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Electrode and Langmuir probe tools used for flow damping studies
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A system of electrodes and Langmuir probes has been developed for the measurement of plasma
flow damping in the Helically Symmetric ExperimeiSX) stellarator. A biased electrode is used

to apply aJXB torque to the plasma. The fast switching electrode power supply allows the
electrode voltage to be applied ial us, which is much faster than any of the plasma time scales;

the electrode current is terminated on a similar time scale at the end of the electrode pulse. A pair
of multitipped Mach probes have been designed to measure the plasma flows in a magnetic surface
with good spatial and time resolutigdt > 20 us). The unmagnetized model by Hutchinson is used

to analyze the Mach probe data, and radial force balance is found to be well satisfied during
electrode bias. These probes allow for measurements of the transient response of the plasma flows
and floating potential when the electrode is energized. An example of using the system for the
estimation of viscous damping times in HSX is provided.Z04 American Institute of
Physics.[DOI: 10.1063/1.1804832

I. INTRODUCTION scale evolution(At =20 us) of plasma flows, potentials,
and the electrode current allow many features of the plasma
Measurements of plasma flow damping are a criticaldynamics to be investigated. The bias power supply and
component of the experimental program of the Helicallyplasma diagnostic systems at HSX have been designed with
Symmetric Experimen(HSX).l HSX is the world’s first these fast time scale measurements in mind.
stellaratof with a direction of symmetry;there is minimal Langmuir probes and Doppler spectroscopy are the most
variation of |B| along a helical path on a magnetic surface,common means of studying the mass flow in fusion plasmas.
defining the direction of symmetry. The neoclassical viscousn Doppler spectroscopy,the wavelength shift of a spectral
damping of flows along this direction is predicted to be veryline is used to measure the average velocity of the plasma
low. This is in contrast to a conventional stellarator, wherespecies which emitted the light. In its most common mani-
the complicated variation dB| leads to large viscous damp- festation, collection optics outside the plasma gather light
ing of plasma flows irall directions on a magnetic surfate. from along a chord. This light is input to a spectrometer,
Given the importance of plasma flows and electric field sheawhere it is dispersed and an array of detectors is used to
in the suppression of turbulentes detailed study of flow determine the spectral distribution of the light. These sys-
damping in HSX is a topic of great importance. This articletems have a spatial resolution which is often limited by the
describes the system of tools used to manipulate and studshordal integration of the plasma light emission and a time
these plasma flows. resolution limited by the readout time of multielement detec-
The plasma flows are generated using an electrode inors. The spatial resolution of such systems can be improved
serted inside the last closed magnetic surface and biased Wlﬂ%mg Charge exchange spectrosc%mh"e the time reso-
respect to the vacuum vessel. Currents drawn by the e|e¢ution can be improved by using arrays of photomu]tip]ier
trode flow down the shaft of the electrode, through the powegypes as detectofd.Both of these solutions add significant
supply, to the vacuum vessel, and back through the plasma st and complexity to the system.
the electrode. This “return current” flowing through the  Given these difficulties with the spectroscopic measure-
plasma applies a torque to the plasma, leading to plasmgents, we have designed and constructed a Mach probe sys-
rotation. This biasing technique was pioneered on the B-3em for the measurement of plasma flows. The probes are of
stellarato? and has be%n used to great advantzi\ge at,lflor ithe Gundestrufd variety, and are able to measure toroidal
stance, Cl:ZC'f‘,TEl)éTOR,lfhaquus-?,TUhqéN-B, T-10, and poloidal flow simultaneously. Compared to the compli-
ISSTOK REX,™MST,™ CAT, ™~ and IMS:” Of the incom-  cated spectroscopic systems noted earlier, these probes have
plete sampling of biased electrode experiments given abovene advantage of good spatial and time resolution at minimal
it appears that only the systems at IMS and MST were degost. Two of these probes have been constructed, enabling
signed to allow the transient phase of the plasma spin-up Ghe flow parameters to be studied at two locations simulta-
spin-down to be studied. As will be shown later, the fast timeneously.
The layout of the remainder of this article is as follows.

dpresent address: Princeton Plasma Physics Laboratory, Princeton, l\%eCt.ion Il provides details of the plasma biasjng SyStelm: in-
08543; electronic mail: sgerhard@pppl.gov cluding the electrode and power supply design. Section IlI
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FIG. 1. Fast switching circuit of the power supply. Seven identical IGBT switching circuits are used to switch the power supply on ard af§jrwhile
a voltage divider and current shunt are used to measure the electrode voltage and current.

