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Inverse ion-cyclotron damping: Laboratory demonstration
and space ramifications a…
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The familiar and ubiquitous phenomenon of ion-cyclotron damping is shown to be invertible in a
laboratory plasma resembling ionospheric plasma in terms of important dimensionless parameters.
The ion-cyclotron waves that arise spontaneously appear at all harmonics of the ion-cyclotron
frequency, well into the lower-hybrid range. The sign change of the usual ion-cyclotron damping is
induced by shear in the magnetic-field-aligned~parallel! ion drift velocity. Full experimental
characterization of the wave propagation and particle-velocity distributions are presented to
document the case of inverse damping~i.e., growth! and the case in which the damping is
significantly reduced. These results support the parallel-velocity-shear interpretation of the
multiscale structure observed by the Fast Auroral Snapshot~FAST! satellite. FAST observations of
simultaneous shear and multiharmonic ion-cyclotron waves in the upward-current and
downward-current regions of the ionosphere~4000-km altitude! are presented and discussed in
terms of a new, small-scale analysis of the mechanisms in the auroral region. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1566031#
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I. INTRODUCTION

Observations from space-borne instruments are typic
interpreted using theoretical models developed to predict
properties and dynamics of geospace.1 The usefulness of spe
cifically tailored laboratory experiments for providing confi
mation of theory by identifying, isolating, and studyin
physical phenomena efficiently, quickly, and economica
has been demonstrated in the past.2 In this paper, laboratory
results verify important aspects of a parallel-velocity-sh
mechanism for decreasing and inverting ion-cyclotron dam
ing. This mechanism is one of several that have been use
explain observations of multiharmonic ion-cyclotron wav
in space plasma.3,4 These laboratory results validate the e
isting theory and therefore contribute to a better understa
ing of space processes, which cannot be subjected to
trolled experimental investigation. Evidence is presented
laboratory-consistent plasma behavior from the Fast Aur
Snapshot~FAST! satellite that supports the parallel-velocit
shear interpretation of the space-observed multi-harmo
ion-cyclotron waves.5 The laboratory experiments reporte
here demonstrate the synergistic nature of the scientific
ance between experimentalists makingin situ space measure
ments, experimentalists making laboratory measureme
and theorists developing models to describe and pre
experiments.6

a!Paper LI1 2, Bull. Am. Phys. Soc.47, 221 ~2002!.
b!Author to whom correspondence should be addressed. Electronic

mkoepke@wvu.edu
c!Invited speaker.
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The presence of shear in the magnetic-field-aligned~par-
allel! drift velocity vdz results in a diamagnetic drift, the fre
energy of which can be exploited to sustain plas
microinstabilities.7,8 The shear is expresseddvdz /dr, where
the sign ofvdz is defined to be positive~negative! if vdz is
parallel ~antiparallel! to the magnetic field. Each populatio
identifiable by a drift velocity will have an associated val
of shear. Also important is the magnitude and sign of
ratio of parallel and perpendicular wave vector compone
kz andky , respectively, and whether the wave frequency
the drifting-particle frame is slightly above or slightly belo
the gyrofrequency. In cases where there is a relative ph
between different wave components, this phase is usefu
know.

II. THEORY OF THE SHEAR-MODIFIED ION-
CYCLOTRON INSTABILITY

Attempts to model parallel-velocity shear in
Q-machine plasma were carried out8 and extended to include
kinetic effects,9 such as resonant-ion damping, magne
shear, and arbitrary values ofTe /Ti .10 The electrostatic
treatment of parallel-velocity shear for space conditions
discussed11–15 using a fluid approach by examining mod
with frequencies much smaller than the ion gyrofrequen
(v!vci). In some fluid treatments, higher-frequency wav
(v'vci) were discussed.16 Gavrishchakaet al.7,17 use a full
kinetic model18 to analyze instabilities that rely on shear
parallel-velocity shear and found a new class of lo
frequency (v!vci) solutions associated with ion-acoust

il:
5 © 2003 American Institute of Physics
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waves.19,20 Further investigations5,21 led to another velocity-
shear mode at higher frequency aroundvci .

