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Effect of parallel velocity shear on the electrostatic ion-cyclotron instability
in filamentary current channels

Erick Agrimson, Su-Hyun Kim, Nicola D’Angelo, and Robert L. Merlino
Department of Physics and Astronomy, The University of Iowa, Iowa City, Iowa 52242

~Received 31 March 2003; accepted 1 July 2003!

The effect of magnetic field-aligned ion flow with a transverse flow velocity gradient~parallel
velocity shear! on the excitation of the electrostatic ion cyclotron~EIC! instability in narrow current
channels~width, ion gyroradius! is studied experimentally in a double-ended Q machine. The
presence of parallel velocity shear may lead to the excitation of the EIC instability even in current
filaments too small to otherwise support the instability. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1604394#
ti
ec

to

ro
ly
-

ve
re
ns
et
n
it

rif
e

ve
th
t
ri

t
ho
, t
th
n

at
ew
is

die
e
ti
ze

-
lt

of
ie

in
allel

e in
rse
ar

ted
ta-
-
ion
x-

. II
ults

Q
ces

d
of

tes
the

a
r

ong

op-
ng
pro-
the
pro-

sec-
I. INTRODUCTION

It has been known for over 40 years that a magne
field-aligned current may lead to the excitation of the el
trostatic ion cyclotron~EIC! instability.1 This instability was
first observed in a Q machine when the electron current
6.4 mm diam collector located on the axis of a 3 cm diam
plasma column was sufficiently large to raise the elect
drift velocity to;10 times the ion thermal speed, a relative
modest threshold.2 The instability leads to very large fluctua
tions (.50%) in the current at a frequency slightly abo
the ion-cyclotron frequency. The oscillations are not
stricted to the current channel but also propagate as de
and potential fluctuations at a large angle to the magn
field. The wave vector of these EIC waves has compone
both perpendicular and parallel to the magnetic field, w
k'@ki , andk' r i;1, wherer i is the ion gyroradius. The
parallel phase velocity is in the direction of the electron d
which provides the wave-particle resonance necessary to
cite the instability.

Many of the characteristics of this instability that ha
been investigated experimentally were in agreement with
~local! theory of Drummond and Rosenbluth, appropriate
a uniform, magnetized plasma, in which the electrons d
along B field lines with the same drift velocityvD , at all
points in the plasma.3 Their treatment, however, could no
account for certain aspects of the instability related to in
mogeneities present in laboratory plasmas. For example
effect that the finite width of the current channel has on
excitation of the instability was not considered until the no
local theory of Bakshiet al.,4 was presented. They found th
if the width of the current channel was reduced to just a f
ion Larmor radii, the EIC instability was quenched. Th
phenomenon, known as filamental quenching, was stu
experimentally by Cartieret al.5 The effects of a transvers
gradient in the plasma flow velocity parallel to the magne
field on the excitation of EIC waves has also been analy
by Ganguliet al.6 They showed that ion flow gradients~par-
allel velocity shear! can give rise to a new class of ion cy
clotron waves via inverse cyclotron damping, with a resu
ing multiple cyclotron harmonic spectrum. The effect
parallel velocity shear on EIC wave excitation was stud
experimentally by Agrimsonet al.7 who pointed out that the
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typical configuration used to study EIC wave production
the laboratory necessarily included the presence of par
ion flow with transverse shear. These experiments7 provided
clear evidence that parallel velocity shear does play a rol
the excitation of EIC waves. Further observations of inve
ion-cyclotron damping induced by parallel velocity she
have been published.8

In the present work, experimental evidence is presen
which shows that the filamental quenching of the EIC ins
bility may be rendered ineffective if, in addition to field
aligned current, parallel velocity shear is present in the
flow. Observations show that the EIC instability can be e
cited in narrow current channels~widths&r i) if a sufficient
amount of parallel velocity shear is also present. In Sec
the experimental setup is described. The experimental res
and discussion are presented in Sec. III.

