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Inverse ion-cyclotron damping: Laboratory demonstration
and space ramifications
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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-aligngzhralle) ion drift velocity. Full experimental
characterization of the wave propagation and particle-velocity distributions are presented to
document the case of inverse dampifige., 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 Snap$i#®T) satellite. FAST observations of
simultaneous shear and multiharmonic ion-cyclotron waves in the upward-current and
downward-current regions of the ionosph&/®00-km altitude are presented and discussed in
terms of a new, small-scale analysis of the mechanisms in the auroral regioR00®American
Institute of Physics.[DOI: 10.1063/1.1566031

I. INTRODUCTION The presence of shear in the magnetic-field-aligpeual-

llel) drift velocity v 4, results in a diamagnetic drift, the free
nergy of which can be exploited to sustain plasma
microinstabilities’® The shear is expressed 4,/dr, where
the sign ofvy, is defined to be positivénegative if vy, is
parallel (antiparalle) to the magnetic field. Each population

Observations from space-borne instruments are typicallf/i
interpreted using theoretical models developed to predict th
properties and dynamics of geospadehe usefulness of spe-
cifically tailored laboratory experiments for providing confir-

mation of theory by identifying, isolating, and studying : o . : . i
. - . . identifiable by a drift velocity will have an associated value
physical phenomena efficiently, quickly, and economlcallyof shear. Also important is the magnitude and sign of the

has been demonstrated in the pakt.this paper, laboratory ratio of parallel and perpendicular wave vector components
results verify important aspects of a parallel-velocity-shear P 'd perp P .
respectively, and whether the wave frequency in

. . . L k, andk,,
mechanism for decreasing and inverting ion-cyclotron damp he drifting-particle frame is slightly above or slightly below
Re gyrofrequency. In cases where there is a relative phase

ing. This mechanism is one of several that have been used E

ﬁlngj‘;rg eOEIS: ;\”/na%t;o%? ecs)fe Taut:grr]aat:)r?;rr]:acs:;(l)tr; (\:/};(I:ilggtzntr\:\éa\éi_sbet\/veen different wave components, this phase is useful to
isting theory and therefore contribute to a better understanclfnow'

ing of space processes, which cannot be subjected to con-

trolled experimental investigation. Evidence is presented of|. THEORY OF THE SHEAR-MODIFIED ION-
laboratory-consistent plasma behavior from the Fast AuroraCYCLOTRON INSTABILITY

SnapshotFAST) satellite that supports the parallel-velocity- . .
shear interpretation of the space-observed multi-harmonic Attémpts to model parallel-velocity shear in a
ion-cyclotron wave&. The laboratory experiments reported Q-machine plasma were carried %at_1d extended to include
here demonstrate the synergistic nature of the scientific allikinetic effects) such as resonant-lolr?) damping, magnetic
ance between experimentalists makingitu space measure- Shear, and arbitrary values &f/T;.™ The electrostatic

ments, experimentalists making laboratory measurement§eatment olfsparallel—velc_)city shear for space conditions is
and theorists developing models to describe and prediéi'_scusse{)l using a fluid approach by examining modes
experiment§. with frequencies much smaller than the ion gyrofrequency

(w<<w¢j). In some fluid treatments, higher-frequency waves
(w~w.;) were discussetf Gavrishchakat al.”}” use a full

dpaper LI1 2, Bull. Am. Phys. Sod7, 221(2002. At 8 ; . ;
YAuthor to whom correspondence should be addressed. Electronic mai}?metIC mOde} to analyze instabilities that rely on shear in

mkoepke@wvu.edu parallel-velocity shear and found a new class of low-
“Invited speaker. frequency @< w.) solutions associated with ion-acoustic
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waves'>? Further investigations’ led to another velocity- © oni— N
shear mode at higher frequency around.?? The character Foi= 12' Z( ! - C')
of this shear-modified ion-cyclotron instability mechanism is \/Zk Un \/Zk Uu
the subject of our recent investigation and is emphasized in

ky dv diZ/dX

this paper. This mechanism makes possible inverse ion- _
cyclotron damping, as demonstrated here. k, g
The description of the steady state used in the general

w1~ Nwg; ( W1~ nwci)