22 The character
of this shear-modified ion-cyclotron instability mechanism
the subject of our recent investigation and is emphasize
this paper. This mechanism makes possible inverse
cyclotron damping, as demonstrated here.

The description of the steady state used in the gen
model18 includes a uniform magnetic fieldB that defines the
z direction, a magnetic-field-aligned~parallel! relative drift
velocity for electronsvdez(x) and ionsvdiz(x), a localized
perpendicular, dc electric fieldEx(x), and a density gradien
dn/dx. The general eigenvalue condition for this model i18

S r i
2 d2

dx22
11SFni~x!Gn~b!1t@11F0e~x!#

SFni~x!Gn~b! Dc~x!50,

~1!

where Fna[Ana2Bna , Gn(b)[I n(b)exp(2b), Ana

[ @(v1a 1 v2a2va* ) / ( A2 ukzuv ta)#Z@(v1a2v2a2nvca) /
(A2ukzuv ta)], Bna[2(v3a /(A2ukzuva)#Z8@(v1a2v2a

2nvca)/(A2ukzuv ta)], I n are the modified Bessel function
Z is the plasma dispersion function,b[(kyr i)

2, v1a

[vkyvday2kz vdaz , v2a[kyvE9 (x)ra
2/2, v3a

[kyvda8 (x)ra , va* is the diamagnetic drift frequency,v ta

[Ta/ma is the thermal velocity,vda is the parallel drift
velocity,ra is the ion gyroradius,t[Ti /Te , ma is the mass,
a indicates the species~electron or ion!, the prime indicates
the derivative with respect to the argument, andc is the
fluctuating electrostatic potential. Neglecting density gra
ents and perpendicular dc electric fields, (v1a1v2a2va* )
becomesv2kzvdaz . Equation~ 1! can be expressed in th

local limit5,7,21 as

11(
n

Gn~b!Fni1t~11F0e!50. ~2!
in
ev
-

i
nd
e
(

ti

-

Downloaded 08 Jan 2007 to 128.32.147.236. Redistribution subject to AIP
in
n-

al

i-

Fni5
v1i

A2kz
2v t i

2
ZS v1i2nvci

A2kz
2v t i

2 D
2

ky

kz

dvdiz /dx

vci
F11

v1i2nvci

A2kz
2v t i

2
ZS v1i2nvci

A2kz
2v t i

2 D G ,

~3!

and

F0e5S v1e

A2kz
2v te

2 D ZS v1e

A2kz
2v te

2 D
1

ky

kz

dvdez/dx

vce
F11

v1e

A2kz
2v te

2
ZS v1e

A2kz
2v te

2 D G . ~4!

In the absence of shear, Eqs.~2!, ~3!, and ~4! revert to the
homogeneous-plasma dispersion relation.23,24

The solution of the dispersion relation can be expres
as

v1i

v1i2nvci
sni

2 Gn~b!5
Ti

Te

~v1i2nvci!
2

kz
2

mi

kBTi

5
Ti

Te
S v1i2nvci

kzv t i
D 2

, ~5!

where

sni
2 [12

ky

kz

dvdiz /dx

vci
S 12

nvci

v1i
D . ~6!

This yields the following real and imaginary parts of th
frequency:

(v1i)R'nvci1A3
Gn

Te

Ti
kz

2v t i
2sn

2nvci, ~7!

and21
~v1i ! I

vci

5

HA t3

mi /me
S vdz

~v1i)R /kz

21D 2(
n

GnF12
kydvdiz /dx

kzvci
S 12

nvci

~v1i !R
D GexpS 2

~~v1i)R2nvci!
2

2kz
2v t i

2 D J
A2kz

2v t i
2

pvci
2 (

n.0

4n2Gn

@n22~v1i !R
2/vci

2 #2

. ~8!
and
d

t.
-
with
t.
and
ur
n the
The experiment is designed to reach the regime of
verse ion-cyclotron damping that is predicted to be achi
able by this model. Ganguliet al.21 express the parallel
velocity-shear dependence of ion-cyclotron damping
terms of a factorsni that is unity for the zero-shear case a
that can be greater than or less than unity in the presenc
shear. For a specific value of shear, there is a ratio of
2nvci /v1i) and kz /ky that results in zero ion-cyclotron
damping. This zero-cyclotron-damping condition is iden
fied with a diagonal line~calculated for the casedvdiz /dx
50.14vci) in Fig. 1 in which the important regions of pa
-
-