II. EXPERIMENTAL SETUP

The experiments were performed in a double-ended
machine, shown schematically in Fig. 1. The plasma sour
consist of two 6 cm diam tantalum plates~HP1 and HP2!
separated by 2 m longitudinally. Each hot plate is heate
from behind by electron bombardment to a temperature
'2200 K. Two cesium atomic beam ovens~not shown! pro-
vide neutral Cs atoms that are directed on the hot pla
where they undergo surface ionization. Together with
thermionically emitted electrons, the Cs1 ions are confined
radially by a uniform magnetic field up to 0.5 T. The plasm
density and electron temperature~measured with a Langmui
disk probe! are typically: ni5ne'1010 cm23, and
Te'Ti'0.2 eV.

Ions produced on either hot plate are accelerated al
the magnetic field by the;2 – 3 V potential drop that is
present in the sheaths at the hot plates. In double-ended
eration, the net bulk ion flow can be controlled by adjusti
the temperatures on the hot plates. For example, by ap
priate adjustment of the heating power to each plate
sources can be balanced so that no net flow results. To
duce a configuration with parallel velocity shear~flow with a
transverse velocity gradient!, the ‘‘ring and disk’’ configura-
tion was used, as shown in Fig. 1. At one plasma cross
tion a metal ring (R) of 8 cm outer diameter and 2.3 cm
0 © 2003 American Institute of Physics
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inner diameter was located and at another plasma cross
tion a metal disk (D) of 2.2 cm diam. When both the rin
and disk are biased a few volts negative to collect essent
the full ion current, a counter streaming exists in the plas
between the inner core and outer cylindrical shell. T
ring1disk configuration is the same as that used
D’Angelo and von Goeler9 to excite the low frequency par
allel velocity shear instability. The observation of this lo
frequency instability (f ;few kHz) with maximum ampli-
tude in the annular region near the edge of the disk is ta
as an indication of the presence of parallel velocity she
Note that the ring and disk are always biased at the s
potential so that no radial electric fields are introduced i
the plasma. A typical profile of the floating potential of
Langmuir probe that was scanned across the plasma co
is shown in Fig. 2. The top trace is the dc component of
potential showing that it is relatively uniform across the c
umn. The lower trace is the fluctuating~ac! component
showing the presence of the low frequency parallel veloc
shear instability. In a previous experiment which used
identical ring1disk configuration, the presence of transve
shear in the parallel ion flow was verified by measureme
of the ion flux using a double-sided Langmuir probe~see Fig.
4 of Ref. 10!.

A magnetic field-aligned electron current was produc
by biasing a small collector (C) to a potential above the
floating potential. This generally produces an electron d

FIG. 1. Schematic of the experimental setup. Cesium plasma is produce
contact ionization of Cs atoms from atomic beam ovens~not shown! on the
two hot plates~HP1, HP2!. The ring1disk configuration (R,D) is used to
produce magnetic field-aligned ion flow with a fluid velocity gradient in t
direction perpendicular toB. A small disk collector (C) is used to drive
electron current along the magnetic field lines.

FIG. 2. Upper trace: radial profile of the floating potential of a Langm
probe. Lower trace: radial profile of low frequency oscillations driven
transverse shear in the parallel ion flow. The positions of peak ampli
correspond to the regions of largest shear.
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alongB, relative to the ions, of 10–15 times the ion therm
speed. The collector was movable in both the radial and a
directions.

III. EXPERIMENTAL RESULTS AND DISCUSSION

The experiment was conducted to see if, in the prese
of parallel velocity shear, the EIC instability could be excit
even in narrow current channels where the width was on
order of or less than the ion gyroradius. The ring and d
were biased to25 V, sufficient to collect the ion current an
produce the shear layer. The collector was biased to20.4 V,
which was sufficient to drive a magnetic field-aligned ele
tron current since the floating potential is typically22 to
23 V. The magnetic field was set to 2800 G, giving an i
gyroradius, r i52 mm and ion gyrofrequency f ci

532.5 kHz. A collector with a radius ofr c51.5 mm (,r i)
and biased to drive electron current, was located at vari
radial positions and the amplitude of any EIC oscillatio
was recorded. The radial positioning of the collector is a
complished by rotating the support shaft across the pla
cross section. A plot of the EIC oscillation amplitude, excit
at a frequencyf 539 kHz versus the rotation angleu is
shown in Fig. 3. The center of the plasma column cor
sponds tou'93° and the radial locations of the region
parallel velocity shear correspond tou'87° andu'102°.
The EIC wave amplitude is maximum in the shear lay
whereas in the center of the plasma, where there is no sh
the wave amplitude is very small. The asymmetry in t
amplitude maxima at 87° and 102° are likely due to nonu
formities in the shear on either side of the plasma colum
These nonuniformities are also reflected in the low freque
mode which also shows a larger amplitude atu'102°. Note
that the low frequency and EIC modes are simultaneou
present. Evidently, the presence of parallel velocity shea
the current channel is sufficient to overcome the filamen
quenching.

