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Measurements of plasma flow damping have been made in the Helically Symmetric eXperiment
[F. S. B. Anderson, A. F. Alimagri, D. T. Anderson, P. G. Mathews, J. N. Talmadge, and J. L. Shohet,
Fusion Technology27, 273 (1995] using a biased electrode to impulsively spin the plasma and
Mach probes to measure the rotation. There is a distinct asymmetry between the spin-up when the
bias is initiated and relaxation when the electrode current is broken. In each case, two time-scales
are observed in the evolution of the plasma flow. These observations motivate the development of
new neoclassical modeling techniques, including a new model where the fast increment of the
electric field initiates the spin-up process. The flow in the quasisymmetric configuration rises more
slowly and to a higher value than in a configuration with the quasisymmetry broken, and the rise
time-scale is in reasonable agreement with the neoclassical spin-up model. The flows decay more
slowly in the quasisymmetry configuration than in the configuration with the quasisymmetry broken,
although the decay rates are significantly faster than the neoclassical predict@@5&\merican
Institute of Physicg DOI: 10.1063/1.1876293

I. INTRODUCTION pact Stellarator eXperimeh{NCSX) and compact helical
system, quasiaxisymmetricCHS-ga,> and the quasipoloi-

A new generation of advanced stellarator devices hasglally symmetric stellaratdtit is the purpose of this paper to
recently been studied based on the concept opresent measurements and modeling of biased plasma flows
quasisymmetr§7:2 These devices have the property that thein the quasihelically symmetric Helically Symmetric eXperi-
Fourier spectrum ofB| on a magnetic surface is dominated ment (HSX),” which demonstrate the reduction of plasma
by a single harmonic. These stellarators possess neoclassi¢aw damping with quasisymmetfy.
transport at or beneath the level of an axisymmetric system, The subject of flow damping in stellarators has received
as well as the inherently steady state properties which alimited experimental attention. Measurements in CHS have
members of the stellarator family share. shown that in configurations with large toroidal viscosity, the

There are many advantages of quasisymmetric stellaratamping of neutral beam induced toroidal flows can be de-
tors compared to their conventional cousins. Conventionagcribed by neoclassical theohyn configurations of the de-
stellarators have a class of particle orbits which leave the&ice where the toroidal viscosity is reduced, anomalous shear
confinement volume without collisions; quasisymmetric stel-viscosity is necessary to explain the measured damping. A
larators are able to eliminate the majority of these “directsimilar result was observed in Wendelstein-7 Advanced Stel-
loss” orbits. In the low collisionality regime, the transport larator (W7-AS).*° Experiments in the small stellarator IMS
coefficients in a traditional stellarator can scale likev,l/ found good agreement of the measured radial conductivity
wherew is the collision frequency. Quasisymmetric stellara-and flow decay times with the neoclassical model of Coro-
tors are largely able to suppress this transport scaling in favatado and Talmadg®.
of the conventional bananna regime scaliby: v). The unique feature of the HSX device is the quasiheli-

A further advantage of quasisymmetric stellarators liescally symmetric magnetic field. This magnetic field is cre-
in their reduced neoclassical damping of plasma flows. Conated by a set of 48 nonplanar modular coils, with eight each
ventional stellarators have large viscous damping of flows irof six different types of coils. We describe the magnetic field
all directions on a magnetic surface because of the compliproduced by these coils by the Fourier decompositiofBpf
cated variation ofB| on the surface. A quasisymmetric stel- on a magnetic surface:
larator possesses a direction of symmetryBpand the neo-
ch;smaI viscous damping .of flows in this d|rect|on.|s B =B, b,,cogN, — May). (1)
minimal. The ability to sustain plasma flows may be an im- nm
portant ingredient in developing improved confinement ) ) ) ) i
regimes® and has been invoked as a potential advantage in !N this expressiong is the poloidal angle and is the
the designs of the quasitoroidally symmetric National Com-{oroidal angle. In a quasisymmetric system, this sum will be
dominated by a single terrfor terms of all the same helic-
Tpaper EIL3, Bull. Am. Phys. S049, 98 (2004, ity). This i§ illustrated in Fig. @), _vvhe_zre the magnetic field
Yinvited speaker. Present address: Princeton Plasma Physics LaboratofP€Ctrum is shown for the quasihelically symmeti@HS)

Princeton, NJ 08543. configuration of HSX(the angles in this figure are the Ha-
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015/ gy X surements in the base QHS configuration and in the mirror
0.1 N . . X . .

0.05 N configuration, and have confirmed the reduction in flow

o og —— ; ‘ damping with quasisymmetry.

Y n,m)=(4,1) |#7 We have used neoclassical theory, including the effects

-8 }g QHS ‘ v of neutrals, to model the steady state and time evolution of
04t9  (nm)=(4,0) the plasma flow and electric field during electrode bias. The
°~°g steady state solution of the momentum and continuity equa-

0.05 tions predicts the steady state radial conductivity. We model

_691-; 10% Mirror (n,,:: - the spin-up with a model where the electric field formation

initiates the spin-up. We model the decay using the formal-

ism of Coronado and Talmadé%where the open-circuiting

FIG. 1. The Fourier decomposition of the magnetic field in Hamada coor-Of the electrode current initiates the relaxation of the plasma

dinates for(a) the QHS andc) mirror configurations of HSX. The magnetic flows and electric field. The modeled predictions about the

surfaces in a vertical cut at the elliptical symmetry plane are also shown forgdial conduct|V|ty, flow and electric field evolution time-

(b) the QHS andd) the mirror configurations. scales, and flow directions are all tested against measure-
ments.

The time-scales for the electric field and plasma flow
mada angles, see Sec.)I\The|B| spectrum is dominated by evolution when the bias is turned on are in good agreement
a single spectral component with toroidal) and poloidal ~ with the neoclassical model. The steady state electrode cur-
(m) mode numbergn,m)=(4,1). A traditional stellarator rent is significantly larger than the neoclassical prediction,
would have an(n,m)=(0,-1) spectral component, whose indicating that the steady state radial conductivity is anoma-
amplitude is equal to the inverse aspect ratio of the magnetitously large. The measured slow time-scale for the decay of
surface under consideration. In HSX, this spectral compothe flows is faster than the neoclassical prediction.
nent has been suppressed to the extent that an aspect ratio of HSX is a medium size, four field-period stellarator ex-
~400 would be inferred from the amplitude of tite, m) periment at the University of Wisconsin-Madison. HSX has a
=(0,-1 Spectra| component, even though the physica| asmajor radius of 1.2 m and a minor radius of 0.09-0.13 m,
pect ratio of HSX is~10. In this sense, HSX looks like a depending on the machine configuration. The magnetic field
straight stellarator in magnetic coordinates. on axis is 0.5 T in the experiments described in this paper.

It is possible to make significant changes to the magneti®lasma is produced and heated using approximately 50 kW
field spectrum of HSX using a set of auxiliary coils. Each ofof second harmonic electron cyclotron heati(gCH) at
the 48 nonplanar coils has an adjacent planar coil, which cad8 GHz. Hydrogen is the working gas in the experiments
be used to add or subtract toroidal field from that producedPresented in this paper. For all mirror configuration data pre-
by the main coils. These auxiliary coils can be operated irsented here, the auxiliary coils are energized with 10% of the
such a way that the magnetic field from sets of six auxiliaryamp-turns of the main modular coils. This mirror amplitude
coils alternatively add to or subtract from the field of the Yields a configuration with neoclassical transport similar to
main magnets. In this way, it is possible to introduce a largéhe lower levels accessible in classical stellarators, though
(n,m)=(4,0) spectral component to the Hamada spectrum irstill much degraded compared to the QHS configuration.
addition to the(4,1) helical modulation, as illustrated in Fig. The remainder of this paper is organized as follows. Sec-
1(c). As will be shown later, this “mirror” configuration is tion Il will briefly describe the diagnostics and tools used in
predicted to have significantly larger neoclassical viscoughis research. Section Il will present the measured evolution
damping than the QHS configuration, and in a general sengéuring and after bias of the electrode voltage and current, the
replicates the neoclassical transport of a conventional stellafloating potential, and the plasma flow. Section IV will de-
ator. The magnetic surfaces at the elliptical plane are illusscribe the neoclassical modeling, with emphasis upon the
trated in Fig. 1b) for the QHS configuration and Fig(d) techniques developed in this research. Section V will make
for the mirror configuration, showing that the surface shap&omparisons between the neoclassical modeling and the
is similar for the two cases. The rotational transform, plasmadneasurements. Our conclusions are presented in Sec. VI.
volume, and magnetic well depth are not significantly differ-
ent between these two configurations. DIAGNOSTICS AND EXPERIMENTAL