n

of
1

-

rameter space are labeled. For positive shear, the first
third ~second and fourth! quadrants in Fig. 1 are associate
with reduced ~enhanced! ion-cyclotron damping and
the diagonal line slants from bottom left to upper righ
For negative shear~not shown!, the association of the quad
rants with reduced and enhanced damping are reversed,
the diagonal line slanting from upper left to bottom righ
The points represent a subset of our experimental data
indicate how far from the distinguishing boundaries o
cases extend. These cases are elaborated upon later i
paper.
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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III. DESIGN OF THE LABORATORY EXPERIMENT

We produce plasma that, over a region ten gyroradi
more in diameter, is homogeneous in all respects excep
shear in the ion parallel velocity. By incrementing the sh
from zero to larger values and measuring the plasma
wave properties, we are able to document, based on the
diction of the theoretical model, reduced and inverted io
cyclotron damping in the cases that we investigate exp
mentally.

Experiments are performed in a cylindrical, Q-machin25

plasma column~6.4 cm diameter, 3 m length, 109 cm23 den-
sity! radially confined by a uniform, axial magnetic fiel
typically between 1 and 3 kG. The column is bounded on
left end in Fig. 2 by an ionizer at electrical ground that th
mionically emits electrons (Te>0.33 eV) and contact ion
izes barium ions (Tiz>0.23 eV,Tiy>0.26 eV). The right end
in Fig. 2 is bounded by a biased termination electrode
positively biased annular electrode~3.5 cm outer diameter! is
placed 30 cm from the termination electrode and centered
the cylindrical axis. This configuration resembles that use
the original experiments26 that discovered current-drive
electrostatic ion-cyclotron waves, except an annular e
trode rather than a disk electrode is used, the annulu
displaced axially rather than coplanar with respect to the
mination electrode, and the termination electrode is bia
rather than electrically floating. An annulus was used to
prove the conditions for azimuthal propagation. The und
turbed boundary condition at the center of a circular butto

FIG. 1. Regimes of the shear-modified ion-cyclotron wave dispersion r
tion for fixed shear (dvdiz /dx50.14vci). The three points represent exper
mental data for whichdvdiz /dx50.14vci . The diagonal line corresponds t
the ion-cyclotron damping factor equal to zero.

FIG. 2. A schematic of the laser-induced fluorescence parallel injec
optics mounted onto the vacuum chamber~not to scale!. Angle a is adjust-
able by rotating the goniometer that aims the laser beam.
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believed to favor anm50 azimuthal normal mode with a
zeroth-order Bessel function radial mode structure. Rem
ing the center of this electrode is believed to favor them
51 azimuthal normal mode with a first-order Bessel fun
tion radial mode structure. The annulus dimensions w
chosen so that anm51 normal mode withk'r i51 would fit
the inner circumference and the outer edge would be
gyrodiameter from the plasma-column edge. It was fou
that the annular electrode and circular button produ
waves with similar characteristics except that the annu
electrode resulted in waves with large enough amplitude
the components of the wave vector could be measured.

Both electrons and ions drift along the magnetic fie
from the ionizer toward the electrodes. The magnetic fi
can be switched to be parallel or antiparallel to the drifts.
connect the experiment’s cylindrical geometry to the s
geometry used in the model,z corresponds to the direction o
the magnetic field~i.e., both positive and negative drift ar
possible by reversingB!, x to the radial direction, andy to
the azimuthal direction with positive being clockwise loo
ing parallel to the magnetic field.