\/2kzvti \/Zkzvti

modef® includes a uniform magnetic fiel that defines the @
z direction, a magnetic-field-alignegaralle) relative drift ~ and
velocity for electrons 4o{X) and ionsvgi,(X), a localized ®1c ®1c
perpendicular, dc electric field,(x), and a density gradient Foe ( 5 ) ( — )
dn/dx. The general eigenvalue condition for this modéf is \/2k Ute \/Zkz Ute
, 02 1+3F (0T (D) + 714 Foe(X)] o Ky dvgel/dx e z( e ) )
Pi dX2 EFm(X)Fn(b) l,b(X)— ’ kZ Wce \/Zk Ute \/Zk l)'[e

.Y In the absence of shear, Eq®), (3), and (4) revert to the
homogeneous-plasma dispersion relafioff:

where  Fno=Ana—Bna,  Tn(b)=In(b)exp(=b),  An, The solution of the dispersion relation can be expressed
= [(wla + w2a_w2) /( Vﬁ2 |kZ|Uta)]Z[(wla_wZa_ana) / as
(v2lk|vea)], BME—(wsa/(¢2lkzlva)]Z’[(w1a—wza
—Nwe,)/(V2|k vi)], |, are the modified Bessel functions, wq;
Z is the plasma dlsperS|on functioh= (kyp,) , W1, w1~ Nwg;
_wkyvday k Udaz> wZa_kyUE(X)pzlz W3y
Ekyvéa(x)pa, o* is the diamagnetic drift frequency,,
=T,/ma is the thermal velocityp, is the parallel drift
velocity, p,, is the ion gyroradiusr=T; /T, m, is the mass, \yhere
« indicates the specigglectron or iof, the prime indicates
the derivative with respect to the argument, apds the 2. Ky OlUdiz/dx(l_ ”“’ci)

. . . . . . On,=
fluctuating electrostatic potential. Neglecting density gradi- n k, g w1

ents and perpendicular dc electric fielday (+ w2~ @3)  This yields the following real and imaginary parts of the
becomesw—k,v4,,. Equation( 1) can be expressed in the frequency:

local limit>"?!as

(01— nwci)2 m
e k? kBTi

L 2
(wll nwu) 1 )

Ky

02T (b)=

—|

—| -

e

(6)

3
(w1))r=Nw¢i+ \/ kZUtIO'nanI, (7)

1+ >, Th(b)Fpi+ 7(1+Fge) =0. 2 ang!

7'3 Uy k dvdiZ/dX Nwg;j
A e e
m; /mg (wl,)R/k n K 0 (w1)r

Wi 2k2v? an2r,

;{ ((wli)R_nwci)z)]
exp ————
2k2v}

(w1, B

®

2 2 2, 212
Twg n>0 [N“—(wj)rlwg]

The experiment is designed to reach the regime of inrameter space are labeled. For positive shear, the first and
verse ion-cyclotron damping that is predicted to be achievihird (second and fourjhquadrants in Fig. 1 are associated
able by this model. Gangulet al?* express the parallel- with reduced (enhancell ion-cyclotron damping and
velocity-shear dependence of ion-cyclotron damping inthe diagonal line slants from bottom left to upper right.
terms of a factowr,; that is unity for the zero-shear case and For negative shegnot shown, the association of the quad-
that can be greater than or less than unity in the presence adints with reduced and enhanced damping are reversed, with
shear. For a specific value of shear, there is a ratio of (the diagonal line slanting from upper left to bottom right.
—Nwi/wqy;) and k,/k, that results in zero ion-cyclotron The points represent a subset of our experimental data and
damping. This zero-cyclotron-damping condition is identi-indicate how far from the distinguishing boundaries our
fied with a diagonal lingcalculated for the casdvy,/dx  cases extend. These cases are elaborated upon later in the
=0.14w;) in Fig. 1 in which the important regions of pa- paper.

