3.5 kV/m) than for 
the 0.24 T case ( 1.2 kV/m). In addition, the plasma po- 
tential only reaches a value of $60 V (with respect to the 
vacuum vessel) in the center of the IMS plasma for 0.24 T 
operation, as opposed to +72 V in the 0.26 T case. In 
either case, the radial electric field is dramatically in- 
creased over that in the standard discharges. 

Two examples of the two-dimensional distribution of 
the steady-state plasma parameters are shown in Figs. 4 
and 5 for the plasma density in the 0.24 T, no bias config- 
uration, and the potential in the 0.26 T, +80 V biased 
electrode configuration, respectively. The dashed contours 
on these plots show the location of the magnetic flux sur- 
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FIG. 3. Radial profiles of (a) plasma density, (b) electron temperature, 
and (c) plasma potential, at 0.26 T central magnetic field strength, with 
and without electrode biasing. 

faces. There is a small region in the lower portion of these 
graphs where probe measurements were not possible due to 
access constraints, This region was excluded in the calcu- 
lation of parameter averages on a magnetic flux surface. 

The density contours of Fig. 4 show good alignment 
with the vacuum magnetic flux surfaces, particularly in the 
edge regions of the plasma. The potential contours in the 
biased 0.26 T configuration of Fig. 5 show excellent agree- 
ment with the magnetic flux surface which is typical of the 
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FIG. 4. Contour plot of plasma density in IMS at 0.24 T field operation 
with no electrode bias. 
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FIG. 5. Plasma potential contours with electrode biased to +80 V at 0.26 
T field operation. 

density and electron temperature distributions in the bi- 
ased configuration of both magnetic field strengths. 

B. F luctuation levels 

The normalized fluctuation amplitude levels for 
plasma density, electron temperature, and potential are 
comparable for unbiased plasmas at the two magnetic 
fields, but are affected differently by the application of the 
+ 80 V electrode bias. Figures 6(a) and 7(a) show the 
normalized density fluctuation amplitude averaged over 
the magnetic flux surfaces using the same procedures as for 
Figs. 2 and 3. For both figures, the density fluctuation 
levels are smaller in the interior of the plasma (r/a < 0.6)) 
and significantly increase from this point to the plasma 
edge. These density fluctuation levels are comparable in 
magnitude, and in profile shape, to those seen in other 
devices.6*7’22 The electrode bias causes a 50% increase in 
density fluctuation levels for r/u > 0.5 at the 0.24 T  oper- 
ation while causing a lesser impact at the 0.26 T  field. 

The normalized electron temperature fluctuation levels 
[Figs. 6(b) and 7 (b) ] are smaller than the observed density 
fluctuation levels, but show the same trend of increasing 
toward the plasma edge. A 140% increase in temperature 
fluctuation occurs at r/a~O.8 when the electrode is biased 
in the 0.26 T  field, in contrast to the decrease seen through- 
out the minor radius for the 0.24 T  case. The magnitude of 
the temperature fluctuations in IMS are somewhat less 
than the 0.25 levels reported in the Madison Symmetric 
Torus (MST) RFP edge plasma,7 where temperature os- 
cillations were very important in the calculation of the 
associated electrostatic fluctuation-induced transport. The 
electron temperature fluctuations are included in the IMS 
calculation of the fluctuation-induced transport by includ- 
ing the instantaneous measurement of r,(t) in the calcu- 
lation of the plasma density as given in IQ. ( 1) . 

The plasma potential fluctuation levels (normalized to 
the local steady-state value of electron temperature) are 
shown in Figs. 6(c) and 7(c). These levels are similar in 
magnitude as those for the electron temperature. There is a 
common trend in all the radial profiles of Figs. 6 and 7, in 
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FIG. 6. Normalized fluctuation ampli tude profiles for (a) plasma den-  
sity, (b) electron temperature, and  (c) p lasma potential, at 0.24 T field 
operation, with and  without electrode biasing. 