The plasma density, measured using a Langmuir pr
biased to ion saturation, is approximately 33109 cm23. The
plasma potential, measured using a floating emissive pr
is approximately23 V. The radial electric field in the plasm
is adjusted to be homogeneous (uEr u,10 V/m) so that the
perpendicularE3B drift speed is negligible compared to th
ion thermal speed. The electron parallel-velocity-distributi
function is measured with a single-sided Langmuir probe27

We observe a single, drifting-Maxwellian population of ele
trons with a uniform parallel drift speedvdez, even in the
presence of parallel-velocity shear. Figure 3 demonstrates
degree of plasma homogeneity in plasma density, emiss
probe floating potential, and electron parallel drift veloc
over the central 6-cm-diameter portion of the plasma c
umn. It is evident that the plasma is homogeneous at r
smaller, equal, and larger than the radii associated with
annular electrode, as shown in Fig. 4. Specifically, in
shear layer where the shear-modified ion-cyclotron wa
have significant amplitude, the plasma is homogeneous.
homogeneity does not change significantly over the rang
shear values, 0% to 20% ofvci , reported here. The absenc
of electron velocity shear meansdvdiz /dx can be measured
directly in the laboratory frame.

Note that at the periphery of the plasma column (3
,r ,4 cm), the electric field is on the order of 100 V/m
whereas throughout 0,r ,2.5 cm, the magnitude is on th
order of 3 V/m. The observations that we attribute
parallel-velocity shear cannot be attributed to this bound
electric field since, unlike the mode characteristics, t
boundary electric field does not change as the velocity sh
is varied. Although the region of homogeneous plasma
tends more than one gyrodiameter beyond the edge of
annular electrode, an ion that would somehow obtain
prathermal speed in the edge electric field region might
expected to make excursions near the outer edge of the
nular electrode, possibly in a region where shear exists.
evidence of suprathermal ions, for example fro
perpendicular-velocity measurements with laser-indu

a-

n
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fluorescence, has been found in any region of the plas
including the region between the annular electrode and
plasma periphery.

Constraints placed on the azimuthal normal-mode ge
etry by cylindrical effects will restrict the quantitykur to
integer values. Other cylindrical effects will be negligib
since the centripetal parameter,E3B speed divided byrvci ,
is negligible in the vicinity of the shear layer, wherer is the
radial location being evaluated. In the rotating layer at
periphery, this centripetal parameter is larger but still mu
smaller than unity.

The ion parallel-velocity-distribution function is mea
sured directly, nonperturbatively, and precisely by las
induced fluorescence techniques28 as adopted from the
method of Hill et al.29 A hollow-cathode lamp is used fo
zero-velocity reference. We observe a single driftin
Maxwellian ion population with an adjustable degree
parallel-velocity shear. Parallel-velocity shear is produc

FIG. 3. Radial profiles of~a! plasma density in units of 108 cm23 ~left-hand
scale!, ~b! emissive-probe floating potential in units of volts~right-hand
scale!, and~c! parallel electron drift velocity for the parallel-velocity she
case in Fig. 4~a! ~circles! in units of 10v t i ~left-hand scale!.

FIG. 4. Radial profiles of~a! parallel drift velocity for shear~circles! and
no-shear~diamonds! cases in units of 100 m/s~left-hand scale!, ~b! parallel-
velocity shear for shear~thick line! and no-shear~thin line! cases in~a! in
units of~ms!21 ~right-hand scale!, and~c! mode amplitude for the shear cas
in units of percent~left-hand scale!.
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and controlled by adjusting the biasVT on the plasma-
column termination electrode~i.e., a nonemitting plasma
source! while keeping the applied biasV0 on the annular
electrode fixed. ConstantV0 tends to keep the parallel elec
tron drift velocity constant. It is common to keepV0 fixed at
35 V ~positive!, but consistent results are obtained for oth
values ofV0 . Due to a nonzero, but approximately unchan
ing, degree of alkali–metal contamination of the electro
surface, the effect of an applied bias can be much sma
than the applied bias value might suggest. Shear incre
with decreasing bias on the termination electrode. For b
values in the rangeV02VT,25 V, the parallel-velocity
shear is negligible. The largest normalized values of sh
(dvdiz /dx)/vci , corresponding to 20% of vci