To provide further evidence for the role of parallel v
locity shear in exciting the EIC instability the collector wa
fixed at a radial position of 102° and the bias voltage on
ring and disk,Vrd , was varied. If the ring and disk are biase
sufficiently negative, then the full ion current is collecte
from either hot plate, and under this condition, the count

by

e

FIG. 3. Amplitude of the EIC instability (f 539 kHz) as a function of the
radial position~u! of the collector in the plasma column. The center of t
column corresponds to roughlyu593° ~dashed line! and the edges of the
disk at u587° andu5102°. HereB52800 G, r i52 mm, r c51.5 mm,
Vc520.4 V, andVrd525 V. The baseline corresponds to the backgrou
noise level.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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streaming~i.e., shear! is present. However, if the voltage
increased to around22 V the ions begin being reflecte
from the ring and disk and there is no flow or shear. T
variation of the amplitude of the EIC mode asVrd is in-
creased and is shown in Fig. 4. There is a slight (;10%)
increase in the mode frequency which occurs near the o
of the mode. The EIC instability is only excited when th
parallel velocity shear is present. For2Vrd.3 V the wave
amplitude remains roughly constant since the magnitude
the shear is not expected to change due to the fact tha
flow velocity does not change with increasing2Vrd for
2Vrd.3 V. This is also evidenced by the observation th
the amplitude of the low frequency instability also rema
constant. We believe this to be the simplest and most rea
able explanation for the amplitude remaining constant.

The type of measurements shown in Fig. 3 were repea
at a somewhat larger value of the magnetic field and usin
smaller collector. WithB53360 G the ion gyroradius is re
duced tor i51.5 mm and a collector of radiusr c50.8 mm
was used. In this case withr c;r i /2, the filamental quench
ing should be even more effective. The result was very si
lar to that shown in Fig. 3, i.e., the EIC instability was on
excited in the region where the shear was present.

The theory of the effect of parallel velocity shear on E
waves~Ref. 6! requires that the waves have both parallel a
perpendicular~in this case azimuthal! wave vectors. Mea-
surements ofkz andku were not deemed feasible here due
the very small size of the current channels in which
waves were excited. Propagation measurements of mult
monic EIC waves destabilized in the presence of para
velocity shear were presented in Ref. 8, the first to docum
the perpendicular propagation characteristics of this type
wave.

To verify that the observed instability was indeed t
typical EIC mode,1,2 the collector was positioned in the re
gion of transverse shear (102°) and wave spectra were
tained for various magnetic field strengths. The results, s
marized in Fig. 5, show that the frequencies of t
fundamental and first harmonic are somewhat above the
responding gyrofrequencies and exhibit the typical lin

FIG. 4. Amplitude of EIC instability for the collector atu5102° versus the
negative ring1disk bias voltage. Same conditions as in Fig. 3.
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variation withB which is a characteristic of EIC modes.
The following observations should also be noted in co

nection with other possible EIC wave excitation mech
nisms, e.g., radial electric fields or density gradients, t
could affect the interpretation of the results presented h
Although density gradients and small radial electric fie
were present in the experiment, they were the same whe
the shear was on or off. Thus, neither density gradients
radial electric fields appear to have played a critical role
the excitation of the EIC waves.

In summary, experimental measurements have been
sented on the effect of parallel velocity shear on the exc
tion of the EIC instability in narrow current channels. Th
results indicate that the presence of parallel velocity sh
may lead to the excitation of the instability, even in narro
current filaments that could otherwise not sustain the in
bility. These laboratory observations may provide guidan
in understanding the occurrence of ion cyclotron waves
regions containing filamentary current structures~arcs! and
localized ion beams.11
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