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The ion current collected by a probe in a magnetized plasma is sensitive to the angle between its
surface and the flow streamlines. This intuitive concept is the basis of the Gundestrup probe, a polar
array of planar collectors mounted around an insulating housing. Probe theory for measuring flows
has been developed on two fronts: Recent kinetic and fluid models, reviewed here, give similar
predictions for the collected current within the range of applicability of the model assumptions. A
comparison with measurements by a rotating Mach_probe in the CASTOR tok&@zach
Academy of Sciences Toru$J. Stakel, J. Badalec, I. Dran et al, Plasma Phys. Controlled
Fusion,41, 577 (1999] highlights the role of magnetization in ion collection at grazing angles of
incidence between the probe surface and the magnetic field line200@ American Institute of
Physics. [DOI: 10.1063/1.1344560

I. INTRODUCTION points® Both the parallel and perpendicular components of
the flow must be measured. It is insufficient, for example, to
Main ion flow in the scrape-off layer is both the cause measure the parallel flow alone to conclude the existence of
and the symptom of many tokamak edge phenomena. Plasnflaw reversal out of the divertoE X B drifts can easily coun-
flow patterns are linked to the spatial distribution of recy-teract parallel flow due to the low pitch angle of the magnetic
cling neutrals, and are expected to play a role in impurityfield lines, so parallel flow reversal may not necessarily im-
control! Convection competes with heat conduction in theply total poloidal flow reversal.
power balance of recycling and detached dischafges.  Probes are used to measure flow in many fusion research
Tritium-rich carbon flakes that form preferentially on the in- machines. Convincing consistency between measured
board divertor louvres of JETthe Joint European Torlls  changes of radial electric field and poloidal flows have been
may be a result of poloidal flow in the scrape-off laffer. made in many tokamalés2 A simple technique is to use a
lon—neutral flow differential gives rise to friction that can Gundestrup probé that consists of multiple conducting pins
dominate over volume recombination in the detachmennounted around an insulating cylindrical housifdg. 1(a)]
process. Electric and VB drifts, along with their self- in order to measure the polar diagram of ion saturation
consistent radial and poloidal electric fields, are thought taurrent. Another approach was recently adopted the
be responsible for density asymmetries between the strikeASTOR tokamak(Czech Academy of Sciences Totb)s
using a rotating Mach probe consisting of two back-to-back,

*Paper JI1 3, Bull. Am. Phys. Sod5, 185 (2000. flat plates, separated by an insulatbrg. 1(b)]. Continuous
"Invited speaker. ion current distributions allow a detailed comparison with
1070-664X/2001/8(5)/1995/7/$18.00 1995 © 2001 American Institute of Physics

Downloaded 25 Apr 2001 to 132.169.9.8. Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcr.jsp



1996 Phys. Plasmas, Vol. 8, No. 5, May 2001 Gunn et al.

T T T T T T T T
@ 2D kinetic
B ——1D kinetic
© [ )
S 1wk - 1D fluid, viscosity
t [ 1D fluid, no viscosity
o LIF comparison
2
o
[0}
1L e
Q7 e o
o
FIG. 1. On the left is a schematic of a 12-pin Gundestrup probe and on the ﬁ
right, a 2-plate rotatable Mach probe. g
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the models, and should help to evaluate whether there is M, =V, /cg

some physics still missing from them. The basic philosophy

of flow measurement with probes is to insert a solid bodyFIG' 2. Upstream-to-downstream ion saturation current ratio vs parallel
. h | d | | bati fthe b Mach number. The full circles are the 2D kinetic results of Gunn. The solid
into the p asm_a an gene.rate a qca pertur. ation of the aCIﬁhe is the 1D kinetic model of Chung. The dashed line is the 1D fluid model
ground flow field. Modeling provides the link between the of Hutchinson. The dotted line is the 1D fluid model of Stangeby. The open
measured ion current distribution and the unperturbed iogircles are the experimental LIF measurements of Poirier.

flow speed. If flow is present then one intuitively expects to

measure larger ion current on the side of the probe that faces

upstream than on the side that faces downstream into the

probe wake. After brief reviews of a kinetic mod&(Sec. I) ency of the results including uniquely parallel drift lend con-

and a fluid modéP (Sec. I, the theore‘gical predictions will fidence to the following analysis of the effect of finite per-
be compared with the CASTOR data in Sec. IV. The Sens'bendicular drift.

tivity of the fitted Mach numbers to angular misalignment of Figure 3 shows the PIC result for Mach numbéfs

the probe will be analyzed in Sec. V. =0.4 andM, =0.3. The flow streamlines are bent towards
the probe in regions of strong density gradient near the edges
II. KINETIC MODEL of the wake. Parallel profiles of ion density, temperature, and