(5125 krad/s), are obtained forV02VT545 V at 0.2 T. Fig-
ure 4~a! shows examples of a flat profile of parallel dri
velocity, corresponding to negligible shear, and a shea
profile exhibiting a dip in the central 4 cm diam portion
the plasma column. Figure 4~b! shows the derivative of Fig
4~a!, indicating that the shear layer has a width of appro
mately 1 cm and a radial position approximately 1 cm fro
the cylindrical axis. Figure 4~c! presents a few measuremen
of local, normalized, mode amplitude along the outer reg
of the radial profile of this quantity, on the basis of which w
establish that the mode is associated with the shear layer
not with the strong electric field at the plasma-column p
riphery. Annular-electrode-averaged measurements of m
amplitude, although providing no shape information on t
mode-amplitude profile, provide evidence that it extends
radii smaller than 1.0 cm and to amplitudes larger than 4
Local measurements of the profile at radii smaller than th
reported were not possible without perturbing the plasma
the point of changing the mode-amplitude profile itself.

The value ofkz is measured using a two-Langmuir-prob
array ~separation 3.5 mm! whose tip-to-tip vector’s orienta
tion with respect to the magnetic field can be varied 360°
rotating the radially translatable, radially aligned shaft
which the two-tip array is mounted perpendicularly. Fittin
to a sinusoid, the relative-phase measurements acquire
numerous values of probe-array orientation angle reduces
uncertainty in the determination of the wave vector co
pared to the uncertainty of acquiring numerous measu
ments at a single orientation angle. Precisely incremen
the orientation angle with high resolution over a full rotatio
sufficiently constrains the magnitude and zero-phase cr
ing point of the fit thatkz may be determined precisely eve
with a tip-to-tip spacing much smaller than the axial wav
length. For a very-oblique wave vector~i.e., oriented ap-
proximately perpendicular to the magnetic field!, the preci-
sion of the zero-phase crossing point not only determines
uncertainty inkz magnitude but also the uncertainty in th
sign. The uncertainty in initially referencing the array to t
magnetic field~,61.6°! is an order of magnitude larger tha
the uncertainty in subsequently referencing one array or
tation to another, and is the dominant contribution to t
uncertainty inkz . Figure 5 plots the tip–tip phase differenc
in the fluctuating probe signal as a function of the prob
array orientation. The fitted cosine function yields the prop
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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gation angleu0 , here approximately 90°, and wave vect
magnitude, from whichky[k sinu0, here (222165) m21

and kz[k cosu0, here (2.460.4) m21. The azimuthal ge-
ometry of the modeeimu is m53. Thek spectrum is narrow
compared to the value ofk, as shown for both the paralle
and perpendicular wave numbers in Fig. 6, indicating that
ion-cyclotron waves are well represented ink space by one
dominant Fourier component. Thek spectrum is a plot of the
fast Fourier transform~FFT! amplitude versus the FFT
phase, quantities that are obtained from cross-correlating
two simultaneous signals from the two-Langmuir-probe
ray. The component ofk corresponding to the probe-arra
orientation is obtained by dividing the relative phase by
probe–tip separation and accounting for the direction of
wave-propagation direction. The probe tips lie on the sa
magnetic field line in Fig. 6~b! so thatkz can be determined
The probe array is oriented perpendicular to the magn
field in Fig. 6~b!.

IV. PROPERTIES OF THE SHEAR-MODIFIED ION-
CYCLOTRON WAVE SPECTRUM

One effect of the parallel-velocity shear is a she
dependent shift of the wave frequency. This shift is ana
gous to the shear-induced frequency shift associated
shear-modified ion-acoustic waves.7,20 Figure 7 shows tha
the shear-modified ion-cyclotron wave frequency is obser
to downshift with increasing shear, consistent with the
pectation from the negative derivative of Eq.~7!,

]v1i

v1i]~vci
21dvdiz /dx!

'
kz

2cs
2Gn~ky

2r i
2!

2v1i
2

]sni
2

]~vci
21dvdiz /dx!

5
kz

2cs
2Gn~ky

2r i
2!

2v1i
2 S 2

ky

kz
D S 12

nvci

v1i
D ,

~9!

where it is noted thatky /kz is negative andv1i,vci . The
best-fit straight line through the data in Fig. 7 agrees with
~10! within experimental uncertainty, which also reinforc
our confidence in the accuracy of the experimental value
ion gyrofrequency and axial wavelength.