that the fluctuation amplitudes begin to rise at a particular 
minor radius for each of the four experimental configura- 
tions. Many instabilities thought to be connected with 
plasma fluctuations are driven by gradients in the density 
and temperature, and in the pressure. The radial electron 
pressure profiles of Fig. 8 (a) indicate a change in sign of 
the pressure gradient at r/a~O.65, for the standard case, 
and r/a~O.45 for the biased electrode case. These points 
correlate well with the radial position, where the fluctua- 
tion levels begin to increase in the standard and biased 
configurations, respectively. Similar agreement is found for 
the radial position of the sign change in the pressure gra- 
dient in the 0.26 T  field case [Fig. 8(b)], with the corre- 
sponding increases in fluctuation levels. Gradients in the 
surface-average value of the magnetic field must also be 
considered because certain instabilities may be stabilized 
by “favorable” curvature, VB * VP< 0’. The nominal IMS 
magnetic topology used for these experiments has a mag- 
netic “hill” configuration throughout the entire minor ra- 
dius. Thus, positive radial pressure gradients, found in the 
hollow section of IMS pressure profiles, attain “favorable” 
curvature, while the negative edge pressure gradients result 
in “unfavorable” curvature. These regions of favorable and 
unfavorable curvature, correlate well with the regions of 
low, and increasing fluctuation levels, respectively. 
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FIG. 11. Surface plot of radial fluctuation-induced transport in IMS for 
0.24 T field, + 80 V electrode bias. 

sponding to where the density fluctuations were seen to be 
small [Figs. 6(a) and 7(a)]. Beyond this region, there are 
areas where the radial transport is negative, or inward, 
located at r/uzO.5 on the inside midplane in the 0.26 T 
configuration. Beyond r/a z 0.5, the transport increases 
dramatically, which is consistent with the observed in- 
crease in the density, temperature, and potential fluctua- 
tion amplitudes at this radius. 

The impact of electrode biasing on the radial 
fiuctuation-induced transport is shown in Figs. 11 and 12. 
It can be seen from the figures that, compared to Figs. 9 
and 10, the regions where the fluctuation-induced particle 

FIG. 12. Surface plot of radial fluctuation-induced transport in IMS for 
0.26 T field, + 80 V electrode bias. 
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FIG. 13. Radial profiles of (a) average radial fluctuation-induced trans- 
port, and (b) poloidal rotation velocity at a 0.24 T field, with and without 
electrode biasing. 

flux is negative have increased considerably due to the elec- 
trode biasing. Again, there are major poloidal asymmetries 
associated with the particle flux that do not correlate well 
with any asymmetries seen in the steady-state distributions 
of plasma density and potential. The largest asymmetries in 
the radial flux are located in the region r/a > 0.5, where 
there are large edge density and pressure gradients. The 
potential and density contours in this same radial region 
show the steady-state parameters are relatively uniform on 
the magnetic surfaces. 

The net effect of the electrode biasing on the radial 
fluctuation-induced transport is evident in the surface- 
averaged particle flux profiles shown in Figs. 13(a) and 
14(a). In each case, the particle flux has changed from 
mostly outward to mostly inward (negative flux) by the 
electrode biasing. An additional feature of the unbiased 
configuration profiles is that the peak in the outward trans- 
port for the 0.24 T field occurs at r/u ~0.8, while the trans- 
port in the 0.26 T field peaks out at the separatrix. This 
feature is inconsistent with the trend exhibited in the 0.26 
T field, where the transport increases with increasing den- 
sity fluctuation amplitude levels [Figs. 6(a) and 7(a)]. 
There is also a strong correlation between this inward flux 
and the induced poloidal rotation velocity, in that the max- 
imum inward flux occurs at the peak of the rotation shown 
in Figs. 13 (b) and 14(b) (dashed lines), where the in- 
duced poloidal rotation is in the ion diamagnetic drift di- 
rection. 

Figures 13 (a) and 14(a) also show that the level of the 
fluctuation transport for the nonbiased, 0.26 T field is 
much higher than when the resonance is placed on the 
inboard side of the torus. The total particle loss rate due to 
fluctuation-induced transport is computed by integrating 
the measured flux over the surface area of the plasma at the 
separatrix, 
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where 4 and 0 are the toroidal and poloidal angles, respec- 
tively, I’(0) is the measured particle flux at the separatrix 
obtained from Figs. 9 and 10, r(O) is the minor Fadius of 
the separatrix measured from the magnetic axis of IMS, 
and R. is the major radius of the magnetic axis (0.388 m). 
This estimation assumes that there is toroidal symmetry 
for the observed particle flux, since the measured 
fluctuation-induced particle flux is a function of poloidal 
angle on the separatrix at one toroidal location. These 
losses can be compared to the total particle losses as mea- 
sured by the IMS divertor strike plates, and show that 
when the particle confinement is better (0.24 T) the fluc- 
tuation transport accounts for z 10% of the total particle 
losses, while accounting for 87% of the losses for the 0.26 
T  field. This indicates that the increase in electrostatic 
fluctuation-induced transport is a major factor for the de- 
creased particle confinement of the 0.26 T  field configura- 
tion. 