. . — . parallel Mach number are shown in Fig. 4 for magnetic field

A two-dimensional(2D) kinetic code called Gunby lines passing just below, through the middle of, and just
has been developed to solve the ion motion in the wake of 8y e the probe. The density is lower on the downstream
cylindrical probe, and to calculate the ion current distributionside as expected. The kinetic temperature in the presheath
over the surface. A description of and first results from th'sdrops substantially towards the probe surface, contrary to the

code can be found in Ref. 19. A quasineutral particle-in-Cellgqthermal assumption adopted in fluid models. The curious
(PIC) approach has been adopted. The parallel ion speeghating on the top side of the probe is a kinetic effect caused
distribution in the absence of the probe is a shifted Maxwell-by the intersection of two populations of fast ions with op-

ian. A constant perpendicular drift is imposed on all ions.nqjng velocities: those ions are accelerated in the upstream
Only the guiding center motion is resolved. Diffusion is rep- 54 gownstream presheaths, but their trajectories narrowly
resented by a random walk in the perpendicular directionpisq the probe surface and continue upward. The parallel
The parallel electric field is calculated from the local ion \j5ch number is invariably unity at the upstream and down-
density gradient assuming quasineutrality. All ions that im'stream faces having 90° magnetic field line incidence, inde-
pinge upon the probe are neutralized and disappear from tkt?endent of the perpendicular Mach number. We delay de-

system. tailed analysis of the angular dependence of the ion current

An important test of the code is to run with a uniquely | after the description of the 1D fluid model in the next
parallel drift velocity in order to compare with existing one- gotign.

dimensional (1D) Mach probe models. In Fig. 2 the
upstream-to-downstream current ratio is plotted against the
parallel Mach number. The 2D PIC code agrees with the 1D

fluid model of HutchinsoR! and the 1D kinetic model of
Chung?? both of which include anomalous shear viscosity,

but not with Stangeby’s 1D fluid mod€lthat does not. The

reason is due to our choice of the diffusion mechanism: It is

easy to show, following the arguments of BragingRithat ExB
the ratio of momentum diffusivity to particle diffusivity is

exactly unity if the random walk step size is independent of

the parallel speed, and if the parallel speed is unmodified by

the diffusion process. Simultaneous measurements of para”E,G. 3. lon density distribution around a cylindrical probe in a magnetized

Mach numbser using |aser'induce_d fluorescefid€) and @ pjasma with flow Mach numbers! ,=0.4 andM, =0.3. The flow stream-
Mach probé seem to favor the viscous models. The coherines are superimposed.

N0
density
B
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e | .- LA a dashed curve is the 1D fluid model of Van Goubergen, and the thin curve is
% oo e .. — ] the unidirectional thermal flux in the absence of electric fields. These are
2 0 S predictions for flow Mach numbens!;=0.4 andM, =0.3.
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L N . A The predicted angular distribution of ion current agrees

-4 2 0 2 4 very well with theGUNDY code except in the angular range
where the model is known to break dowiig. 5. The Van
Goubergen model is limited to certain combinations of probe
FIG. 4. Plasma parameters on field lin@ just below, (b) through the ~ angle and flow speed. This is because the fluid boundary
middle of, and(c) just above the probe. The profiles of dendityp panel,  condition imposes sonic flow at the MPSE. If the normal
temperaturgmiddle panel, and parallel Mach numbdbottom panslare 1 qiection of the perpendicular drift is large and towards the
shown. -
surface, then the B.—C. b.c. forces the parallel flow to dimin-
ish or even reverse. In the fluid model, the parallel speed at
the MPSE must exceed the external Mach number because
Ill. FLUID MODEL otherwise the density would increase unphysically towards
) the probe. The kinetic results show no evidence of singulari-
Van .Gouberge.?r? recently extended the 1D fluid model e (Fig. 6). Rather, the bottom edge of the probe simply
of HutchinsoR! to include a finite perpendicular drift. The collects the incoming thermal ion flux, and the plasma near
model equations are characterized by a singularity that detefpe syrface is unperturbed. Notice that in the angular range
mines the maximum parallel speed in the presheath; the sifghare the fluid model breaks down, that the calculated ki-
gularity is assumed to occur at the magnetic presheath edggyic jon flux is exactly equal to the ballistic thermal flux.

