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Establishment of strong velocity shear and plasma density profile
modification with associated low frequency fluctuations

Shunjiro Shinohara,® Norikazu Matsuoka, and Shoichiro Matsuyama
Interdisciplinary Graduate School of Engineering Sciences, Kyushu University, Kasuga,
Fukuoka 816-8580, Japan

(Received 31 August 2000; accepted 27 December 2000

Strong shear of azimuthal plasma rotation velocity and a large density profile modification from a
hollow to peaked profiles were successfully obtained in a cylindrical magnetized plasma, using
voltage biased electrodes. The shear region and density profiles could be finely controlled by
changing the voltage biased position as well as by the magnetic field configurations. A low
frequency(<4 kHz) density oscillation was identified as a drift wave type: propagation in the
electron diamagnetic direction with a rigid rotatidviach numbeiM ~ — 1 at the edge opposite to

the direction of the edge plasma rotation with~1. © 2001 American Institute of Physics.
[DOI: 10.1063/1.1350663

I. INTRODUCTION manner from a basic viewpoint. This topic is expected to
Fluid flow (hydrodynamig® has been investigated to \t/);cucg;e a critical issue in the various fields mentioned pre-

supply many physically interesting understandings so far,
and plasma flon(magnetohydrodynamjcincluding a rota-
tional flow with associated instabilitiegnonlinear self-
organizing phenomefahas been attracting many research-
ers in various fields, such as space pladmaglear fusion
related to the enhanced magnetic confinemiftircation

In this paper, we demonstrate for the first time the con-
trol of large profile change of the azimuthal rotation velocity
in a supersonic regim¢Mach numberM, defined as the
plasma flow velocity normalized by the ion sound velocity
Cs, was greater than unitywith a strong shear, i.e., high
. : . e i vorticity, in addition to the density control from a hollow to
with the shear of so-calleXB rotation(E: electric field,B: . . .
s o . . . peaked profiles. Using ten-separated voltage biased elec-

magnetic fielg)® and application fieldsisotope separatich, . - - i

trodes, under various magnetic field configurations, the

propulsion in spacg, plasma .propessm“g,en-\nr.onmenf, .plasma rotation and density profiles were finely varied with
etc). These plasmas often exhibit inherent, similar, and uni- . .

o . . the associated low frequency fluctuatiofisndamental fre-
versal characteristics in spite of the different parameter re- ; o
gimes guency<4 kHz) propagated in the opposite direction of the

. : I . . edge plasma rotation. To our knowledge, novel control of
As for rotating plasmas in the basic field with an axial .~ . .
L 2 ) ; e this highM with a strong shear, not temporally, and of large
magnetic field, historically, studies on instabilities broughtdensit rofile chanae have not been attempted previous
about by changing thE profile leading to the velocity shear yp 9 P P Y-

were done using)-machine$:® Also the instabilities were These results will contribute to many plasma application

investigated in a non-neutral plasifat is important to un- fields (e.g., plasma source and an isotope separa el

derstand the formation mechanism of the transverse compcgi—s to the profound understanding of the characteristics of

nent of E, so that the desireBXB azimuthal rotatiof can plasma fluids and stabilities.
be induced. The pulsing of the electrostatic potential was

first observed to change the transpdrthe parallel compo- |l EXPERIMENTAL SETUP
nent ofE is also interesting? e.g., as a double layErelated

_ rest The experimental system used is shown in Fig>%"
to particle acceleration in the aurora phenomena and a theﬁ(rgon plasma was produced by a four-turn spiral antenna at
mal barrier in a tandem mirrdf:** Recently,

probe biasing 4 pressure oP=0.1—-0.2 mTorr. Continuous output rf power

(volt.ag.e has been att.empted in order to modify the potential, 4 frequency of 400-500 W and 7 MHz, respectively, were
profile in a tokamak’ in terms of the enhanced plasma con-