We have performed experiments and modeling in HSXMETHODS
to test the predicted reduction in flow damping with
quasisymmetr?.We have developed a fast-switching biased A biased electrode systéf"rf“is used to generate plasma
electrode system to spin-up the plasma. Using a system abtation in HSX. A schematic of the experimental design is
Mach probes, we are able to measure the changes in plasrshown in Fig. 2. The electrode is inserted+@ cm inside
flow induced by the electrode system. These fast and locathe last closed magnetic surfa@eCMS) to r/a=0.65 and
ized flow measurements enable two time-scales in the flowiased positive with respect to the vacuum vessel. The cur-
evolution to be studied. Floating potentiak) time histories  rent drawn from the plasma by the electrode flows down the
and radial profiles are measured as well, enabling both thehaft of the probe, through the power supply to the vacuum
time-scales for thé/; evolution and the steady state radial vessel, and then back through the plasma to the magnetic
conductivity to be measured. We have performed these meaurface where the probe resides. This “return current” flow-
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FIG. 2. The conceptual layout of the experiments presented in this paper. A -0.021
current flowing through the plasma, induced by the biased electrode, causes
a force that leads to plasma rotation. , ]
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Current (A)

: : FIG. 3. Examples of the Mach probe data at two different time slices in a
Ing throth the plasma exerts B<B torque to spin the discharge. The data &817 ms correspond to a time before the electrode

plasma. At steady state, th_e torque exerte_d by this Cu_rrer['ﬁas is applied, and the increase in plasma flow during bias 89 ms is
must be equal to the damping forces. Details of the variousvidenced by the set df,, points being drawn down and to the left. The

components in the figure are provided below. solid lines represent fits of the Hutchinson model to the raw data.
The electrode used in HSX is a molybdenum cylinder
2 cm in diameter, with 0.635 cm exposed beyond a boron

nitride shroud. The power supply is composed of a 10 mF. . o
capacitor bank capable of supplying 150 A at 500 V forrlght during bias, indicating that the plasma flow comes from

short pulses, although the plasma seldom supplies more thgﬁat direction.
puises, gnh e p PP 0 A model is required to relate the asymmetry in collected

20 A. The electrode voltage is switched on and the electrodimto the flow speed of the plasni&in our case, the data are

E;uartrsnéi IZI;urr$f;n§gtolJrzlngr |S(2:Ig(;r;tatiﬁaf\\l,vgﬁgézsttﬁtidn analyzed using the unmagnetized model by HutchirtSa.
P ' 'SYP 9 each point in time, the six measurements are fit to a curve of

and current turn-off times are js. The voltage on the elec- the form

trode is monitored at 100 kHz, while a Pearson current trans-

former monitors the electrode current withl MHz band- Il 0;A, M, 6p) = A exp(M{[1 - cog6- 6K,

width. The detailed design of the electrode and bias power _ _

supply has been presented elsewHgre. [1+cog0- 6p)Ka}/2). @

To measure the changes in the plasma flow and floatingvith K,=0.64 andKy4=0.7, andA, M, and ¢- are the fit
potential when the electrode is energized, a set of Maclparameters, and is the angle of each of the six tips. The
probe diagnostics have been developttihe probes, which averagel, collected by the six tips is represented by the
are similar to the Gundestrup probes in the Tokamak dgarameteA, M is the Mach number of the floyin this case,
Varenne¥® and Texas Experimental Tokambkhave six tips ~ actual speed divided b@.=(T./m)*2 with T, the electron
facing outward from the insulating body of the probe. Thetemperature andy the ion mask and 6 is the angle of the
six tips are biased to ion saturation curréht) at =180 V  flow. This angle is rotated so th@g=0 is approximately the
using battery packs. The signal is passed through isolatiodirection of the magnetic field. Examples of these fits are
amplifiers with 100 kHz of bandwidth before digitization. A presented as the solid lines in Fig. 3. This fit is done at each
seventh pin protrudes from the front of the prolthe time point, with the final values ok, M, and ¢ stored in the
“proud” pin), enabling the floating potentidl; to be moni- HSX database as a function of time. Unless otherwise stated,
tored at the location of the probe with a bandwidth offlow velocities will be left in terms of Mach number and not
~100 kHz. The probe is inserted approximately orthogo-converted to actual speed.
nally to the magnetic surface, so that the flows measured are Two of these probes have been constructed for use on
in the magnetic surface, i.e., we measure toroidal and poloiHSX. One is located on the loyB| side of the machine and
dal flows, but not radial flows. the other on the highB| side. Note that due to the helical

If the plasma were not flowing, then all six tips would nature of theB| contours, both of these locations are on the
draw the same ion saturation current; plasma flow causes ttmitboard side of the torus but separated by half of a field
tips facing in the direction of the flow to collect more current period. For all measurements illustrated in this paper, the
than those facing away. This is illustrated in Fig. 3, where theadial location of the Mach probes is between the LCMS and
raw data from the probe is illustrated for two different time the surface on which the electrode resides, as illustrated
slices. The data @=817 ms is for a time when the electrode schematically in Fig. 2. This is the region over which the
bias is off, while the data fot=819 ms is during the elec- electrode voltage is dropped and through which the return
trode bias. Note that the points are drawn down and to theurrent is flowing.
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FIG. 4. Thel-V curve of the electrode for positive bias for three different FIG. 5. Variation of electrode current with electrode location for the QHS
combinations of electrode location and plasma density. Increasing th@nd mirror configurations. The line average plasma dergity10'> cm™)
plasma density leads to more current at a fixed electrode location, whil@nd electrode voltaged40 V) are held fixed in these scans. Note the peak in
inserting the probe more deeply leads to less electrode current for a fixe@lectrode current at the location of the separatrix.

line average plasma density.

I-V characteristic was measured at line average densities of

Assessing the ion-neutral friction contribution to flow 0.8% 10" cm3 and 1.6< 10'? cm 3, These curves show the
damping is an important goal of these studies. To monitor th&xpected increase in electrode current with plasma density
neutral hydrogen densityN,), 16 absolutely calibrated {4 for all bias voltages. The figure also shows¥ curve for a
detectors have been installed on H¥)Seven of these de- line average density of 0:810'>cm™® with the electrode
tectors have been installed around the torus in a toroidapositioned 2.5 cm inside the separatrix.
array, while nine of them view the plasma at constant toroi-  The data in Fig. 4 shows only positive bias cases. We
dal angle in a vertical array. The neutral gas code DEGAS have found that for negative bias, the voltage drop at the
is used to estimate the density of both atomic and moleculaglectrode sheath is a large fraction of the total voltage. The
hydrogen in HSX, based on measuregéinission, the elec- amount of voltage dropped across the plasma is correspond-
tron density profilé? and the electron temperature profile. ingly small, and the electrode current is reduced. For these
The details of the DEGAS calculation and comparison to thé€asons, the data presented in this paper will be for positive
H, measurements will be presented elsewhere. bias only. Note that the-V curves are approximately straight