(MPSB: This behavior can be explained with simple intuitive argu-
M ments as follows. Since all ions have the same perpendicular
MH,MPSI::_L—" 1. drift, we can consider the 2D spatial domain as a collection
tan a of 1D reference frames oriented parallel to the magnetic

This is the so-called “intuitive” or Bohm—Chodura bound-
ary condition(B.—C. b.c)?® derived for the first time in a
rigorous way from the transport equations. The B.—C. b.c.
predicts that the parallel speed adapts itself in the presence of
a perpendicular drift such that the normal projection of the
total flow at the MPSE equalss sin « wherea is the angle
between the surface and the magnetic field. N
The important quantity for diagnostic applications isthe ~ p_____
MPSE ion flux. Since the fluid model is isothermal, the '
sheath edge densitypse can also be used. Empirical fits to
the numerical solution of the fluid model give -

right
top

left
bottom
right

M//
[

Nupse= €XH Cupidowd =M | ¥ [M  [cot @) —1.05],

where the sign depends on whether the probe is looking up-
stream or downstream. The constant is well fitted by the 2y 0 180 270 360
expression

Cup/down: 1+0.14 exm M “130/0.863 .

. . . . FIG. 6. Parallel Mach number at the MPSE around the probe. The full curve
When_ the fl|0W is null,nypse=0.35 in agreement With s imposed by the B.—C. b.c., and the points are fromatweoy code. The
Hutchinsor? dashed line shows the external parallel Mach number far from the probe.
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FIG. 7. Parallel current density onto a flat plate oriented at 90° with respect
to the magnetic field. The plasma has flow Mach numibérs-0 andM polar diagrams of ion saturation current obtained from a re-

=0.5. The current is normalized by the Maxwellian thermal value. cently installed rotatable Mach probe with the theoretical
predictions.

The GUNDY code has been adapted to simulate the
field, Qrifting_ upwa_rds toward; the probe. The perpen_dicularCASTOR probe geometry. Rather than a cylindrical prége
coordinate is equivalent to time by the transformation  circular boundary in the 2D plahetwo flat collectors sepa-
=V, t. Assuming that the drift is large compared t0 any rated by an insulator have been simulated. The disadvantage
other cross field transport mechanism, the 1D plasma has ng this model is that the code must be run for several angles
information about the existence of the probe until the firsty orger to construct the polar diagram of ion current. In Fig.
contact with the bottom edge. The sudden appearance of @e compare the ion current density collected by a cylin-
particle sink in the local reference frame causes a densityrical probe with that collected by the flat probe for parallel
depression to propagate into the plasma at roughly the soungach numberM,=0.4 and perpendicular Mach number
speed. It takes a short but finite time for the presheath poteng =0 3. It turns out that the flat plates collect exactly the
tial drop to be established, and then, at a constant rate, thgyme current density as a small surface element of a cylin-
slowest receding ions are ovgrtaken by the perturbation frongyical probe for equal magnetic field angles, meaning that the
decelerated, reversed, and finally drawn back to the probe byjindrical simulation results can be directly applied to the
the quasineutral electric field. The perturbation front correcASTOR probe geometry. In Fig. 8 one notices the usual
sponds to the leading edge of the wake in the 2D picture ofjisappearance of ion flux on top of the probe due to the fact
Fig. 3. The expanding presheath has a self-similar structurghat simulation ions only have upward-going trajectories.
the current will remain constant as long as the probe iRReal experimental data contradicts this prediction. In Fig. 9
present in the system, or, equivalently, the plasma paramg shown the ion current ratio measured by the parallel plates
eters are constant along the probe surface in 2D space. It i the CASTOR rotatable Mach probe. The Van Goubergen
the constant, additional flux of reversed ions that increasegogel gives a good fit to within=30° of grazing magnetic
the probe current above the thermal Maxwellian value. Thisje|q incidence. The correspondirgNpy polar diagram is
conceptual picture is confirmed by PIC simulations of a flatcompared with the data in Fig. 10. There seems to be excess

Mach probe oriented at 90° to the magnetic fiehdg. 7). current on both the top and bottom of the probe that cannot
The ion flux onto the leading edge is almost exactly equal to

the Maxwellian thermal flux, but it rapidly attains a larger

value due to the action of the presheath potential drop. Fur- CASTOR shot 9830

ther corroboration comes from measurements of the ion flux 2 T T T

onto a biased divertor plate in Tokamak de Varennes which /

gave qualitative indications that the B.—C. b.c. could be 1+ .

oversatisfied in the presence of a strong radial electric #eld.