Downloaded 08 Jan 2007 to 128.32.147.236. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp



Phys. Plasmas, Vol. 10, No. 5, May 2003 Inverse ion-cyclotron damping: Laboratory demonstration . . . 1607

0.04 ' | believed to favor am=0 azimuthal normal mode with a
0.03 1 fi:dm"ci‘li ] zeroth-order Bessel function radial mode structure. Remov-
0.02 enhanped g ing the center of this electrode is believed to favor the
damping \ ¢ ? =1 azimuthal normal mode with a first-order Bessel func-
0.01 AN tion radial mode structure. The annulus dimensions were
damping
g’ 0 - - . chosen so that am=1 normal mode wittk, p;=1 would fit
i 0.01|ETe the inner circumference and the outer edge would be one
7 damping e gyrodiameter from the plasma-column edge. It was found
-0.02 ‘ enhanced that the annular electrode and circular button produced
-0.03 reduced damping ] waves with similar characteristics except that the annular
0.04 damP“:‘g o electrode resulted in waves with large enough amplitude that
<0.20 -0.15 -0.10 -0.05 0 0.05 0.10 0.15 0.20 the components of the wave vector could be measured.
1- 6/ Both electrons and ions drift along the magnetic field

from the ionizer toward the electrodes. The magnetic field
FIG. 1. Regimes of the shear-modified ion-cyclotron wave dispersion relazgn he switched to be paraIIeI or antiparallel to the drifts. To
tion for fixed shear v 4;,/dx=0.14w;). The three points represent experi- . , . .
mental data for whicldv 4;,/dx=0.14w.; . The diagonal line corresponds to connect the experlments cylindrical geometry _tO the slab
the ion-cyclotron damping factor equal to zero. geometry used in the modealcorresponds to the direction of
the magnetic fieldi.e., both positive and negative drift are
possible by reversin@®), x to the radial direction, ang to
IIl. DESIGN OF THE LABORATORY EXPERIMENT the azimuthal direction with positive being clockwise look-
ing parallel to the magnetic field.

W? prpduce plgsma that, over a region ten gyroradii or = rpe plasma density, measured using a Langmuir probe
more in diameter, is homogeneous in all respects except fQiasad to ion saturation, is approximately 30° cm 3. The

shear in the ion parallel velocity. By incrementing the Shearplasma potential, measured using a floating emissive probe,

from zero to larger values and measuring the plasma ang o oximately—3 V. The radial electric field in the plasma

wave properties, we are able to document, based on the prg; adjusted to be homogeneou (<10 V/m) so that the

diction of the theoretical model, reduced and inverted ion'perpendiculaExB drift speed is negligible compared to the

ion thermal speed. The electron parallel-velocity-distribution
function is measured with a single-sided Langmuir probe.

) 3 We observe a single, drifting-Maxwellian population of elec-
plasma columri6.4 cm diameter, 3 m length, iem den- yons with a uniform parallel drift speed.,, even in the
sity) radially confined by a uniform, axial magnetic field, resence of parallel-velocity shear. Figure 3 demonstrates the

typically between 1 and 3 kG. The column is bounded on th%egree of plasma homogeneity in plasma density, emissive-

left end in Fig. 2 by an lonizer at electrical ground that ther- o1e floating potential, and electron parallel drift velocity
mionically emits electronsT=0.33 eV) and contact ion- g6 the central 6-cm-diameter portion of the plasma col-

izes barium ionsT;,=0.23 eV I}, =0.26 eV). Therightend 1t is evident that the plasma is homogeneous at radii

in Fig. 2 is bounded by a biased termination electrode. Ayyajier, equal, and larger than the radii associated with the
positively biased annular electrod25 cm outer diameteis 5 jar electrode, as shown in Fig. 4. Specifically, in the

placed 30 cm from the termination electrode and centered og, oo, layer where the shear-modified ion-cyclotron waves
the cyI!nQricaI axis..This configurgtion resembles that u;ed "have significant amplitude, the plasma is homogeneous. This
the original gxpenmenf@ that discovered current-driven o o0eneity does not change significantly over the range of
electrostatic ion-cyclotron waves, except an annular elecgpay, values, 0% to 20% af,, , reported here. The absence

trode rather than a disk electrode is used, the annulus |§f electron velocity shear meaus 4;,/dx can be measured
displaced axially rather than coplanar with respect to the terdirectly in the laboratory frame '

mination electrode, and the termination electrode is biased Note that at the periphery of the plasma column (3 cm

rather than electrically floating. An annulus was used to im-_ . _ » cm), the electric field is on the order of 100 V/m

prove the conditions for azimuthal propagation. The undisf'whereas throughout0r <2.5 cm, the magnitude is on the

turbed boundary condition at the center of a circular button i$rder of 3 V/m. The observations that we attribute to