We estimate the ion temperatufe using ion Doppler lines, except for possibly a small roll over at the highest bias
spectroscopy. An optical fiber coupled spectrometer is usedoltages which are accessible with the system. We have not
to examine UV emission from intrinsic impurities on a chord observed any region of negative resistatwhere increasing
passing through the magnetic axis. The instrument is a 1 rihe electrode voltage decreases the electrode clireenbb-
Czerny—Truner spectrometer with a 3600 grooves/mm gratservation that will provide justification for the use of linear
ing of dimensions 1& 10 cnf. The dispersed light is de- neoclassical viscosities in modeling described in Sec. IV. Itis
tected with a charge-coupled devig@CD) detector; a single entirely possible that biasing to larger voltages or operating
exposure of the CCD can be obtained during a dischargevith different plasma parametefslectron and ion tempera-
The O line at 278.101 nm and the'Oline at 278.993 nm  tures, plasma density,) could lead to a bifurcatiof** but
are routinely used for ion temperature measurements. Fdhis has not been observed to date.
densities of x 102 cm™ and 50 kW launched power, we We observe that the electrode current peaks when the
measurel;=20 eV for both spectral lines, in both QHS and €lectrode is located at the LCMS, and decreases as the probe
mirror configurations. Thig; is sufficient to place the ions in is inserted more deeply. This is shown in Fig. 5, where the
the plateau regime. Further, the similar temperatures for O €lectrode location was scanned on a shot to shot basis from
and J* give some indication that the ion temperature profileoutside to inside the LCMS, with fixed electrode voltage and
is fairly flat, in agreement with preliminary power balance line average density. The scan is shown for both the QHS
calculations. Note that the proton temperature and the impuand the mirror configurations. In both cases a local maxima
rity ion temperature are calculated to be quite similar, due tdn the electrode current occurs at the separatrix. As the probe
the tight proton-impurity collisional coupling. is moved away from the separatrix and toward the magnetic

axis, the electrode current decreases in spite of the fact that

Il THE PHENOMENOLOGY OF BIASED DISCHARGES the electrode is moving into regions of higher plasma den-

IN HSX sity. . .
The gas puff was adjusted before each discharge so that

Thel-V curve of the electrode for positive bias is shown the central chord of the multichord interferometer was con-
in Fig. 4 for three different cases in the QHS configuration.stant during these scans of the electrode location. Consider-
At fixed electrode locatior{1.3 cm inside the LCMS the ing the QHS case particularly, subsequent data analysis
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showed that there were not substantial changes in the plasma 45l - Ap‘)proximate‘Electrode Location ]

density along any of the interferometer chords as the probe 00l .

was inserted. Hence, we infer that the electrode is not acting ‘<——'490 V Bias

as a limiter. The stored energy decreases by about 20% as the 31 1 1

electrode is driven from the edge téa=0.6. TheH, emis- sof " |m *

sion at the location of the gas puff valve and at the electrode 2500 * . o |

was constant to within 25% throughout the entire scan. Fur- i P *

ther, the chord integrated *&278.1 nm temperature was 200 350 V Bias— 0" °

constant at=20 eV throughout the scan. Hence, we infer 1508 b s ® 7

that the decrease in electrode current as the electrode is 100} 4 < Fag *

moved in is not due to a degradation of the plasma param- sol- /4 q < s D.E;

eters or change in profiles. Before Bias = 4 4 4 4
A more plausible explanation is that the electrode current o ‘ ‘ . A ]

is limited by cross-field transport. The current drawn by the o6 o7 % L ! 1

electrode must be balanced by a return current in stead
state. As will be de_SCI‘I.bedlln Sec. 1V, this return current I,svoltages of 0 V, 350 V, and 490 V. Closed symbols correspond to measure-
related to the electric field in steady state through the radiahents with the low field side Mach probe, while open symbols are measure-
conductivity, ments from the high field side.

_ do _ _(Vp- V l/’))
<Jplasma' V)= 0]_( dd[(V!ﬂ V) eN .

I¥IG. 6. Profiles of the floating potential in the QHS configuration for bias

figure as well, and the measurements indicate that the bias
3) voltage is smoothly dropped from the LCMS to the location

of the electrode.
Here, Jpiasma i the current density flowing through the We next turn to the time evolution of the electrode volt-
plasma,y is the toroidal flux,p; is the ion pressuresis the ~ age and current and the floating potential. The evolution of
elementary chargeb is the potential of the plasm#, is the  these quantities during and after the electrode pulse is shown
plasma densityg | is the radial conductivity, an¢ --) rep- in Fig. 7. The electrode is located iata=0.65 for the QHS
resents an average over the magnetic Suﬁ%d}dﬁgbcting discharge dlsplayed here, and the line average density is1
the ion pressure gradient compared to the electric field undex 102 cm™. In making this and most subsequent plots, be-
bias conditions, the electrode current can be related to theveen 12 and 24 similar bias electrode pulses are averaged to

potential gradient as reduce the noise in the signals.
An important feature to note is the asymmetry between
d® _ lejectrode (Vo) 4) the turn-on and turn-off of the electrode. The electrode volt-
dy o, AV Vi)' age in Fig. 7a) is applied in~1 us. The electrode current in

Fig. 7(b) responds to the application of this voltage by draw-
where A is the area of the magnetic surface. Integratinging 4 very large current spike before settling to its steady
this expression from the edgahere the potential i) to  gtate value. The electrode current is terminated-nus at
the surface with the electrode allows an effective impedancge end of the electrode pulse. Once the electrode current is

to be defined as broken, the electrode acts like a large floating potential moni-
Yelectrode v tor. The floating potential measured by the electrode decays
_ 1 (v . .
Reff = dep. (5)  on atime-scale of typically-30 us.
Ya o AV - V i) The floating potential evolution at the proud pin of the

All of the terms in the integrand in Eq5) are positive, so Mach probe is shown in Fig.(@). The floating potential is

that increasing the depth of electrode insertion will increase
resistance seen by the electrode. At fixed electrode voltage,

Date: B/15/03, Shets 70,7172

400
this will cause the electrode current to decrease. Detailed a) Flestrod s Voltone
measurements and modeling of the radial conductivity are %200 \ T
presented in Secs. IV and V. "

Representative profiles of the floating potential are 20[ by Flactiode Carrent ]
shown in Fig. 6, where the measurements were made with . | L |
the proud pin of the Mach probe on a shot to shot basis. L
Curves are shown for bias voltage of O(¥lectrically float- 0
ing electrode, before bis350 V, and 490 V. For each volt- 2 ) |
age, measurements from the high and low field side of the £'%°f Floating Potential 1
torus are displayed, where the radial location of the measure- of p
ment has been mapped to toroidal flux for display in the -05 0 05 1 15 2 25

figure. At fixed bias voltage, the profile measurements made Time Referenced to Trigger of Bias Pulse (msec.)

on the_high and |_0V‘“3| side (_Df the torus agree well. T_he FIG. 7. Time evolution ofa) the electrode voltagéb) the electrode current,
approximate location of the biased electrode is shown in thand(c) the floating potential during and after electrode bias.
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Date: 8/15/03, Shots:70 71 72, Probe #1. ' U(t) = Cf[l - eXF(_ rft):lf + Cil —_ exq_ rst)]s+ Uss,
075} UﬁU" 1 (7)

wheref and s are unit vectors in the fast and slow rising
directions,C; and C, are the amount of flow in those direc-
tions,r; andrg are the fast and slow rise rates, ddg is the
flow before the bias is turned on. By projecting this equation
parallel and perpendicular to the field, it can be compared to
the measured flow projections and used as a fitting function.
Hence, the projectiond; ¢,,andU, ¢, are fit to functions of

the form

Uy sit(t) = Cf[1 — expd—rst) Jcog arp)
0 05 1 15 2 25 + CJ1-exg-rg)]coday) + Uisg (84

Time Referenced to Trigger of Bias Pulse (msec.)