describes the multitipped Mach probes used to measure thetride armor. This entire assembly is mounted inside a
plasma flow. Details of both the construction of the probeswelded bellows, and can be positioned in the plasma using a
and the interpretation of the data are provided. Section IMinear positioning stage. The electrode typically requires
provides an example of the use of the system to study damgsome conditioning before being used in electron cyclotron
ing of plasma flows in HSX. Throughout this article, we useheated(ECH) plasmas. This is generally accomplished by
the following convention to distinguish between probes andyrounding it to the vessel and then inserting it into the he-
electrodes, following Ref. 9. Probes are designed to measufti&im glow discharge plasma that conditions the HSX plasma
plasma parameters with a minimal perturbation. Electrodesacing surfaces.
are designed to induce macroscopic changes in the plasma. The power supply consists of a capacitor bank, control
HSX" is a medium size, four field period stellarator ex- electronics, and diagnostic outputs. The capacitor bank pro-
periment at the University of Wisconsin-Madison. HSX has avides 10 mF of capacitance with a maximum voltage of 900
major radius of 1.2 m and a minor radius ©0.10 m, vary- v, To charge the bank, a 600 V, 1.6 A power supply is used,
ing slightly with the machine configuration. The magnetic setting the upper limit on what bias voltages can be applied.
field on axis is 0.5 T in the experiments described in thisThe pank is charged before each plasma shot, and the voltage
article. Plasma is produced using approximately 50 kW ofemaining on the capacitors is removed via a shorting bar at
second harmonic electron cyclotron heating at 28 GHz. HS}he end of each discharge.
is operated in the standard quasihelically symmetric configu-  The fast switching circuit in the power supply is illus-
ration and hydrogen is the working gas for all data presentegtated in Fig. 1. The capacitor bank voltage is switched onto

in this article. the electrode using seven parallel solid state switches. Each
insulated gate bipolar transistdGBT) switch (International
l. THE BIASED ELECTRODE SYSTEM FOR HSX Rectifier, IRG4PH50UDIis capable of standing off 1200 V

To induce plasma flows in HSX, we use a biased elecand conducting 45 A direct current. The combination of a 30
trode system. The electrode is a molybdenum cylinder, 1.§) resistor and 10 nF capacitor in parallel with each IGBT is
cm long and 1.9 cm in diameter. This cylinder is capturedused to snub out voltage ringing when the current is shut off,
inside a boron nitride shroud, allowing only 0.635 cm of thewhile 1 Q) resistors in series with the switches cause the
length of the electrode at the end of the cylinder to be excurrent to distribute evenly between the seven IGBT circuits.
posed to the plasma. This electrode assembly is mounted of¥ith these IGBT switches, the bias voltage can be turned on
a 0.635 cm diameter oxygen-free high-conductivity coppeiin =1 us at the beginning of the pulse, while the current can
shaft, which is in turn joined to a single pin, medium currentbe terminated on the same time scale at the end of the pulse.
feedthroughMDC Vacuum Products part No. 64000The  This switching system also allows the bank to be pulsed
shaft and feedthrough are protected from plasma by boromultiple times during each discharge, increasing the amount
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Coeranic Insulatar FIG. 2. (@ The design of a simple Mach
’ probe, composed of two Langmuir probe tips
biased into ion saturation current and shielded
from each other by an insulator aifd) pho-
tograph of the six-tipped Mach probe used in
HSX. The six tips are arrayed around the body
of a boron nitride insulator. A seventh “proud”
pin can be used to measure the local floating
potential.

of data taken during each plasma discharge. Extra series re- |
sistance of 3.3%) limits the current to at most 180 A in the = expkM). (1)

Idown
case of an external fault.