parallel-velocity shear cannot be attributed to this boundary
electric field since, unlike the mode characteristics, this

cyclotron damping in the cases that we investigate experi
mentally.
Experiments are performed in a cylindrical, Q-machine

collection , LIF parallel laser bef:  plate boundary electric field does not change as the velocity shear
optics signal injection optics\T-I ( is varied. Although the region of homogeneous plasma ex-
T — . tends more than one gyrodiameter beyond the edge of the
I D G < O Oal annular electrode, an ion that would somehow obtain su-
i — — prathermal speed in the edge electric field region might be
ionizer electrode expected to make excursions near the outer edge of the an-

FIG. 2. A schematic of the laser-induced fluorescence parallel injectionnular electrode, pOSSIny In a region where shear exists. No

optics mounted onto the vacuum chambest to scal@ Angle « is adjust- ewdence_z of SUprathermal ions, for _ example_ from
able by rotating the goniometer that aims the laser beam. perpendicular-velocity measurements with laser-induced
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and controlled by adjusting the biag; on the plasma-
column termination electrodéi.e., a nonemitting plasma
source while keeping the applied biag, on the annular
electrode fixed. ConstaM, tends to keep the parallel elec-
tron drift velocity constant. It is common to ke&fy fixed at

35 V (positive), but consistent results are obtained for other
values ofV,. Due to a nonzero, but approximately unchang-
ing, degree of alkali-metal contamination of the electrode

10F © 15

. ] surface, the effect of an applied bias can be much smaller
5k le than the applied bias value might suggest. Shear increases
i | annulrelectrode | ] with degreasing bias on the termination electrode. For bias

I e S— values in the range/y—V:<25V, the parallel-velocity
Radial position x (cm) shear is negligible. The largest normalized values of shear

FIG. 3. Radial profiles ofa) plasma density in units of #&m2 (left-hand (dvgiz/dx)/wg;, ~ corresponding to  20%  of w;
scalg, (b) emissive-probe floating potential in units of volsght-hand (=125 krad/s), are obtained fofy— V=45V at 0.2 T. Fig-

scale, and(c) parallel electron drift velocity for the parallel-velocity shear ure 4a shows examples of a flat profile of parallel drift
case in Fig. &) (circles in units of 1@y; (left-hand scalg velocity, corresponding to negligible shear, and a sheared
profile exhibiting a dip in the central 4 cm diam portion of

fl has b found i : f the ol the plasma column. Figurgld) shows the derivative of Fig.
uorescence, has been found in any region ot the pasm%:(a), indicating that the shear layer has a width of approxi-

including the region between the annular electrode and thﬁ]ately 1 cm and a radial position approximately 1 cm from

plasma periphery. h lindri -
; . indrical axis. Figur resen few m remen
Constraints placed on the azimuthal normal-mode geomt- e cylindrical axis. Figure () presents a fe easurements

L : . . of local, normalized, mode amplitude along the outer region
etry by cylindrical effects will restrict the quantitlg,r to . : . : . .
. L : ... of the radial profile of this quantity, on the basis of which we
integer values. Other cylindrical effects will be negligible . ; ; .

. . o establish that the mode is associated with the shear layer and
since the centripetal parametBrx B speed divided by vy, not with the strong electric field at the plasma-column pe-
is negligible in the vicinity of the shear layer, wharés the fipherv. Ann Iar-elgectrode-a eraged mess rfements of n‘?ode
radial location being evaluated. In the rotating layer at the Phery. u --averag sy .

mplitude, although providing no shape information on the

. . ! . . a
eriphery, this centripetal parameter is larger but still much . . - . ;
gmarl)ler t);lan unity; P P g mode-amplitude profile, provide evidence that it extends to