FIG. 5. Probe–tip phase difference as a function of probe orientation
the best-fit cosine function~solid line! yielding kz50.024 cm21 and ky

522.210 cm21. Adjacent lines represent one standard deviation of e
from the solid line.
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As shown in Fig. 8, another shear effect is the appe
ance of multiharmonic features30 in the shear-modified ion-
cyclotron wave spectrum@Fig. 8~b!#, in contrast to the spec
tra of current-driven electrostatic ion-cyclotron waves@Fig.
8~a!#, which typically show a single spectral feature, a
sometimes one or two additional harmonics.31 Figure 9 com-
pares the observed and predicted deviations of eachnth har-
monic v>nvci from the nth ion-cyclotron harmonic. The
agreement with a linear-theory prediction5 ~open circles! that
is independent ofn is significantly better than the agreeme

d

r

FIG. 6. Shear-modified ion-cyclotron waves.~a! Frequency spectrum,~b! kz

spectrum ~probe array is oriented antiparallel toB, thus kz

520.026 cm21), and~c! ky spectrum~probe array is oriented 90° toB, thus
ky522.21 cm21).

FIG. 7. Downshifting mode frequencyv1i due to parallel-velocity shear
Horizontal line represents the ion-cyclotron frequency and diagonal
represents a best-fit straight line through the experimental points.
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with ann-dependent deviation that is expected if the spec
features are harmonics of the fundamental mode, i.e., non
early coupled. Each spectral feature has associated with
specific value ofk, and thus a specific value of the ion
cyclotron damping factor, as will be quantified in the ne
section.

The time series associated with shear-modified i
cyclotron waves is expectedly less sinusoidal than that a
ciated with current-driven ion-cyclotron waves, as shown
Fig. 10. This time series of shear-modified ion-cyclotr
waves resembles the spiky, triangle-like fluctuations
served in the parallel electric field from particle-in-cell sim
lations reported by Gavrishchakaet al.5 in their Fig. 4~c!.
They pointed out good agreement with observations of p
allel electric field from the FAST satellite.4

FIG. 8. Fluctuation spectrum of electrostatic ion-cyclotron waves meas
from current collected by~a! positively biased button electrode in homog
neous plasma~i.e., without parallel-velocity shear!, ~b! positively biased
Langmuir probe in an inhomogeneous plasma~i.e., with parallel-velocity
shear!. Fluctuations are normalized to a current-collecting area so that
arbitrary unit in the fast Fourier transform is the same for each spectru

FIG. 9. Deviation of spectral features from the harmonics of the i
cyclotron frequency. Filled circles correspond to spectral features in Fig
open circles correspond to spectral features in Fig. 2~a! of Ref. 5, and diag-
onal lines are proportional to deviation atn51 beginning at then51 da-
tum, at its upper error bar, and at its lower error bar. For the first n
harmonics, the experimental data follow the theoretical prediction assoc
with linear theory closer than the line associated with coupled harmoni
Downloaded 08 Jan 2007 to 128.32.147.236. Redistribution subject to AIP
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V. LABORATORY IDENTIFICATION OF INVERSE
CYCLOTRON DAMPING

By reversing the direction of the magnetic field, the si
of the observed shear is likewise reversed. In such ca
associated with enhanced ion-cyclotron damping, no wa
are detected for the experimentally realizable values of p
allel electron drift velocity, the maximum of which exceed
the current-driven ion-cyclotron wave excitation thresho
calculated from homogeneous-plasma theory. Conseque
no determination of the wave vector-component ratio can
made. Nevertheless, this null result suggests that indeed
ion-cyclotron damping for these cases is larger than tha
the zero-shear case, assuming no change in the valu
kz /ky .

Among the cases associated with reduced ion-cyclot
damping, are examples that fall into the inverse io
cyclotron damping region of Fig. 1. For such a case, a c
culation of the ion-cyclotron damping factor for the multip
harmonics yields20.32,20.26,20.19, and20.25 for har-
monic numbers 1, 2, 3, and 4, based on the measured va
of the important parameters listed in Table I. The para
electron drift velocity in this case of inverse ion-cyclotro
damping is only 9 km/s, which is 18v t i . This is considered
significantly smaller than the excitation threshold predic
by homogeneous-plasma theory23,24 for current-driven elec-
trostatic ion-cyclotron waves. The practically ignorable val
of electron drift velocity both reinforces the identification
the inverse ion-cyclotron damping regime and suggests
the inverse ion-cyclotron damping is the dominant fre
energy mechanism for exciting the shear-modified io
cyclotron waves in this case.