FIG. 15. Radial profiles of (a) average coherence,  (b) phase angle rela- 
t ionship and  (c) k(o), for p lasma density and  potential fluctuations, 
showing the effects of electrode biasing at 0.24 T magnetic field operation. 

The plasma density and potential fluctuation ampli- 
tudes of Figs. 6 and 7 are a measure of the components 
P,Jo) and P++(w). The density fluctuation levels are seen 
to increase with the induced poloidal rotation, and the 
potential fluctuation amplitudes are still significant in the 
strong poloidal flow region. The radial profiles of the 
surfaced-averaged coherency are given in Figs. 15 (a) and 
16(a). The 0.26 T  case shows that the electrode bias has 
little effect on the coherency, while the 0.24 T  case shows 
it to be increased by 14% over the nonbiased case. These 
observations of increasing fluctuation levels within the 
strong poloidal flows are in contrast to the theory8 and 
other experimental evidence,= ’ mdicating that a sheared 
poloidal rotation quenches the plasma turbulence, thus re- 
ducing the density and potential fluctuation amplitudes. 

The components of Eq. (2) can be examined to show the calculation of the 
how the fluctuation-induced transport has been altered by 

Another component in 

the electrode bias. For this analysis, the components essen- 
fluctuation-induced transport is the relative phase angle 

tial to the calculation of the transport are identified from 
between the plasma density and potential oscillations, rep- 

ELq. (2), averaged over frequency, and over the magnetic 
resented by c+(o) in Eq. (2). Profiles of the sin[a,Jo>] 

flux surfaces, and plotted versus minor radius to show their 
shown in Figs. 15(b) and 16(b) do show a significant 

general trends. Note that this analysis may not be an ac- 
difference between biased and unbiased conditions. Here, 

curate representation of how the transport is affected at a 
sin[+w)] in the biased case is predominantly negative 

specific point in the plasma. This analysis is intended only 
for both magnetic fields, and may account for some of the 

to show possible global trends for the fluctuation compo- 
sign reversal in the observed transport. The influence of the 

nents and the calculation of the fluctuation-induced trans- 
poloidal rotation is such to shift the density and potential 

port. 
fluctuation phase relationship, so as to make sin[ctn,Jo)] 
negative. This appears to be the mechanism for changing 
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tion. 

the fluctuation-induced transport in IMS biased dis- 
charges. 

The radial profiles of the final component in Eq. (2)) 
k?(w), is presented in Figs. 15(c) and 16(c). Along with 
sm[a+(o)], $,(o) can have negative values, which can 
make the overall integrated fluctuation-induced transport 
negative. However, for the 0.24 T  case, Fig. 15(c) shows 
that the average value of kJo) is positive for both the 
nonbiased and biased electrode configurations. For the 0.26 
T  field, Fig. 16(c) shows k,(w) to have both positive and 
negative values, but in the region where the overall trans- 
port is negative (r/u > 0.5)) kP( w ) is, again, positive for the 
biased and unbiased conditions. Thus, this analysis indi- 
cates that the predominantly negative fluctuation-induced 
transport seen for both magnetic field strengths results 
from the phase relationship of the density and potential 
fluctuations. When there is no induced poloidal rotation, 
the value of sin[a,d(w)] indicates that the phase of the 
potential fluctuations lead those of the density fluctuations. 
However, when there is a strong poloidal flow, this phase 
relationship is reversed to produce the negative 
fluctuation-induced transport. 

D. Reynolds stress and poloidal flows 

The computed Reynolds stress-driven flow, Eq. (3), 
for unbiased IMS discharges is presented in Fig. 17 for 
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FIG. 17. Comparison of Reynolds stress-driven poloidal flows and  equi- 
librium poloidal flow velocity for (a) 0.24 T magnetic field and  (b) a  0.26 
T magnetic field. 

each magnetic field strength. Also shown for comparison 
[shown previously in Figs. 13(b) and 14(b)] is the equi- 
librium poloidal flow velocity computed from the mea- 
sured density, ion pressure, and potential profiles through 
momentum balance, Eq. (4). Here, we see that flows can 
be induced as a result of the Reynolds stress term using 
measured plasma parameters, and that these flows are 
comparable in magnitude to that of the equilibrium veloc- 
ity for unbiased IMS discharges. This flow is not significant 
in the biased electrode configurations, since the induced 
electric field dominates the poloidal flow drive. 