Flow Projections

FIG. 8. The evolution of the approximately paraliél;) and perpendicular UZ,fit(t) = Cf[l - eXF(_ rft)]s'n(af)

(U,) flows during and after the bias pulse. Thin black lines correspond to the _ _ .
fits of Eq. (8) to the spin-up and relaxation phases. + Cs[l eXF( I’St)]SIn(as) +Usss (8b)

where o5 and o are the angles of fast and slow flow unit
vectors with respect to the magnetic field. T@s, 7's, and
a’s are free parameters determined by a nonlinear fitting rou-

measured at/a~=0.87, a location inside the LCMS but out- o L .
e, as ardJ,ssandU,sg A similar two-direction/two-time-

side the surface where the bias electrode resides. The floatirggale fit is applied to the decay of the flow by making the
potential evolution appears as essentially a scaled version Ubstitution in Eq(8): [1 - exg—rt)]— exg~r (t-t.)], where

the electrode voltage. There is a very fast rise when the ele¢Y! the ti hen the electrod tis brok
trode voltage is applied, a duration at a near stationary Ievef,0 IS Ihe ime when the electrode current 1S broken. .
An example of these fits is superimposed on the data in

and a decay with a time-scale of a few tens ofmicrosecond% 8 Th ot ilustrate that th Wo i
These results show similarity to limiter biasing experiments 9. ©. The projections tllustrate that there are two time-

in TJ-11, 2 where a fast time-scale-50 415) was observed in scales involved in the flow evolution, with the fast time-scale
the decay of the floating potential after the fast terminationtPP€aNg most strongly i), and the slow time-scale ap-

of bias. This time-scale is similar to that observed in HSX. Apearlr;]g more S:[]O”?:]Y ”hlj_l' The f'(tjs O.f Itge f(;rmt n eq(.8) ¢
slower time-scale in the floating potential evolution are shown as the thin fines, and yl€ld a fast rise ime o

(~10 m9, related to the slower evolution of density and — L0 #S and a slow rise time o+45Qus. Caution should be

temperature, was also observed in the TJ-Il experiment observed in interpreting the fast time of the flow rise, as the

This time-scale is not observed for the HSX results presentesﬂandwIdth of the measuring _ellectronlcs 1S only 100 kHZ'.
The flow decay also exhibits a two-time-scale behavior.

here, probably because the bias pulses are kept sufficiem;lP(he fast decay time is-50 s, and is mainly visible ifJ,

short that no significant evolution of the plasma density is .
allowed to occur. the perpendicular component of the flow. The slow decay

The typical plasma flow evolution during and after thet|me is typically a few hundred microseconds, and is mainly

bias pulse is illustrated in Fig. 8. Recall that the Mach probéaresenh |nf thte pt?]ra"etlh fI(;w.tl\(;ote th?t the fast rise time is
produces data in the form of the flow speed and angle as generally faster than the Tast decay time. . .
These time-scales are to be compared with the rise and

function of time. The data in the figure have been cast ind t' f the local floati tential ted earlier i
term of the orthogonal projections of the flow by calculating ecay imes of Ine local floaling potential presented earlier in
this section. The floating potential rise occurs=td us, a

time-scale commensurate with the fast flow rise. At the end
of the electrode pulse, the floating potential decays in
~40 us. This is a similar time-scale to the fast flow decay

Uz exdt) = M(D)sin 6e(t)]. (6b) when the electrode current is shut off. Hence, the floating

potential and the perpendicular parts of the flows decay on a

Since the flow angle was rotated so tl#t=0 is approxi- time-scale of~30—-50us when the electrode current is bro-
mately parallel to the magnetic field, is the approximately ken, while the parallel flows tend to decay on a time-scale of
parallel flow andU, is the flow which is in the magnetic a few hundred microseconds. There is no indication of the
surface but perpendicular to the magnetic field. Note that thelower time-scale in either the potential rise or fall.
parallel flow(U;) has a much longer evolution than the per- These measurements have been made in otherwise simi-
pendicular flowm(U,), for both the spin-up and decay phases.lar QHS and mirror discharges. The flow speed evolutam

We analyze the flow evolution data using a two-time-a Mach numbeéris shown for representative QHS and mirror
scale ansatz, based on the two-time-scale observation prdischarges in Fig. 9. These two discharges have the same line
sented above and neoclassical theory to be presented in Sewerage density and ECH power, and the electrode and
IV. If the biased electrode is turned ontat0, then the flow probes are at similar locations. The electrode voltage was
evolution fort>0 will be of the form ~340 V in both cases. The two waveforms have a similar

U exdt) = M(t)cog 6:(1)], (6a)

Downloaded 22 Feb 2007 to 128.104.198.190. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



056116-7 Measurements and modeling of plasma flow damping... Phys. Plasmas 12, 056116 (2005)

06 Flow Spesd section provides minimal details where we have simply
taken results from the original work by Coronado and
& S Talmadge*? topics that have been developed in the course of
Zos the current research are presented in more detail. Section
] IV A details the basic equations and steady state solution for
20'3 the radial conductivity and flow direction. Section IV B de-
Bo2  ror scribes the model for the decay of the plasma flows and
- electric field, while Sec. IV C provides the details of the
spin-up model. A comparison of the spin-up and relaxation

85 o o5 1152 models is provided in Sec. IV D.

fme (ms) These calculations are done in Hamada coordirfites,
FIG. 9. Time evolution of the Mach number in similar QHS and mirror Where the Jacobiagg is a magnetic surface constant and
configuration discharges. The flow in the QHS case takes longer to spin-ufhoth the magnetic field and the equilibrium MHD currents
reaches a higher final speed, and decays more slowly. are straight lines. Note that in the original papethe mag-
netic surface angles varied between 0 and 1, while we allow
o . them to vary from 0 to 2. The original paper also used the
initial rise, indicating that the fast component of the flow rise Y € ong pap .

volumeV as a flux label, while we leave the magnetic sur-

is similar for the two configurations. After this fast rise, the face label as an arbitrary variabje These assumptions lead

QHS wave form continues to climb, even as the mirror wav ) . . R
form saturates at a lower level. The flow speed in the QH%O a Jacobian equal to 1 in the earlier work, while it is equal
‘ 0 (1/47%) 9VIdp in the present case.

configuration takes significantly longer to reach a steady
state value, and the steady state value of the flow is larger for ] ) ]

the QHS configuration. The current drawn by the electrode irf: Basic equations and the steady state solutions

steady state was 8 A in the QHS configuration, while the  The lowest order continuity equation yiel®& U=0°
value for the mirror configuration was 10 A. Hence, the QHSyhile the lowest order momentum balance equation yields

configuration has more total flow per unit 3 B torque.
When the electrode current is terminated, the QHS case takes |y =_ C(@ ¥ i%)BX_Vp_ (9)
longer for the flow to decay than the mirror. All of these dp eNdp) B?

features |nd|ca_te a reductu_)n in damping w ith quUasISYMMEspage two results can be used to write the contravariant po-
try. More detailed comparisons of damping measurements: -1 and toroidal flows in Hamada coordinated’as
between these two configurations will be given in Sec. V.

In the past, many biasing experiments have focused on o _C (@ + iﬂ) + \B® (108
the impact of biasing on turbulence and the transport of par- Bé\@ dp eNp '
ticles and heat>'**?"We have observed a decrease in

floating potential and,,, fluctuation amplitudgup to a fre- Ué=)\R¢. (10b)

quency of 100 kHg during bias® but have yet to make the

detailed turbulence and profile measurements necessary {0 these expressionsy; is the ion densityc is the speed of

draw firm conclusions about the impact of bias on transport/9ht, andB* and B¢ are the Hamada contravariant poloidal
nd toroidal fields, respectively. The force free parallel flow

On the other hand, comparisons of QHS and mirror plasma&" . .
without bias have already demonstrated the reduction in orbft IS @ magnetic surface constant analogous to the “bootstrap

deviations from a flux surfaé®and the suppression of direct CUent. _
losse& in the QHS configuration, compared to the mirror The first-order parallel and poloidal momentum balance
case. equations are given by

p)
IV. MODELING THE PLASMA FLOW AND ELECTRIC MmN (B -U)==(B -V -I) - mN;uin(B - U) (12)