VI. GEOSPACE CONTEXT

Strong inhomogeneities in parallel current are obser
in the Earth’s auroral region.32 The history of this parallel-
velocity shear topic began with the laboratory investigatio33
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FIG. 10. Fluctuations collected by a Langmuir probe of multiharmo
shear-modified ion-cyclotron waves~thick line! in inhomogeneous plasma
~ion-cyclotron damping factor equals 0.38! and single-spectral-feature ion
cyclotron waves~thin line! in homogeneous plasma~damping factor equals
unity!.
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TABLE I. List of measured quantities used to document inverse ion-cyclotron damping for multiharm
waves~n is the harmonic number!.

n (dvdiz /dx)/vci ky(cm21)/kz(cm21) (v1i)R (krad/s)/nvci(krad/s)

1 0.1460.02 (22.1260.01)/(0.02460.005)528868 (15665)/(172.763.8)50.90360.006
2 0.1460.02 (22.3560.02)/(0.02860.005)528468 (312612)/(345.4611)50.90260.006
3 0.1460.02 (22.0660.03)/(0.02660.005)527967 (468614)/(516613)50.90660.006
4 0.1460.02 (22.0760.03)/(0.02560.005)528368 (623619)/(691618)50.90260.006
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of a purely growing parallel-velocity-shear instability. Th
original model,8 reformulated using kinetic theory,9 was ap-
plied to a variety of space34 and laboratory10,35 situations.
The original fluid model has been extended to multicom
nent and collisional plasma,14,36 with corresponding
experiments.37–39

Satellite measurements of parallel-velocity shear h
been reported from OGO satellite observations,11 from
HEOS satellite observations,12 from AE-C satellite
observations,40 from DE-2 satellite observations,41,42 and re-
cently by the FAST satellite43 in the upward-current
region.4,5,44 The vci-normalized value of parallel-velocity
shear associated with the FAST observations is reported t
on the order of 5%.5

Gavrishchakaet al.5 show that simultaneous with thi
level of shear are multiharmonic ion-cyclotron waves, ha
ing a power spectrum similar to the multiharmonic, elect
static, hydrogen-cyclotron waves observed by Kinteret al.3

Ergun et al.4 demonstrate that the electric-field power f
these waves is stronger and reaches to more harmonics
does the magnetic-field power. Typical of the FAST data
the shear region are large-amplitude~;500 mV/m!,
perpendicular-electric-field fluctuations and small
amplitude~;200 mV/m!, parallel-electric-field fluctuations

Figures 11~a! and 11~b! present additional FAST-satellit
evidence of parallel-velocity shear of this 5% magnitud
here, within the period :13:46 to :13:57 during orbit 186
with a one-second gap of lower shear at 13:50. Notice
multiharmonic ion-cyclotron waves appear at :13:44, wea
for one second at :13:50, and disappear at :13:55.

Although suggestive of a shear-induced mechanism,
waves appear approximately two seconds before the she
encountered and at :13:35, the parallel-velocity shear app
unaccompanied by multiharmonic ion-cyclotron waves. Su
delays and gaps, although small compared to the 10 s pe
over which the shear and waves coexist, are attributed
temporal changes in the relative position of the wa
generation region~i.e., the shear region! and the position of
the satellite. Because these waves have upward dire
Poynting flux,45 one would expect that a satellite flyin
above a wave-generation region would observe multih
monic waves without observing shear, that a satellite fly
below a wave-generation region would observe some s
with no waves, and that only a satellite flying through
wave-generation region would observe shear and wave
multaneously. Evidence suggests that the wave amplit
may change more temporally than the shear and this di
ence may contribute additionally to imperfect synchro
Nevertheless, the correlation that exists justifies the con
 2007 to 128.32.147.236. Redistribution subject to AIP
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eration of the shear-modified ion-cyclotron instabili
mechanism as another candidate mechanism among o
mechanisms46–52for explaining multiharmonic ion-cyclotron
waves in the upward-current and downward-current regi
of the auroral ionosphere.