In normal operation, the voltage at the electrode, th . _
voltage on the capacitor bank, and the voltage at the outpﬁj‘i&?{% ;smf)r}earl:/;akc ?s r;ucr?)tr)](;aonft ;Z(ie?r?]\'i{r’]'wea\églo‘ﬂ{ﬁgsﬁ; del
of the power supply are monitored using voltage dividers and'sed et
Analgg Devic_es AD215BY transformer coupled isolation . T.his simple Mach probe is only sensitive to flow along
amplifiers. This system enables these voltages to be mon{he line made by connecting the two tips. Hence, it is neces-
tored with =120 kHz of bandwidth. The current drawn by . '

: . . sary to rotate it on a shot to shot basis to measure the total
the bank is monitored via a Pearson current transformer, e

r}I_ow vector. This problem has been addressed by the con-

abling very high bandwidtli>1 MHz) measurements of the . .
truction of multitipped Mach probes. These probes are com-
electrode current for short pulses of the power supply. A0.2 : .
posed of many outward facing tips shadowed from each

Q) current shunt is also installed in the supply. This measure: B
ment is limited by both the inductance of the wire wound other by the body of the probe, and are known as "Gunde-

20,2223
resistor and the comparatively low bandwidth of the neces-StrUp probes: This style of probe has been selected for

sary isolation amplifiergalso AD215BY with 120 kHz of making flow measurements in HSX.

. . . We have constructed two “Gundestrup” style probes for
bandwidth. Hence, the current shunt is a less attractive mea- ; -
. HSX. A photograph of one of these probes is shown in Fig.
surement than the current transformer, and is generally n

used. Examples of the measurements made with these di (0). S!x tips are m_ognted In a circle facing outward fro_m t he
nostic.: systems are provided in Sec. IV aﬁ’]sulatmg boron nitride body of the probe. A seventh tip is a
o “proud” tip extending beyond the insulating body. This tip is
sensitive to the plasma in all directions and is generally used
to measure the floating potenti@l;). The tips of the probes
are composed of 0.75 mm diameter tungsten wire; the six
tips on the edge have been ground down so that a flat surface
In its simplest manifestation, a Mach pr&ﬂ)és com- faces the plasma. The length of the outward facing tips is
posed of two probe tips separated from each other by atypically 0.51 cm with the proud tip extending typically
insulator, each biased into ion saturation currégf). An  0.254 cm beyond the end of the boron nitride probe head.
example of this type of probe is shown in FigaR If the  The diameter of the boron nitride probe head is 0.95 cm and
plasma is not flowing, then the two tips should collect thel.27 cm for the two different probes, and is 8.9 cm long. In
samelg, If the plasma is flowing across the probe as indi-each case, the probe head is mounted in a stainless steel tube
cated in the figure, then the tip facing the floly,) will draw  which is attached to a rotary motion feedthrou#DC part
more current then the tip facing away from the flohyg,.)- No. # BRM-133. This allows the probe to be rotated +90°.
The relationship between the current drawn by the tips and’he entire assembly is placed inside a welded bellows and
the plasma flow speed is known as the Mach probe calibramounted on a sliding assembly to allow precise insertion into
tion problem. In general, the models which relate the upthe HSX plasma. The signals are carried inside the vacuum
stream and downstream currents to flow speed reduce to arsing kapton coated wire, and brought out of the machine
expression of the form using a 15 pinD-connector feedthrough.

IIl. MULTISIDED MACH PROBES USED IN HSX
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The six radial tips are biased with respect to the HSX  0.03 : ' : — ‘
. . . = t=817ms, M=0.40, Uncertainty=0.13

vessel at -180 V, so that ion saturation currégf) is col- e = 819ms, M=0.76, Uncertainty=0.08
lected. Swept probe measurements have shown that this bie
voltage is sufficient to collects,, Special amplifiers have
been constructed for signal isolation and conditioning. Isola- ®
tion is provided by Analog Devices AD215BY isolation am- 0.01}
plifiers as in the power supply. This is followed by a four
pole low pass filter with a cutoff at 100 kHz. All six Mach
probe signals are recorded on the same digitizer, typically ai
200 kHz, while the floating potential signals from the proud 3
pin are recorded separately at typically 600 kHz.

The two Mach probes constructed for HSX are inserted
into very different locations in the machine. Because of the
helical structure ofB| in HSX, both the low and high mag-
netic field regions of the device appear on the outboard side
at different toroidal angles. One Mach probe is inserted from
the outboard side into a region of IgB|. The second Mach 0.03 : ' : : :

o : . 0.03 002 0.01 0 0.01 002 003
probe is inserted from the outboard side at a toroidal angle Current (A)
~135° separated from the first probe. At this location, the
high |B| region corresponds to the outboard side. We are thuBIG. 3. Examples of the Hutchinson fit at two different time slices in a

able to simultaneously measure flows in the high and|Bjw  discharge. The data &817 ms correspond to a time before the electrode
bias is applied, and the increase in plasma flow during bias &9 ms is

regions of the torus. evidenced by the set df,, points being drawn down and to the left.
As noted at the beginning of this section, a model is

required in order to extract flow speeds and directions from

the I, measurements. As a first step, it is necessary to con- (M, 6) = Toexp{M[(1 - cos 6 - 6;)K,

sider the extent to which ion collection is impacted by the

presence of the magnetic filtiif the ion gyroradiugp,), is = (1 +cod 0~ 6)Kql}. (2
much greater than the characteristic dimension of the probe