FIELD EVOLUTION

. . lAR{R @
HSX is not perfectly symmetric; the small symmetry miNii(Bp-U>:— VgB°B Qe V)
breaking terms visible in Fig.(&) will contribute to neoclas- at
sical damping of the flows. Furthermore, the low electron
density of the ECH-heated plasmas allows significant neutral ~(Bp- V- ID =mNiuy(Bp - U). (12)
penetration. Hence, it is reasonable to hypothesize that nedtere,J,,smaiS @ current flowing through the plasma, causing
classical effects, including the effects of neutral friction, maya force that drives the plasma flow.
be responsible for the measured flow damping in HSX. We  In calculating the ion-neutral collision frequency in the
have taken the approach that a careful calculation of neoclaseoclassical modeling, we use the momentum transfer cross-
sical viscous damping is an important first step in undersection data from the quantum-mechanical calculation by
standing flow damping in HSX. Krstic and SchultZ? Their calculation includes both charge
This neoclassical formulation involves solving the con-exchange and classical elastic scattering, and allows accurate
tinuity and momentum balance equations on a magnetic sucalculation of the momentum transfer rates through the
face as a function of time. The description provided in thisQ—integraf53 formulation.
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For a quick estimate of the ion-neutral collision fre- =u,B¢/mNi(B-B),  v,=uB/mNi(B-B), vf’=,u(aP)B“/
quency, u,~N,10°T;*8 from Corneliset al,** provides a mN(Bp-Bp), and UEP)ZMEP)B“/MNKBP'BP) Comparisons
reasonable approximation for the momentum loss rate due tgetween this neoclassical radial conductivity and measure-
ion-neutral friction. For simplicities sake;, has been fac- ments will be presented in Sec. V.
tored out of the flux-surface averages in Edsl) and (12). The neoclassical modeling also predicts the steady state
This step is not strictly accurate for HSX, where the local-plasma flow direction in Hamada coordinates. The prediction

ized gas-puff source leads to a large toroidal asymmetry ifior the steady state flow is of the fortds=USe,+Use,,
the neutral density. Methods to include the proper distribuyith

tion of neutrals on a magnetic surface have been developed,

but the modification does not lead to a substantial change in ¢ _ ¢ (B -Bp)
: U= —KB* tv, + up———|. (179
the results of the modeling. Hence, the flux-surface average ss (B?
neutral density will be used in Eqgll) and(12) throughout
the modeling presented in this paper.
o N (B-By)
To relate the current flowing in the plasma to the exter-  Ug= KB v+ uy——5— |. (17b)
nal current, we use the radial component of Ampere’s law (B%
39 ob In these expressions, the const&nts related to the radial
E&_p<vp Y% P> = 4"77'<‘-]plasma' v p> + <‘]ext' v P>- (13 current as
The external current represents the current drawn by the K= —— cJ-Vp) (18)
eIectrqde in the case under consideratio_n in this paper, but (VgB*BNVp - V p)o (v, + v+ u)
could in general represent other nonambipolar particle trans-
port mechanisms. This prediction for the steady state flow direction will be
The neoclassical viscosities in Eqdl) and (12) are  compared to measurements in Sec. V.
analytically calculated for the plateau reg'r’fﬁ%6 as The calculation of the viscosity coefficients requires cal-
B N . culation of the Fourier decomposition (8| in Hamada co-
(B- V-1 = uoU + u U7, (148 ordinates. This was done for HSX using a modification of the

® ® technique originally developed for the calculation of the
(Bp- V 11 = p, U+ pU°, (14b)  Boozer spectrur A sufficient number of spectral compo-
Where = k(Bap+ Blay) = k(B%ac+Bar) P nents are used in the calculation, such that adding additional
T Ham Kg T oach M crEar,  Ka terms does not change the values of the viscosity coefficients
=kB%ap, and i, '=kB“ac. These expressions in turn use
at, ap, andac.

=12 =>n2b2 - = 2 -
ar717d aP:Bo_/;;]aE] tﬁ “/T|ni:| b\r;vrﬂie'?erlgjs tﬁz Erg::{}vrfgi“;sn:;'é The calculation of the neoclassical radial conductivity
c m ’ P t also requires terms such @Bp-Bp), (B1-Bp), and(B-B).

thermal velocity,: is the rotational transform, and the sums o L . .
yir Furthermore, the flow direction predictions are written in

are over all spectral components except them)=(0,0 . . .
b b pt them)=(0,0 aEerms of the contravariant toroidal and poloidal flows. To

component. Terms in the viscosities proportional to the he lculate the flux surf ver noted above and t -
flux are neglected in this formulation. Strictly speaking,ca culate the Tiux surtace averages noted above and 1o o

- " . . are these neoclassical flow direction predictions to lab-
these viscosities are only valid on time-scales longer than aﬁrame measurements. it is necessa topknow the Hamada
ion-ion collision time(;).>” Thus, our neoclassical calcula- ’ ry

tions are only valid for damping rates less thanrl/ coordinate basis vectors. In_ previous modeling, the basis
vectors for a large aspect ratio circular tokaritakere used

=10 kHz based on HSX parameters. to approximate the stellarator basis vectors. Given that HSX

The steady state limits of EGELL~(13) allow the rela- haspeF;sentiaII no toroidal curvature, the uée of the tokamak
tionship between the electric field and radial current to beb . y Lo C .

: asis vector approximation is not justified. We have derived

written as ) )

a method to calculate the Hamada basis vectors for an arbi-

(Vp,- Vp) trary torug and applied it to the QHS and mirror configura-
{Iptasmar Vp>:0i<<Ef' V- eN ) (15 tion of HSX. The calculation technique will be discussed
elsewhere, but the results will be used in the neoclassical
where the radial conductivity is calculated as calculations and theory/experiment comparisons discussed
. = sziNi<B|23> below.
’ [papi)2 <Bz>
(Vp- Vp)(NgB*B*)"| v, + v, + Un; g2
B. The flow relaxation model
(s, (BeBe (B-By) . . R
vy + ypn = v+ ) _ The flow relaxation formulation presented in this section
P is based on the work of Coronado and TaIma%fg‘Eo exam-

® (Bp-By) (B -Bp) ine the time evolution of the flows and electric fields when
Yy WmF o™ Un” B2 (16) the bias current is terminated, we first rewrite the fluid equa-
P tions in terms of the force free flogh) and the electric field
The viscous frequencies in this equation are defined,as (d®/dp). The poloidal momentum balance equation becomes
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d 0® N P
— ta —+ bl&_ + bz)\i = Cl' (19) 120:

- 5 o Total Flow
at dp ot !

& Direction
The parallel momentum balance equation can be similarly Symmetry
“” Direction

written as
J o AN D

a3—— t+tay;— +tby— +b\=C,. 20
3&t(9p 4o 3(9p 4N = Lo (20)

Expressions for the constanas b, and C can be found in
Ref. 12, though they need to be slightly modified to account
for the difference in angle domain and flux surface label
between that referenC(_a and the lelrrent work. See Ref. 8 fq!lG. 10. Directions associated with the flow decay in the neoclassical for-
the. corrected expressions. Equatiddd) and (20) can be  myjation. The direction corresponding to the fast flow decay is the second
written as term in parenthesis on the RHS of E@8), while the slow flow decay

direction is the first term.
dXx

A— +BX =C, 21
dt @D
with X=[é®/dp;\], andA, B, andC being vectors and ar- _ 1 _ D,
L. . .. 1_D3+—1 NZ_D4+—1 (278)
rays containing the constants noted above. With the defini- Ys(v = o) (%= %)
tions D=A"'B, S=A"1C, andA=de{(A)=a,a-a,as, the sys-
tem in Eq.(21) can be written as Noo ¥%D1 + yD>
dX Ty
G ox+s (22 (27b
. . S b derive the ei | N, = D; ys—dy . Ds(ys—d1)
rom this expression, it is possible to derive the eigenvalues ve dyol 76 — 7o) dy '
of the system as
D, %—diu  Daly—did)
Ysl_ l(d11+ d,y) N5 = o — q . (270
Y 2 ¥ Gaa v = %6 12
1 The termsS; and S, are evaluated with<Jq,Vp>=0.
+ \/4—1(d11+ 022)? = (dy102, = dy50). (23)  With these definitions, the flow evolution at bias turn-off can
be written as
This expression can be used to calculate the flow decay rates cN,
when the Hamada spectrum and basis vectors are known. Ut>tg) = (N4B + Tea)eys(“to)
The two rates in Eq(23) are the rates for the plasma B9
flows and electric fields to decay, as can be shown as fol- cN, 10
lows. Let the radial current be turned off &tto, and call +| NsB + Bg\@e‘a erol, (28)
di=dd/dp(t=ty) the potential gradient when the electrode
current is terminated anky=\(t=ty) the force free parallel This expression illustrates that the neoclassical flow de-