X X applied to a linear device, 45 cm in diameter and 170 cm in
finement, partly due to the changelXB velocity shear. In - ayia) length. Three magnetic field configurations were tested:

mirror-based devices, there is an increasing interest in thgitorm field (case A, magnetic field streng=500G)
stabilization of low-frequency instabilities, such as flute a”dgood(case BB=360—'700 G, and badcase C: mirror fieléj

drift modes, and an interest in the wave excitation with ag — 250550 G field curvatures. '
strong sheat®~2! However, in contrast to this active re- The plasma parameters were measured by Langmuir
search, there have been few experimeitsto show a large probes, including a Mach probe, which is a directional probe,

change of the density profile with high azimuthal rotationfOr the plasma flow measurements. The typical tafgefore
velocity, which is connected with transport, in a controlled biasing plasma density, was in the range of % 10°—2

x 10*%cm™2 with electron temperatur€,=3-6 eV and es-
dElectronic mail: sinohara@aees.kyushu-u.ac.jp timated ion temperature<l eV (ion Larmor radius p;
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electrodes are also shown for reference.
I.D.:4a-4.6 cm

(a=2-10)
O.D.:4ncm
(@=1-10 obtained with positive biasing to the inn@uten electrode,
(SUS 0.03cm*) which was consistent with previous results in low pressure
— tom ——— conditions less than 1 mTotf:?® In addition, with the in-
Ten Concentric Rings crease inVy, (number of biased electrodeshe change of

this profile (affected region in the radial directipmvas en-
FIG. 1. Schematic view ofa) experimental setup an@) biased electrodes hanced(broadene)j By a proper choice of applied voltages
with ten concentric rings. . . -

to electrodes, a very uniform profile also could be obtained.
This profile had an effective diameter defined as the region
wherel; was within =8% of 33 cm forV,;=V,=—-70V,
V3;=V,=-50V, andV4y=V,5=—150V (other electrodes

cm (in the axial directioh as biased electroddsee Fig. Were ro_ating. These results might be_ an_important basis for
1(b)]. The inner and outer diameters of thth ring (in order developing plasma sources for applications such as plasma
from the center were 4—4.6cm (2<n=10) and processing, beam sources, accelerators, and lasers.

4ncm (1=n=10), respectively, and each ring was sepa- Figure 3 shows radial profiles of the azimuthal rotation
rated from the neighboring ones by an axial distance of 1.3€l0City, u, normalized byCs, i.e., M, for different plasma

cm. The electrodes were placed on a Teflon™ disk, 40 cm iifonditions(strong velocity shear formationHere, a positive
diameter, to cover the plasma cross section at the axial posY—aIue of Mach numbel in the azimuthal direction shows a

tion of z=90cm from the window, which faces the spiral rotation in the ion diamagnetic direction. Although there are
antenna. ’ a number of theories, e.g., Refs. 26-28, on estimating the

plasma flow parallel to the magnetic field and trials on esti-
mating the azimuthalperpendicularflow, e.g., Refs. 29 and
30, it is difficult to estimate the correct value bf in the
Figure 2 shows the radial profiles of the ion saturationperpendicular direction. Here, for convenience, an unmagne-
currentl  for different biasing positioicase A: bias voltage tized modet® or a kinetic modéef with zero viscosity was
V,=150V). Here, V, up to 280 V (see Fig. 3 could be employed:K~1.26 for both cases, whei =(1/K)InR (R:
successfully applied, contrary to the result of anratio of the probe current facing upstream to downstieam
experiment’ that indicated that the plasma was not sustainedNote that in our experiments, the size of the Mach probe
atV,>60-70V in a tandem mirror. A dip im., which is  (0.2cmx0.2 cm typically is larger than the Debye length
nearly proportional td;s sinceT, did not change appreciably and is smaller than the estimated ion Larmor ragiusFrom
in the radial direction, was obtained at the same radial posiFig. 3(a), which has the same conditions as Fig)2a local
tion as the biased electrode: A hollojweaked profile was maximum velocity ofM~0.5 was obtained just near the

<1cm). In order to control the radial potential profile, we
used ten concentric, segmented rifiggith thickness of 0.03