For unbiased IMS plasmas, the pressure gradient- 
driven flow velocity term (VPi/enB) is comparable in 
magnitude, and directed opposite to the EXB driven flow 
term ( --E/B). In an equilibrium condition with no poloi- 
da1 flow, these terms would exactly cancel each other over 
the entire minor radius. Thus, where these terms do not 
cancel each other indicates a possible external mechanism 
inducing a nonzero poloidal flow. 

The radial distribution of the Reynolds stress-driven 
flow does not quantitatively agree with the equilibrium 
flow for either field. Although the error bars are large, the 
equilibrium profile in the 0.24 T  case [Fig. 17(a)] shows 
some significant deviations from zero poloidal flow, which 
indicates that there might be some external mechanism 
driving a poloidal flow. The profile in the 0.26 T  case does 
not show significant deviations from zero flow, and sug- 
gests this configuration has no flow drive. In either case, 
the flow is small, and an independent measure of the po- 
loidal flow is not available to confirm the existence of the 
Reynolds stress-driven flows. 
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IV. SUMMARY 

A two-dimensional description of the electrostatic 
fluctuation-induced particle transport has been obtained 
for the IMS stellar&or using Langmuir and emissive 
probes. In addition, these measurements show the steady- 
state values, as well as the fluctuation characteristics of the 
plasma density, electron temperature, and plasma potential 
in the entire poloidal cross section for comparison with the 
measured fluctuation-induced transport. The measure- 
ments were performed at two values of central magnetic 
field strength, which exhibits a large difference in particle 
confinement time to determine what role the fluctuations 
may play in the particle confinement. Also, a positively 
biased electrode positioned just inside the separatrix is used 
to induce a large poloidal plasma rotation to study the 
impact of this rotation on the fluctuations and the resulting 
particle flux. 

The measurements show that transport due to electro- 
static fluctuations is the major loss mechanism for the mag- 
netic field configuration where a low particle confinement 
time is observed. Fluctuation-induced transport accounts 
for 87% of the total particle losses in the device when the 
field strength places the ECH resonance on the axis of IMS 
(0.26 T on axis), as opposed to only 10% of the total 
particle losses when the ECH resonance is placed on the 
inside, or high-field side of the torus (0.24 T on axis), 
Since there is only a 7% change in magnetic field strength 
between these configurations, the resulting change in par- 
ticle confinement time is attributed to be the interaction of 
the ECH resonance location with the equilibrium plasma 
that produces the high level of fluctuation-induced trans- 
port. Previous studies have shown that the remaining par- 
ticle transport may be due to convection in these unbiased 
IMS discharges.24 The potential contours do not line up as 
well with the magnetic flux surfaces in the nominal (no 
electrode bias) discharges, as when the electrode is biased. 

The impact of the induced poloidal rotation by the 
electrode bias is to make the radial fluctuation-induced 
transport negative, or inward. Examination of the compo- 
nents used to calculate the fluctuation-induced flux shows 
the negative transport is due to a relative phase shift of the 
density and potential fluctuations. The standard case (no 
poloidal rotation) shows that the phase of the potential 
fluctuations leads the phase of the density fluctuations and 
produces positive transport, while the biased case (strong 
poloidal rotation) shows the phase of the density now leads 
that of the potential fluctuations, which results in negative 
particle transport. 

The density, electron temperature, and potential fluc- 
tuation amplitudes are not generally diminished by the in- 
duced sheared poloidal flow caused by the biased electrode. 
This result contradicts the observations in Texas Experi- 
mental Tokamak23 (TEXT), where a correspondence was 
found between lower fluctuation levels in regions of high 
poloidal velocity shear. These fluctuation levels also show a 
significant increase with the minor radius corresponding to 
the position, where the gradient in pressure leads to unfa- 
vorable curvature. 

The two-dimensional fluctuation-induced transport 
distribution is poloidally asymmetric in the standard con- 
figurations, and remains asymmetric in the region of in- 
duced sheared poloidal rotation. The assumption of poloi- 
dally uniform fluctuation-induced particle transport 
cannot be made in IMS. 

Finally, the Reynolds stress-drive flows are computed 
from the measured fluctuating radial and poloidal veloci- 
ties. These flows are comparable in magnitude to the equi- 
librium plasma flow, and show some qualitative agreement 
with the radial profile of the equilibrium flow for the nom- 
inal IMS discharges (no electrode bias). However, the ac- 
curacy of the Reynolds stress flow estimations, and the 
lack of an independent measurement of the steady-state 
poloidal flow, make the determination of the existence of a 
Reynolds stress turbulent-driven poloidal flow difficult to 
confirm. 
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