flow at that time. The flow speeds at this time can be calcucay can be described by a two time-scale, two direction for-
lated from®; and A using Eq.(10) . The time evolution of ~mulation. The flows decay in one direction at a rgt@nd in
the electric field and parallel flow can be written as a second direction at a ratg. With the knowledge of the
_ _ Hamada basis vectors, one can use [28) to calculate the
N(t) = N0+ Ny 70, (24) lab frame directions associated with the two decay rates.
The calculation shown in Fig. 10 illustrates these direc-
@(t) = N,e?170) + NLe" 0 + N (25)  tions for the QHS configuration for the location of the low
' field side Mach probe. The plane of the figure is the toroidal-
poloidal plane, and the coordinate system is rotated so that
the magnetic field points directly to the right. The predicted
Di=(y—d1)S—dS, Dy=dpS - (vs—di)Sy, direction of the total flow during bias points30° counter-
(263 clockwise of horizontal in this figure. This direction is the
vector sum of the flows in the fast and slow decay directions.
The slow decay direction, corresponding to the first term in

where the following definitions have been used

1 . . . )
Dg= [(ys = d1)Pg = dioho], parenthesis on the right-hand siRHS) of Eq. (28), is ex-
(=) actly parallel to the direction of symmetry in th@,m)
(26D =(4,1) spectral component. The fast decay direction, corre-
1 sponding to the second term in parenthesis on the RHS on
Dy= ——[dioho = (5= dy) @], bonding P
T (- 'ys)[ 120~ (%~ Aiy) P Eq.(28), is not exactly perpendicular to the direction of sym-
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metry, because there are parallel flows associated with the y(t) = ug1 —e'Me,+BQke[l - (1+Qy)e ™
flows across the direction of symmetry. The parameters in

this calculation are similar to those in HSX except for the +Qe7, (34)
neutral density, which is increased by an order of magnitudgyhere

compared to the experimental value. This increased neutral

density(to 1x 101 cm 3 in the calculatioh has the effect of Ug= — ke (35)
forcing more flow in the fast direction, causing the plot to be B‘Vg

more clear than if the realistic neutral density were used.
Also note that the length of the arrows has been normalize%zlOrt
so that the total flow vector, the magnetic field veddorand
symmetry direction vector all have unit length.

Equation(34) illustrates that there are two time-scales
he flow to evolve in this model. ThE X B and Pfirsch—
Schlueter flows are encapsulated in the first term on the RHS
of Eqg. (34) and grow on the externally imposed time-scale.
The bootstrap like parallel part of the flow grows on the
C. The spin-up model time-scalev.. Note that this second time-scale is solely de-

To model the spin-up of the plasma flows and 1‘ormr;1tiontermined_by the plas.ma. pargmeters _and mggnetic geometry.
of the electric field, we have developed new modeling tech- The final constraint in this model is provided by poloidal

nigues based upon experimental observatfoFise data pre- momentum balance, given by EQ9). The electric field and

sented in Sec. Ill show that the electrode voltage is applie(lfi’Oth componer)tg of the flow velocny have now been speci-
on a time-scale of~1 us, and that the floating profile ied. The remaining free parameter in the poloidal momen-

evolves on the same time-scale. Hence. to model the spin-ubum balance is the external current, which can be calculated
we have developed a model where the initiating event is &>

quick change in the potential gradient: Jexe V p) = Qe+ Que7 + Q. (36)

P E.o= —1dpi t<0 The constants in this equation are given by

o " eNdp’ ‘ (29 , ¢ \2 1 a,

P Eo+ke(l-el"), t>0. Q3 =mN(Bp) JoBB! e\ &~ Q1Q27

In this expressions is a time on order of Jus. Since we
are specifying the electric field evolution externally, the par- +b,Q1Q5 — bl), (379
allel momentum balance can be rewritten from E2f) as

IN; _ god P ) c \?

g +baA =Gy - % ap bsa_p- (30 Q4= mNi(Bp) T rkel@,Qque(1 +Qy)
Substituting the electric field evolutiai29) into the parallel -b,Q;(1+Qy)], (37b)
momentum balanc€0) and solving the differential equation
yields the time dependence of the bootstraplike part of the 5 c 2
parallel flow. Qs =mNi(Bp) TopB re(Dy +bQy). (379

At = keQi[1 - (1 + Qe ' + Qe V7. (31)

The constants are defined in terms of the viscous frequencies, Comparison of the models

and the ion-neutral collision frequency as ) . , )
The modeling has now predicted three important time-

w +vm<B ‘B, scales: the fasty,) and slow(y,) rates for the flow and
B “ (B?) electric field decay, and the raig for the parallel flows to
Qi=- \J’EB“Bg Wty tu, ) (328 ise. These time-scales are plotted as a function of minor
radius for the QHS and mirror configurations in Fig. 11. The
B.B >< 1) plasma parameters in the calculations are similar to those in
1y, t+ > | Un HSX, except that the neutral atom density has been set to
W+ v+ (B?)

zero. Eliminating ion-neutral collisions emphasizes the dif-

Q2=

wo+u (B-By W+ v+ v — 1 ferences in neoclassical parallel viscosity between the con-
(e n 2 @ 4 n . .
(B%) figurations.
(32b) The neoclassical slow rate illustrates the largest differ-

ence between the QHS and mirror configurations. In the

b, plasma core, the difference is about two orders of magnitude,
U=t typty,. (33 decreasing to a factor of 10 closer to the edge. The fast rates

& in the QHS and mirror configuration are closer to each other,

The quantityQ, is much less than one for HSX conditions. and differ by only about 30% across the entire minor radius.
With this determination of th& and electric field evolution, Hence, the neoclassical expectation is that the fast time-scale

the total flow speed evolution at bias turn-on can be calcufor flow decay will be similar between the two configura-

lated as tions, but that the slower decay time-scales will show a large
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10° . ; . . A. The steady state radial conductivity and flow

direction
Mirror, Fast Rate

The relationship between the steady state radial current
and the radial electric field is determined by the radial con-
ductivity as described by E@15) . It appears that before the
electrode is energized, the externally driven radial current

Mirror, v

QHS, Fast Rate

Damping Rates (Hz)
o

° sz = y would be zero, implying that the plasma radial current is zero
and
10% ’ < |
& _ Vpi -V (//
g QHS, Slow Rate (Er- V= eN . (38)
1 1 1 1 1
19, 02 0.4 0.6 08 1

a The pressure gradient balances the electric field, and there is

FIG. 11. The three neoclassical damping rates for the mirror and QHS10 plasma flow. Note that inclusion of temperature gradient
configurations, as a function of minor radius. The neutral density has beeeffects in the viscosities would modify this express?(?ﬁ'f‘z
set 'to zero in this calcu_latlon_to emphasize the differences in parallel V'S'allowing for flow with no external radial current. It is not
cosity between the configurations. .. . .
anticipated that these corrections are important for the low
density ECH plasmas described in this article, where cool

diff The diff ine b he OHS and mi ions and small ion temperature gradients are inferred from
ifference. The difference inz between the QHS and mirror Doppler spectroscopy.

configurations is smaller than the difference in the slow rates. Contrary to the expectations from E(B8), measure-

For both the QHS and mirror configurations, the hybridments show that for most unbiased plasmas in HSX, both the

time-scalew: resides between the fast and slow decay tlme'pressure gradient and the floating potential increase towards

scqles. This can be underst_ood as foIIovys. There are Wie core. Langmuir probe and Thomson scattering indicate
variables necessary to describe the evolution of the flows OMat theT profile is peaked in the core, with only a small
e )

the two-dimensional magnetic surface. These variables COUIQIope in the outer half radiusvith T, increasing toward the
e

be agy ltwlo of _thfe_ tl((;‘{‘? |dalhﬂow, rr)]olmdalhﬂovx? pa_ralfl_ellélowa magnetic axis Hence, we infer that both the plasma poten-
or radial electric nield,'we have chosen the eleciric field an tial and the ion pressure increase towards the core. This is

p?“’?‘”e' flows in Eqs(_19) and(20). For the decay model,_the apparently in contradiction of the prediction of H§S).