IIl. EXPERIMENTAL RESULTS
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L5 to 1.4 and(), was as high as-3Xx 10 I/s. Here, the condi-
5 10f tion of M>1 obtained in the azimuthal direction is larger
s F than the value generally obtained in fusion torus machines.
z OSf We believe that this is generated without a shock, due to the
e N motion across the magnetic fieldot along the fiell The
= F Alfvén wave velocity was larger than the ion sound velocity
05t by more than two orders of magnitude in our experiment,
L5 which excluded the possibility to have a perpendicular
shock. Although there may be an error in estimating the ab-
5 10 F solute velocity due to the use of the nonestablished theories
E os b mentioned previously, a gradual saturation of rotation veloc-
“ T ity with biased voltage up t&,=280V was obtained. The
& ook velocity observed so far was below the critical ionization
= ] velocity of M~ 2.5, if this exists, in our conditior&.Mostly,
-0.5 : ' : ' : we had results witlB=500 G, but there was a tendency that
15 . . . ' . M became saturated atl.6 with the field more than several
TR o © 1 hundred G, keepiny,, constant of 150 V, which is consis-
L0 3 A / VpVypV¥pV, =150V tent with the previous results for the three ring c&5e.

Case B Even under the various magnetic configurations, the
plasma could still feel the biased voltage along the curved
field lines from the electrodes due to the electron mean free
path(mainly dominated by electron—neutral collisiph®ing

Mach Number
(=]
W
T

0.0 |-

] -20 -15 -10 -5 o longer than the device size, as shown in Fig,) 3Since case
r (em) B (C) had the smalleflargep waist near the central region in
ElectrodeNo. 10 9 8 7 6 5 4 3 2 1 the axial direction(e.g.,z=30-60cm than that in the end
Cssea [ 1 T 1 I [ 1 T T T section az=90 cm from the field configurations, ttg pro-
1098765432 1 file was peakedbroadenegand had smalleflargen effec-
Case B [ [TTTTTTTITT: tive radius than those for case A, and azimuthal velocity
o8 7 6 5 4 3 2 1 profiles had the corresponding patterns reflecting this field
Case C T T T T T 1T 1T 1T configuration. HereM was again up to 1.4 and a large ve-

locity change(distinct velocity barrier was found, in which

FIG. 3. Radial profiles of Mach numbevl in the azimuthal direction, i it _ i
changing (8) position of biased electrodécase A: biased voltag&/,, 2, at radial positionr of 12-13 cm was as high as7
X 10°I/s for case B.

=150V), (b) V, with the use of Nos. 7-10 electrodésase A, and (c) ) ) ) ] )
magnetic field configuration with the use of Nos. 7-10 electrodés ( From the force balance equation in the radial direction,

=150V). The expected radial biasing position for each electrode is alsghe azimuthal Ve|OCit)uﬁ in the outer plasma regio@n the

shown for three cases of A, B, and C. This position in the central region aPadiaI direction may be roughly expressed as a summation

z=30 cm was traced along the magnetic field lines coming from each elec- . e . -

trode positioned at=290 cm. of three terms oEXB drift (positive radial electric field near
the plasma edge was induced for the case of the positive
biasing to the outer region of electrogleév;/w.)u,, and