(rp), ions are considered to be unmagnetized. If the opposite o _ )
limit holds, the ions are considered to be magnetized. For thd e th) co.nstants in this expression are glvgnKlgyco.64 .
highly magnetized casg;/r,<1), the magnetized model by gnd.Kd_OJ' these two numbers can be co.nsu:jered the gal|-
HutchinsoR? is the most widely used. In the unmagnetized ration factors for this model. This expression is appropriate

case. the one dimensional model of Hudis and Li&%lk;as for T;/ T, ratios from 0.1 to 10 and flow speedls from O to

been the most widely used in the past. Recent work by
Hutchinson has criticizéd the Hudis and Lidsky model for
its one dimensional nature, and provided a two-dimension
modef’ for the interpretation of data. Other expressions for
the Mach probe calibration can be found in works by Skats

0.02¢

(A)
@,

urrent
o

0.01

0.021

In the analysis of data from HSX, the three parameters
o.M, andé; are treated as fit parameters, which are used to
t Eq. (2) to the sixlgy measurements at each time point

using the Levenberg—Marquardt algoritﬁﬁ]This algorithm

28 9 . has the advantage of automatically providing uncertainty es-

al.=" or Hsuet al™ for the unmagnetized case. _ timates for the fit parameters, provided the uncertainties in

The article by Pefters&i'w provides tests to determine the o signal are known. The uncertainty in each signal is taken
magnetization. Applying these tests to the Mach probe datg, pe the standard deviation of that individual, trace dur-
from HSX has enabled the determination that the ion coIIecTng a 5 ms window during the discharge when the electrode
tion can be regarded as unmagnetized. is not energized.

The Mach probe data in this work is analyzed using the  An example of these fits is shown in Fig. 3. The time
unmagnetized model proposed by Hutchindbrin this  gjice at 817 ms refers to a time before the bias probe is
model, the ion flux to a negatively biased sphere in a flowinganergized; the plasma is only slowly flowing at this time. The
plasma is calculated as a function of angle, using a speciatime slice at 819 ms corresponds to well into the bias pulse,
ized particle in cel(PIC) code. The calculations are repeatedwhen the plasma is flowing more quickly. Note that the set of
for different values of T;/T, and ion flow speed,M  six I, points is pulled farther to the bottom left at 819 ms,
=VI(ZTe/m)¥2, whereV is the flow speed in m/s. There is when the bias is on, corresponding to greater plasma flow.
an assumption of vanishingly small Debye lendiy/r,  The fit function represents the data well, both before and
<1). This assumption is well satisfied for HSX, where during the biased electrode pulse. The Mach numbers of the
Ap/r,=~0.01<1 As described in the original articf,the  flows are measured to be 0.3 before the bias pulse is applied
PIC code reproduces previous analytical results for a spherand 0.7 during the bias pulse. The uncertainties in the Mach
cal probe in a finiteT;, stationary plasma. Based on the re- number are also shown, based upon the uncertainties in the
sults of the code in a flowing plasma, a reasonable fit for thdit parameters from the curve fitting routine. Note that the
ion flux to the sphere in a flowing plasma as a function ofMach numbers are typically not converted to actual flow
angle and flow speed is given by the expression speeds, as the sound speed is not well known in HSX.
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IV. EXAMPLE APPLICATION OF THE SYSTEM the flow speed. It has been observed thatlthgias some-

times interferes with the breakdown of the plasma when the
’Erobes are deeply inserted. To avoid this problem, Ithe
ias is applied via reed relays 5 ms. after the ECH is turned