drr:vmg (tjerm [ctjhi radial current ondthe .RhH.S of Eqwl)]f IS While the reason for this contradiction is not at present
changed, :n t ehsystﬁm rlespc_)n f_sk\;w.t 'LS natl:jra requeiliear, it is hypothesized that there is some radial current
cies (y and ). When the electric field is changed on SOME yriven before the electrode bias is applied. The positive po-

externally impose_d time'-scale, as in the spin-qp model, ONGentials before biagsee Fig. & would correspond to some
of the system variables is externally forced. This leaves onl)ﬁon-ambipolar mechanism driving electrons from HSX. This

one remaining time-scale. This_time-scale then has inf_ormarhechanism would take the place of the biased electrode
tion about both of the natural time-scaleg and ys) and is  y5uing electrons out of the plasma, and a return current

intermediate to them. would need to flow to maintain ambipolarity. Possible

. I ShQUId be noted t_ha_t n addlfuon to the mirror f|<_a|d, the mechanisms for this electron flux include convective fluxes
introduction of magnetic islands into the configuration cany e to the ECEP or nonambipolar turbulent fluxdd

lead to symmetry breaking and an increase in viscous damp- Assuming for the moment that a radial current is indeed

ing. This damping mechanism s Qiscussed in Ref. 41, anﬂowing before the electrode voltage is applied, then &§)
will not be considered further in this paper. before bias becomes

V. COMPARISON BETWEEN MEASUREMENTS AND

v dv dT,
NEOCLASSICAL MODELING ( ¢|>Ipre—bias: cn[( d_f S Kd_e> V-V
In comparing the modeling with the measurements, the Asut 4 4
topic naturally divides itself into three areas. Section V A (Vpi- Vi
will describe comparisons between the neoclassical model - eN ' (39)

and the steady state radial conductivity and flow direction.

Section V B will compare the spin-up model to measure-

ments. A comparison of the measured relaxation of the flowsvhere we have used-V )=V /Agys and Pp=V;+ «Te.

and potentials with the neoclassical relaxation model is giverin these expression8y,,is the area of the magnetic surface,
in Sec. V C. Section V D provides a discussion of the ob-®; is the plasma potential, and is a species dependent
served enhanced flow damping in HSX. Note that for theseonstant. During the bias steady state, the total current flow-
theory/experiment comparisons, the toroidal flsis used as  ing through the plasma is given By, =leiectrodst |pre-bias

a magnetic surface label. This leads to the version of E¢L5) during bias as
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1 07 Steady State Data, &/EK103, shots: 73 74.
‘ ' ' Predicted Steady
Measurement e - State Flow
Stead‘y state | a/ Symmetry Direction in
. 106 Fléwp_i'regtioﬁ' v (n,m)=(4,1) Component
= e Full Neoclassical &0 0
5
B
¥ 10%
; Neutrals + (n,m)=(4,1)
>
v 270
\
II_4 104_
e FIG. 13. Comparison of the predicted and measured steady state flow direc-
tions, on the low field side in the QHS configuration. The coordinate system
Neutrals Only is orientated so that the magnetic field points directly to the right, and the
10° ‘ . . . ) ) - direction of symmetry in thén,m)=(4,1) spectral component is shown as
06 065 07 075 08 08 09 095 1 well.

rfa

FIG. 12. The measured radial conductivity profiles in the QHS configuration . . .
with line average density of:t 102 cmr3. Neoclassical predictions are also approximately a factor of 10, leading to the conclusion that

shown corresponding to only neutrals, neutrals andithe)=(4,1) spec-  the radial conductivity is anomalous. Note that because the
tral component, and the combination of neutrals and all magnetic ﬁewfloating potential profiles on the high and low field sides are

fipples. very similar when the radial coordinate is mapped to toroidal
flux, the radial conductivity determined from the two loca-
tions would be similar.
% (o)V/ dT, . . R .
<|As—l//|>|tota|: UL|:<d_{//f during-bias™ Kd—l;>(v¢- Vi) This anomalously large radial conductivity is seen in to-
urf

roidally symmetric device® Rozhansky and Tendf&rhave
(Vp,- V) constructed a model that approximately predicts the radial
+ T eN | (400 conductivity in theL mode in TUMAN-3. This model as-
sumes that there exists anomalous shear viscosity to damp
where it has been assumed that the electron temperature afié toroidal flow. Under the assumption that gradients in the

ion pressure gradients do not change when the bias is apoloidal flow are small, the radial conductivity can be ex-
plied. Subtraction of Eq(39) from Eq. (40) and solving for  pressed as

the radial conductivity yields

c‘m Nig\“;vti
o = <|V ¢|> l electrode (41) o,=" ZROBCZ, (42)
1= .
(V- VihAgys d
o d_l//(vf|during-bias_ Vf|pre-bia§ When evaluated for the parameters of these QHS discharges,

the prediction of Eq(42) is o, ~1x10° s71, which is ap-

The terms(V-V),({Vil), and Ag, are calculated for proximately the experimental value presented above.
many surfaces as part of the Hamada basis vector calcula- Similar measurements have been made in the mirror
tion. configuration on HSX. The measured radial conductivity is

A comparison of the measured and modeled radial con=30% higher in the mirror configuration than the QHS. The
ductivity in the QHS configuration is illustrated in Fig. 12. neoclassical prediction is a factor ef4—5 larger than the
The line average plasma density in these discharges in grediction for the QHS case. Hence, the theory/experiment is
X 10* cm 3, and the neutral density is1x 101°cm™3. The  closer in the mirror case than the QHS, but is still off by a
measured radial conductivity is the top curw®te that con- factor of ~3.
ductivity has units of 14 in cgs unit3. There are three neo- In addition to the steady state radial conductivity, the
classical predictions shown in the figure. The bottom curve isieoclassical modeling also predicts the direction of net
the radial conductivity with all of the viscous frequencies in plasma flow, via Eqs(17) and(18). With our knowledge of
Eq. (16) set to zero; only neutrals are considered in thisthe Hamada basis vectors in the laboratory frame, we are
calculation. The next higher curve shows the radial conducable to make comparisons between the measured flow direc-
tivity considering neutrals and thén,m)=(4,1) spectral tion and the neoclassical prediction. An example comparison
component. The addition of the single spectral componenis shown in Fig. 13, for a measurement taken with the low
causes a significant increase in the radial conductivity, as hdgld side probe 1 cm inside the separatrix. The line-average
been noted previously for the tokamak cas&he uppermost density in this QHS discharge wasx11.0'2 cm™3, and the
neoclassical prediction shows the radial conductivity includ-neutral density is estimated to bel X 10%° cm ™3,
ing neutrals and all magnetic field ripples. The error regions  This figure is in the same coordinate system as Fig. 10,
in these and subsequent calculations are based upon Mon#gth the magnetic field pointing directly to the right and with
Carlo propagation of the estimated errors in the neutral derthe direction of symmetry rotated counterclockwise of the
sity, plasma density, and ion temperature through the formumagnetic field. The predicted steady state flow direction is
las presented in Sec. IV. The difference between the meaeotated slightly counterclockwise from the symmetry direc-
sured and neoclassically predicted radial conductivity igion, and the measured steady state flow is rotated farther
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FIG. 14. Comparison of the slow flow rise rafeg in Eq.(7)], as measured FIG. 15. Comparison of the slow flow rise rates in the QHS and mirror
in the QHS configuration in the high and Ig®| regions. The neoclassical ~configurations. The neoclassical rise ratefrom Eq. (33) is illustrated in
rise ratevg calculated from Eq(33) is shown for comparison. the figure, and agrees with the data in both configurations.