edge of the outer side of a given biased electrode: stronft:/®¢i)(du,/dr). Here, v, andu, are the ion neutral colli-
velocity shear in the intermediate radial region was first resion frequency and radial flow velocity, respectively, and
alized, and a change of polarity of the vorticify, (axial ~ centrifugal forceu3/r (u,/r w;<0.15 in this outer region
component ofVXu (u: velocity)) across the maximum ve- ion pressure gradient, and radial current terms could be ne-
locity region was achieved: absolute value @f was ~9  glected for our conditions. Approaching the plasma edge, for
X 10*I/s from the slope near the maximum velocity region.the case of biasing the electrodes in the outer region, the
Here, the derivative in the azimuthal direction in deriving thethird term became larger due to the larger radial ion flow.
vorticity could be neglected from the results in the measureThis flow (also the axial electron flow due to a requirement
ment. The typical width of the velocity peak was nearly theof the total ambipolar conditiorwas confirmed by a prelimi-
same as the radial widtf2.3 cm) of each electrode and was nary measurement using a Mach probe, although the primary
slightly smaller than the magnetic sheath expressed as se@fiven mechanism wagXB drift.
eral timesp; or as C./w¢; from Ref. 31 (<3 cm in our Fluctuations of the electrostatic component were studied,
experiments where w.; is the ion cyclotron angular fre- changing the biased conditions. Figure 4 shows an example
guency. Note that a nearly rigid rotation profile was alsoof the time evolution ofa) fluctuating ion saturation current
obtained with proper voltage biasing, e.g., for case A withl;s and (b) power spectrum of s for case B with positive
the present use of ten concentric rings as well as with the udaiasing to the outer region of the electrodes. Hgrejeans
of three rings®® the vertical axis in the plane of the plasma cross section,
Figure 3b) shows that the edge velocity shear was en-which hasr andy axes(see Fig. 1L From Fig. 4a), it can be
hanced with the increase in the biased voltsdge M was up  seen that propagation was in the electron diamagnetic direc-
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FIG. 5. Dependences ¢8) fluctuating component of ion saturation current
Tis and its relative amplitud€, /1,5 on three radial positions=0, —8, and
f (kHz) —14 cm(case A, and(b) observed fluctuation frequendgases A, B, and
~ C) on k, an inverse length of the maximum density gradient, with the use of
FIG. 4. (a) Time evolution of fluctuating ion saturation currdnt at radial Nos. 7-10 electrodes. For reference, a line of an estimated electron diamag-
position ofr = —11 cm and vertical position of=0 and—11 cm(see Fig. netic frequencyf, . is also shown.
1 for axes, and(b) the corresponding power spectrumrat —11 cm and
y=0 cm (case B: biased voltag¥,=150V applied to Nos. 7-10 elec-
trodes. observed frequendlyof fluctuations and, for three cases of
A, B, and C. In estimating the line fdr, . in this figure, we
took the following typical parameter§i,=3 and 5 eV,B
tion (global structure with a rigid rotation of fluctuations =500 G, azimuthal mode numberis one, and the radius of
with a large amplitude which is opposite to the edge plasma the fluctuations excited is 10 cm. With the increasecjra
rotation in the ion diamagnetic direction with the same orderise of f was observed, which was consistent with the esti-
of magnitude: the observed fundamental frequency was clog@ated f, . value. Note again that there would be a large
to 4 kHz with up to fourth harmonics appearifigig. 4b)]. difference of frequencies between these two, if we consider
This frequency was 0.2 times the argon ion cyclotron frethe Doppler shifted frequency by the edge plasma rotation
quency and it corresponded to the rotation velocity vith ~ With a typical frequency of several kilohertz.
=—0.8 atr=11cm. Note that in observing fluctuations in ~ From Figs. 4 and 5 and the following results, the ob-
the entire plasma region, a picture using a Doppler shiftegerved fluctuations in the presence of strong velocity shear
frequency by a rigid plasma rotation cannot be employed inwvere identified as a drift wave typ&otational, Kelvin—
our experiment due to the presence of a strong velocitylelmholtz, and other shear driven instabilities could be
shear. For cases A and C, the observed fluctuations haekcluded?®): (i) mode numbemwas one(ii) phases of this
broader spectra and slightly lower fundamental frequenciefuctuation in the radial and axial directions were nearly the
(3-3.5 kH2 than those for case B with the same biasedsame(parallel wave number was less than 0.01 ¢m(iii)
voltageV,= 150V, due mainly to the lower maximum den- fluctuation was global in the entire plasma regioigid ro-
sity gradient from the field curvature mentioned previouslytation), (iv) fluctuation amplitude of ;s was larger near the
[see also the three open circles in the regior ¢hin inverse region which has the maximum density gradie(#) ob-
scale length of the maximum density gradjest0.29, 0.36, served fundamental frequentsee Fig. )] was nearly the
and 0.48 crm? in Fig. 5]. same as the estimated frequencyfQf in this maximum
The fluctuation amplitudes of ion saturation current, bothgradient region where almost no plasma rotation was found,
absolutel ;s and relativel;s/I,s, were larger near the edge (Vi) density fluctuation led potential one by 30-50 deg, and
and/or with the increased voltagg,, as shown in Fig. &) (vii) amplitude of potential fluctuation normalized By was
for the case of the positive biasing to the outer region of theess than the relative amplitudeof /1,5, especially near the
electrodes. Herex increased monotonically with the in- plasma edge.
crease invy, from 0 to 280 V, and for the excitation case of Although a fully computational calculation has not been
drift waves, it is expected that the growth rate increases witllone, from a simple numerical analy$isising some as-
x, which is proportional to the electron diamagnetic fre-sumptions, the observed characteristics of the observed fluc-
quencyf, ..>® Figure b) shows the relation between the tuations could be qualitatively understood as this drift wave.
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