To present the utility of the system for these flow studies
data will be presented from discharges with a line average
density of 1x 102 cm™ and 50 kW of ECH power. The

biased electrode is fired six times during stationary condi- . . . .
g y These siX ¢, Signals translate into flow speed and direc-

tions in each plasma discharge, with a pulse duration of 1'%on waveforms as illustrated in the bottom two frames

ms. The biased electrode is located &4~ 0.65, while the . .
These frames plot the fit parametérisand 6 as a function

low field side Mach probe is located ata=0.8. All of the ¢ time for this disch I h h intv in th
relevant signals from the probes and power supplies ar8! ime for this discharge. In each case, the uncertainty in the

shown in Fig. 4. A brief discussion of the signals in this fit parameters is plotted as agray envelope surrognding the
figure is given now, with more detailed discussions of thetface. Note that the uncertainty envelope on both signals de-
individual parts following. creases during the bias pulse. This is because the loduyg of
The top frame illustrates the voltage on the electrode an@0ints is pulled farther away from a circle, leading to a stron-
floating potential at the Mach probe. The floating potentialger constraint of the speed and angle. The flow angle in this
evolution closely tracks the externally imposed electrodefigure is adjusted so that 0° corresponds to the direction of
voltage, illustrating that the plasma is indeed biased by théhe local magnetic field.
electrode. The second frame illustrates the electrode current Detailed electrode voltage and current wave forms are
evolution. Note the large initial spike in the electrode currentdisplayed in Fig. 5. The signals from 18 separate realizations
before it settles to the steady state value. of the bias pulsdthree reproducible dischargessix pulses
The third frame displays the evolution of the $ix;sig-  per dischargeare averaged to provide these wave forms.
nals as measured by the low field side Mach probe. As deConsidering first the application of the electrode potential,
scribed earlier, the separation in magnitude of the six signalthe voltage on the electrode goes to its steady state of 350 V
illustrates that the plasma is flowing. The increasing separan approximately lus. The electrode current shows a large
tion during the electrode pulse is indicative of an increase irspike of ~19 A before settling to a steady state value of 7.4
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400 sents the total charge required to energize the capacitor. In
Sa00l F | | the example shown, this represert8.3x 10°* C. This im-
° plies a capacitance for the system@£Q/V=6.5x 10" F.
The steady state “resistance” seen by the electrodR is
Solanaibesaion / i ~46 (). When the current is terminated, the voltage decays
with a time constant of 3[s. This implies a capacitance of
C=35X%10°/45=~7.8x 107 F. The capacitances calculated
from the beginning and ending transients are thus very simi-
Current Overshoot For lar. Given the large aspect ratio of HSiR/a~ 10), the
k / Capacitance Determination 1 “vacuum capacitance” of the system can be approximated as
‘ 1 a cylindrical capacitor. This calculation implies a plasma di-
5. i electric constant of~1000. An estimation of the low fre-
5 quency dielectric constant based on the plasma density and
' : : ‘ ‘ magnetic field strengtlie, =nm/e,B?) yields a dielectric

-05 0 05 1 15 2 25 .
Time (msec) constant of~500. This factor of 2 agreement seems reason-

able, given the approximations made in the calculations.
FIG. 5. Detailed evolution ofa) the electrode voltage an@) the current Consider next the evolution of the flow as the biased
during and after the bias pulse. Either the transient current at the beginning

of the electrode pulse or the slow decay of the potential at the end of the biag/€Ctrode is energized. Each of the kixsignals is averaged
allow for a determination of the effective capacitance of the biased plasmaover the bias pulses to reduce the noise. The evolution of the
locus of the six g, values over the flow rise is shown in Fig.
A. At bias turn off, the electrode current is terminated in 6. The top left frame corresponds to the flow at the point
~1 us by the opening of the IGBT switches. Once thewhen the electrode is energized. Subsequent times show the
switches are opened, the probe acts as a large floating potelecus of points pull down and to the left as the flow acceler-
tial monitor. The floating potential decays 30 us after ~ ates. The trajectory of the series of points illustrates that the
bias termination, a time determined by the plasma paranflow speed is increasing, but that the direction of flow is not
eters. changing significantly. The fit of Eq2) is shown at each
When a plasma contained in a magnetic field is biasedime point, illustrating that the Hutchinson model fit works
by an electrode, the resulting biased state can be understo®ell at all points during the spin up process. The arrows
as a leaky capacitor with a plasma dielectria. this model, represent the direction of the flow and their length is a rela-
the plates of the capacitor are the vessel wall and the madive measure of the flow speed, illustrating the evolution of
netic surface upon which the biased electrode resides, aritie flow.
the leakage current is determined by the radial conductivity =~ The time evolution of the flow speed and angle fit pa-
of the plasmd® The electrode voltage and current wave rameters is shown in Fig. 7. The flow Mach number is illus-
forms allow the determination of the characteristics of thistrated in the top frame, while the flow angle is illustrated in
“capacitor.” In the spin up phase, the area under the transietihe bottom frame. The duration of the biased electrode pulse
current(shaded in gray in the bottom frame of Fig.répre- is denoted by the gray area. The vertical dashed lines corre-
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FIG. 7. Evolution of(a) the flow speed angb) flow angle as the plasma