VII. DISCUSSION AND CONCLUSION

We fully determine the propagation characteristics
multiharmonic ion-cyclotron waves and document cases
both reduced ion-cyclotron damping and ion-cyclotr
growth. With the ‘‘wrong’’-sign shear, ion-cyclotron damp
ing is enhanced compared to the zero-shear case and
ion-cyclotron waves do not appear. In the ‘‘correct’’-sig
large-shear case, the inverse electron Landau damping is
haps negligible but certainly significantly smaller than in t
zero-shear case and the inverse ion-cyclotron damping is
parently the dominant free energy.

Multiharmonic ion-cyclotron waves are observed by t
FAST satellite in the upward-current region of the auro
ionosphere, where ion beams are common. As a result o
dramatically structured ionosphere below, the ion beams
the upward-current region can have normalized values
shear that are comparable to the shears produced in the
ratory experiment. The occurrence of the multiharmo
waves in space is correlated with satellite observations
shear in the parallel energy of the ions. Of the three sh
periods in Fig. 11, two show the simultaneous appeara
and disappearance in both the shear and the multiharm
ion-cyclotron waves, suggesting that shear is necessary
the generation of these waves. The lack of multiharmo
waves in one of the three shear periods suggests that
satellite is not necessarily flying through the wave-genera
region all the time. Two other shear periods, publish
elsewhere,4,5 are also consistent with shear being necessa

The harmonic content of ion-cyclotron waves observ
in the downward-current region of the ionosphere by
FAST satellite, as shown in Figs. 12~d! and 12~f!, is much
smaller than that observed in the upward-current reg
@Figs. 11~d! and 11~f!#. One observational difference betwee
the two regions is that electron phase-space holes53 exist in
the downward-current region. These electron phase-sp
holes are sometimes encountered with a clear periodicit
the ion-cyclotron period, in which case their contribution
the observed spectrum is large. Another observational dif
ence between the two regions is that ion beams are not
served in the downward-current region, and theref
sheared ion beams are rare, whereas sheared electron b
are readily found in the downward-current region. Accordi
 license or copyright, see http://pop.aip.org/pop/copyright.jsp
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to theory, electron-velocity shear and ion-velocity shear, b
normalized to the electron and ion gyrofrequency, resp
tively, and thus are expected to produce different shear
fects on ion-cyclotron waves. Consequently, the observa
of two-orders-of-magnitude-weaker shear~5% normalized to
electron gyrofrequency! in Fig. 12~b!, compared to the shea
in Fig. 11~b!, is expected to yield much smalle
multiharmonic-wave activity in Figs. 12~d! and 12~f!, com-
pared to Figs. 11~d! and 11~f!, which is qualitatively consis-
tent with the diminished multiharmonic-wave activity i
Figs. 12~d! and 12~f!, compared to the readily apparen
multiharmonic-wave activity in Figs. 11~d! and 11~f!. Pro-
viding laboratory documentation for the case of negligib
ion-velocity shear and large electron-velocity shear is a g
of our future laboratory experiments.

FIG. 11. ~Color! Field-aligned ion velocity shear and ion waves in th
upward current region. Panel~a! shows the differential energy flux of an
upward moving ion beam above the auroral oval. The black trace supe
posed on this panel represents the characteristic energy of the beam.
~b! shows the normalized shear frequency~the perpendicular gradient in the
parallel ion beam velocity! as determined from the characteristic ener
trace given in panel~a!, the spacecraft position and the proton gyrofr
quency. Panel~c! shows the wave electric field measured perpendicular
the geomagnetic field and roughly in the north–south direction. Panel~d!
shows the wave power spectrum of the wave field shown in~c! with the
white lines indicating harmonics of the proton gyrofrequency. Panel~e! is a
snapshot of the wave field component parallel to the geomagnetic field w
panel ~f! is the averaged spectra from~d!, where the average is over th
period from :13:45 to :13:50.
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