M — measured %W

IV. MEASUREMENTS IN THE CASTOR TOKAMAK

In(1 SAT,1 /1 sm',z)
o

CASTOR is a tokamak with a circular plasma cross sec- 1 —— VG model
tion. The principal parameters are major radRig;= 40 cm, . . .
minor radiusa,,=8.5 cm, toroidal magnetic fiel@+=1.0 0 %0 180 270 360
T, plasma currenti,=25 kA, and lower hybrid heating magnetic field angle [°]

power 50 kV\_/' A mov_abl_e blasmg _eleCtrOde is used to tailor IG. 9. The best fit of the Van Goubergen model to the measured current
the edge radial el?Ct“C fIQldS, moc_ilfy turbulence, an_d CONtro}atio in CASTOR. Points within 30° of tangency were excluded. The best fit
edge flows?® In this section we will compare experimental gives flow Mach numbers1, =0.5 andM,=0.17.
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FIG. 10. Calculatedsunpy code polar diagranidashed curvecorrespond- 0 90 180 270 360
ing to the fitted Mach numbers of the previous figure. The data are the thin 0 [°
full curve. In general, it is not possible to fit the entire angular range with the [ ]

models. There seems to be excess ion current collected by the top and . . . .
bottom of the probe. FIG. 11. A comparison ofGUNDY ion current calculations witi{dotted

curve and without(full curve) a finite Larmor radius. The difference is
plotted in gray.

be fitted by the models. The excess current has been empiri-
cally parametrized, highlighting the need to include an addithe Van Goubergen model. The upstream-to-downstream
tional cross-field transport term for grazing magnetic fieldcurrent ratio as a function of magnetic field angle is given by
anglest® 1

The model assumptions represent an asymptotic param- —In R=M;,—M, cot a,
eter regime that does not correspond to experimental reality.
The models treat an infinite, uniform plasma with an infi-whereR is the current ratiow is the true angle, and is a
nitely high magnetic field and density such that the Larmorconstant given by the model
radiusr, and Debye length  are infinitely smaller than the c=2[1+0.14 coshM,/0.862].

cross-field dimensioa of the probe:
A linear fit of the logarithm against the cotangent gives di-
o EHO rectly the components of the flow vector. If there is a sys-

a a tematic errorAa of the angular reference, then the apparent

. . . characteristic becomes
Work has begun to quantify the perpendicular ion trans-

port to the top and bottom of the probe by improving the
GUNDY code. The first step consists of allowing for finite
Larmor radii. This is done by adding a sinusoidally varying
perpendicular velocity to all ions. The amplitudes are chose
randomly to produce a Maxwellian distribution of Larmor
radii. For now collisions are not included, so the ions’ mag-
netic moments remain constant during the ion lifetime in the
simulation region. The newsUNDY code was run with the

fitted flow speed of Fig. 9. One run was done with ratio 02}
r./a=0 and a second with, /a=0.5. The current is in-
creased on the top and bottom of the prdbig. 11), but is

1
Eln R=M;—M]cota’,

here the primes denote the falsely deduced valuesadnd
=a+Aa. One hopes thatle is small compared tox
~ /2 so that

unchanged on the left and right sides. The magnitude of the 01r ’
additional current is identical on the top and bottom despite o

the large perpendicular drift speed. We do not yet know if c 00

this is a general result; simulations at other drift speeds are o Y

needed. In any case, it is apparent that the extra current could 01k i
be due to finite Larmor radius effects. The magnitude of the

effect, as well as the angular extent of it, will certainly de- os misaligned 1
pend directly on the degree of magnetization of the fdns. wer - - - -true ]

60 920 120
V. SENSITIVITY TO MISALIGNMENT probe angle [°]

To correctly separate the perpendicular from the paralleFIG. 12. The effect of an angular misalignment is to shift the experimental

flow requires very accurate measurement of the angle b otangent curve horizontally. The fitted parallel Mach number will change
ecause it is obtained from the intersection of the curve with90°,

tween the rotating Mach pmb_e a_nd the magnet_ic field. _\N%vhereas the perpendicular Mach number is unchanged because it is derived
can anticipate the effect of misalignment analytically usingfrom the slope.
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CASTOR shot 9825 nigue, a dedicated experiment is needed in which indepen-
b T dent spectroscopic measurements of parallel and perpendicu-
lar flow are made simultaneously with probe measurements.
Preferably, the experiment should be carried out in an appa-
ratus with biasing capability so that the flows can be exter-
nally controlled. When building a multipin Gundestrup
probe, we recommend minimizing the gap width between pin
and housing, and measuring very accurately each pin angle.
The precision of the flow measurement is limited by the
uncertainty of the effective collecting area of the pins.

fitted Mach number
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