spins up at bias turn-on and spins down at bias turn off. Note the larg&!G- 8- Comparison ok, 2”‘1 XXB under 350 V of electrode bias at a line
change in flow speed and the more subtle changes in flow angle as tHa/érage density of % 10*? cmi 3. The electric field is determined from the

plasma accelerates to its new steady state. The vertical dashed lines repfi@2ting potential gradient and theX B term from the Mach probe data.
sent the times when the data in Fig. 6 was selected. The large error bars in thé X B term are due to uncertainties in the electron

temperature and the angle of the Mach probe with respect to the magnetic
field.
spond to the times illustrated in Fig. 6. There is a clear rise in

the flow speed when the biased electrode voltage is applied, ) _ _
followed by a decay in the flow when the electrode current id70SCOPY; and there is no observation of a strong ion tempera-

terminated. The flow angle has a small excursion at bias turft'r¢ gradient. This shows that the pressure gradient can be

on, and the flow angle during the bias pulse is rotated by'edlected under these circumstances.
~10° compared to before the bias. As in Fig. 3, the flow The remaining terms in the expression can be evaluated

angle in this figure is adjusted so that 0° corresponds to thBased on data taken with the Mach probes. To estimate the
direction of the local magnetic field. electric field, we simply differentiate the floating potential
Simply speaking, the flow appears to rise with a timeProfile as measured by scanning the probe on a shot to shot
scale of~300 us. A more detailed inspection of the flow basis in similar discharges. The electron temperature gradient
speed and direction evolution reveals that there are two timis ©Pserved to be small compared to the potential gradient
scales present in the flow rise: a fast time scale-86 us or induce by the large electrode, so this means of estimating the
electric field should be reasonably accurate. V1B term

faster, and a longer time scale 6f300 us. A two time scale X
flow evolution in response to a biased electrode has beel§ estimated as the steady state Mach number of the perpen-

predicted based on neoclassical thédrgnd the rapid re- dicular flows multiplied by the field strengi®=0.5 T) and
sponse of the probes allows detailed comparisons betwe&iPtUnd speed as defined in the text before Ey.

neoclassical modeling and experiment. Data have also been The_ co.mparison between “Ef and VXB terms.is
collected in different configurations of HSX, allowing the ShOWnN in Fig. 8. The agreement is observed to be quite rea-

study of how magnetic geometry impacts flow damping_sonable, both in_ magnitude and profile shape. Th.e rgther
These topics will be discussed in further publications. large error bars i/ XB are due to both the uncertainty in

It is important to verify that the measurements satisfy the'€ €lectron temperature and the uncertainty in the angle
radial force balance equation, given by alignment of the probe with the magnetic field in the highly

shaped plasma.

E;+VXB=Vp. 3 A concern when using probes and electrode diagnostics
During electrode bias, the ratio of the electric field term toiS the perturbation to the plasma parameters due to these
the pressure gradient term can be estimated as probes. This concern has been studied in HSX by measuring
the flow features with either one or two Mach probes inserted

Vp - NiTiLo - 1x10"°1.6x 10 1920£ into the plasma. The measured flow parametéosv rates
E P Ly 300 0.06 and time scalesare the same under both conditions. Hence,
3 we infer than the presence of the Mach probes does not ad-
~5x 107 versely affect the biased plasma flows.

Ly is potential scale length and is taken as the distance that Turbulence studies in the presence of electrode bias have
the electrode is inserted inside the last closed surf@d8  also begun. HSX has not observed a biakerhode in tra-

m). Ly is the density scale length, and is approximately theditional sensé,but a reduction in the amplitude of low fre-
system size (0.06 m). N; is the plasma density(l  quency(<100 kH2 floating potential fluctuations has been

X 10" m™3),® is the plasma potentid~300 V), andT; is  observed during the bias pulse. Further studies of the effect
the ion temperature. The ion temperature has been measurefithe electrode bias on plasma turbulence will be performed
to be~20 eV in HSX plasmas using impurity Doppler spec- in the future.
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