counterclockwise. We conclude that the measured flow is These measurements have been made in the QHS and
rotated away from the symmetry direction compared to theénirror configurations of HSX at the same input power
neoclassical prediction. The subject of the flow direction will (50 kW), line average density(1x 10'*cm), and field
be revisited in Sec. V D. strength(B=0.5 T). The measured impurity ion temperature
of ~20 eV is similar in the two configurations. The mea-
sured slow rise rates; for the QHS and mirror configura-
tions are shown in Fig. 15. The measurements are made with
the low field side Mach probe in both cases. The measure-
Consider now the spin-up of the plasma when the elecments in the QHS configuration show a reduced rise rate
tric field is applied. The measurements illustrated in Fig. 7compared to the mirror configuration, as expected for a con-
show that the electric field is formed extremely quickly whenfiguration with reduced viscous damping. The calculated
the bias is applied. This is implicitly consistent with the ratesvg are illustrated in the figure as well, and show good
model described in Sec. IV C, and was the observation thagreement with the data. Note that the difference in the mod-
motivated the model in the first place. It is then important toeled predictions is due to neoclassical viscous damping. We
compare the measured and modeled evolution of the plasntaus infer that the measured reduction in damping in the
flows. quasisymmetric case is also due to reduced neoclassical vis-
The rate of slow flow ris¢r,, from the fits of Eq(7)] is  cosity.
shown in Fig. 14, where the two symbols illustrate measure-
ments taken on the ,IOW and high f'eld, sides of HSX. Thesq:_ The relaxation of the floating potential and plasma
discharges have a line average density of 102 cn® and  fiows after bias termination
an ion temperature of 20 eV. The physical locations of the
tips of the two probes have been mapped to toroidal flux so We will next consider the dynamics when the electrode
that they can be compared on the same axis. There is excdurrent is broken. We typically fit the decay of the electrode
lent agreement between the measured slow rise rates on tdrrent and voltage to a single time constant exponential,
low and high field sides, illustrating that this time-scale is an . fo, t<t, 43
appropriate global quantity for comparison with modeling. =
The modeled time-scale: is plotted on the data as well. A (fo—fsd exp[-r(t—ty)] +fss t>t,,
neutral density of X 10 cm 3 is used in the calculation wheref is either the electrode current or voltadg,is the
based on thél,, measurements and DEGAS simulations. Thevalue before the bias pulse is terminateti=t, andfgis the
measured time-scales show good agreement with the prealue long after the decay has finished. In Fig. 16, we plot
dicted time-scale based upon neoclassical modeling, both ithe decay rate of the electrode voltage and current as a func-
numerical value and in the radial profile. tion of the line average plasma density for QHS plasmas
Measurements have been made where the biasing elewith the bias probe located ata=0.65. The current decay
trode and Mach probes are held at a fixed location while theate is typically 16 s, satisfying the model requirement
plasma density is scanned via gas puffing. The data showtbat the current termination be the fast initiating event. The
that the slow rise rate is largely independent of density irelectrode voltage typically decays at a rate~80—50 kHz.
both the QHS and mirror configurations. Note that the time-  Also shown in the graphs is the neoclassical fast decay
scalewg is also independent of density in the plateau regimerate y; at the location of the electrode, as a function of
consistent with the measured scaling. plasma density. The current termination occurs substantially

B. The measured and modeled spin-up of the plasma
flows
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rection of symmetry decay. For the QHS configuration, this

3
W ww 3 rate is dominated by ion-neutral collisions, and is approxi-
3 Oﬁ mately given byu,~n,10°T:*8=150-300 . Hence, the
T Electrode Current Neoclassical . - . .
107} Decay Rate F::tcsztse'ca- rate at which the flows are damped is not consistent with
) neoclassical theory; the measurement and prediction differ

1 1 by a factor of=10.
' ' ‘ ' ' ' ' ' The measured mirror slow damping rates also differ
from the predicted neoclassical slow damping rates, although
Electrode Voltage . . " .
Decay Rate Neoclassical the ratio of measurement to neoclassical prediction is closer
Nl Fast Rate | than in the QHS case. Note that the difference between the
4
= measurements of 1.5x 10° s is similar to thedifference
] in the neoclassical predictions. In this sense, we hypothesize
04 06 08 1 12 14 16 18 2 22 24 that there is an additional source of damping which dimin-
Line Average Density (x10'? cm™3) ishes the predicted neoclassical difference. Nevertheless, the
results show that the damping of flows is reduced with qua-
FIG. 16. The decay rafe in Eq. (43)] for (a) the electrode current ar(®) . t in th f th | fl
the electrode voltage. The fast neoclassmal damping(satdrom Eq. (23) Slsym_me Iy, even In the presence o € anomalous fllow
is also shown. damping.

3| b)l

faster than the fast neoclassical rate, but the electrode voltag% Discussion of enhanced flow damping in HSX

decay rate is within a factor of 2 of the neoclassical rate. This  The results presented above provide evidence that the
comparison should be taken with caution, though, as the nedaster time-scale$y; and vg, see caveat about fast time-
classical viscosities in the modeling are not necessarily acscales in Sec. IV Aare approximately described by neoclas-
curate on this fast time-scalsee discussion in Sec. IV)A  sical theory for these measurements in HSX, but that the
Considering the relaxation of the plasma flows, it wasslower damping time-scale and radial conductivity are not.
observed above that one component of the flows tends t®his result is not a surprise: many tokamak experiments have
decay on the same fast time-scale as the floating potentiadlocumented that the damping of flows in the symmetry di-
The slowly decaying component of the flow is mainly in the rection(the toroidal direction in that casés faster than neo-
parallel direction, in contrast with the neoclassical predictiorclassical theory predictS:*’~>?In this sense, the damping of
that the slowly decaying component of the flow should be inflows in the quasisymmetric HSX is similar to that in axi-
the symmetry direction. The rates for these flows to decagymmetric tokamaks.
(ry are illustrated in Fig. 17, for the QHS and mirror con- To further test this hypothesis, we have made compari-
figurations of HSX. The flows decay more slowly in the sons between the measurements and calculations where the
guasisymmetric configuration, as anticipated for the configuneutral density has been artificially increased to mimic extra
ration with reduced damping. Theifferencein measured flow damping. For the comparisons presented below, the
damping rates is-(2-3 X 10° s neutral density has been increased from its measured value
The neoclassical slow ratg, is illustrated in the figure, of 1x10Ycm™ to a value of 1.%X 10" cm 3. The ion-
for each of the two configurations. Recall that this rate corneutral collision frequency in this case is increasedvto
responds neoclassically to the rate at which flows in the di=3300 1k. There is no reason to believe that the neutral
density in HSX is this large. In this sense, the much in-
creasedy;, would be more accurately thought of ag;, an

10 ' : ' ' effective rate for momentum loss from the system.
9 Figure 18 presents a modeling/experiment comparison
: ")’""W Data | for the artificially large neutral density. The top frame shows
N A the slow flow decay rate for the QHS configuration, where
b & & N | measurements from the high and low field side Mach probes
6} A + 1 are displayed. As noted with respect to the slow flow rise and
§ 5 QHS Data | floating potential decay rates, the rates measured at the two
< Y\ locations agree well with each other. With the artificially
4 ol e (I high neutral density given above, the agreement with the
3 ) Neoclassical Slow modeling is excellent. The bottom frame shows the radial
5l gx‘gsz'ga' Slow / RaRlier conductivity measurement and neoclassical prediction
1l \ E é | cluding all spectral components and artificially increased
- | neutral densityfor the same neutral density. The agreement
86 07 08 09 1 is substantially improved across most of the measurement
r/a region.

FIG. 17. The decay rate for the slow component of the flow to decay for the The Steady state flow direction comparison 1S shown in
QHS and mirror configuration. The neoclassical slow flow decay (rade Fig. 19, where the neoclassical prediction is calculated using
from Eq. (23) is plotted for comparison. the artificially large neutral density. Compared to Fig. 13, the
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g Flo Decey: Slow Time:Scale time-scale for the flow to decay is longer in the QHS case
(s HFS\A ] than the mirror, consistent with our neoclassical expecta-
\ i a tions. However, this time-scale is significantly shorter than

the neoclassically predicted time-scale.

kHz
L) R

Neoclassical slow rate,
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