The ion parallel-velocity-distribution function is mea- radii smaller than 1.0 cm and tq amplitugles larger than 4%.
sured directly, nonperturbatively, and precisely by laser-0cal measurements of_the proflle at radii gmaller than those
induced fluorescence technigéiesas adopted from the reportgd were not .pOSSIble without pgrturblng t'he.plasma to
method of Hill et al?° A hollow-cathode lamp is used for the point of Chang!ng the mode-a_mphtude profile |ts_elf.
zero-velocity reference. We observe a single drifting- '€ value ok, is measured using a two-Langmuir-probe
Maxwellian ion population with an adjustable degree of&Tay (Separation 3.5 minwhose tip-to-tip vector's orienta-

parallel-velocity shear. Parallel-velocity shear is producedion With respect to the magnetic field can be varied 360° by
rotating the radially translatable, radially aligned shaft on

which the two-tip array is mounted perpendicularly. Fitting
to a sinusoid, the relative-phase measurements acquired at
1 numerous values of probe-array orientation angle reduces the
: uncertainty in the determination of the wave vector com-
EE}E£§£H£}?’ZOO pared to the uncertainty of acquiring numerous measure-
] ments at a single orientation angle. Precisely incrementing
1150 the orientation angle with high resolution over a full rotation
(@) sufficiently constrains the magnitude and zero-phase cross-
<100 ing point of the fit thak, may be determined precisely even
3 t ] with a tip-to-tip spacing much smaller than the axial wave-
¢ 450 length. For a very-obligue wave vectdre., oriented ap-
- proximately perpendicular to the magnetic figlthe preci-
[ do sion of the zero-phase crossing point not only determines the
1 (b) ] uncertainty ink, magnitude but also the uncertainty in the
obml e L ml sign. The uncertainty in initially referencing the array to the
3 -2 A 0 1 2 3 - ) X
Radial position x (cm) magnetic field<*=1.6° is an order of magnitude larger than
the uncertainty in subsequently referencing one array orien-
FIG. 4. Radial profiles ofa) parallel drift velocity for sheatcircles and tation to another, and is the dominant contribution to the

no-shealfdiamond$ cases in units of 100 m{¢eft-hand scalg (b) parallel- ; ; ; A ;
velocity shear for sheathick line) and no-sheafthin line) cases in(a) in uncertainty Inkz' Figure 5 p|0tS the tip—tip phase difference

units of (ms)~* (right-hand scalg and(c) mode amplitude for the shear case in the fl_uctua_ting prob§ signal_as a fUITlCtiOI’.l of the probe-
in units of percentleft-hand scalg array orientation. The fitted cosine function yields the propa-

1250

N W b, 1 OO N
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FIG. 5. Probe-tip phase difference as a function of probe orientation anc
the best-fit cosine functiortsolid line) yielding k,=0.024 cm* and ky
=-2.210cm . Adjacent lines represent one standard deviation of error
from the solid line.

Power (arb umts)

L pe gy § P — L L -
-006 -004 -002 000 o002 004 006 008
Probe-tip relative phase difference (radians)

=3
T

gation angled,, here approximately 90°, and wave vector
magnitude, from whictk,=ksin6,, here (-221+5) m?
and k,=k cosé,, here (2.4-0.4) m 1. The azimuthal ge-
ometry of the mode'™? is m=3. Thek spectrum is narrow
compared to the value & as shown for both the parallel
and perpendicular wave numbers in Fig. 6, indicating that the
ion-cyclotron waves are well representedkispace by one o =

dominant Fourier component. Thespectrum is a plot of the 2 s - 05 o 0s ! s 3
fast Fourier transform(FFT) amplitude versus the FFT Probe-tip relatrve phase difference (radians)

phase, quantities that are obtained from cross-correlating th&c. 6. Shear-modified ion-cyclotron wavéa) Frequency spectruntb) k,

two simultaneous signals from the two-Langmuir-probe ar-spectrum (probe array is oriented antiparallel tdB, thus k,
ray. The component ok corresponding to the probe-array =-0.026 cm’j)l, and(c) k, spectrum(probe array is oriented 90° & thus
orientation is obtained by dividing the relative phase by the= 221 ¢m -

probe—tip separation and accounting for the direction of the

wave-propagation direction. The probe tips lie on the same o .

magnetic field line in Fig. @) so thatk, can be determined. As shown in Fig. 8, another shear effect is the appear-

The probe array is oriented perpendicular to the magneti@"c€ Of multiharmonic fegtur@sin the shear-modified ion-
field in Fig. &b). cyclotron wave spectrufFig. 8b)], in contrast to the spec-

tra of current-driven electrostatic ion-cyclotron waJ&sg.

8(a)], which typically show a single spectral feature, and
IV. PROPERTIES OF THE SHEAR-MODIFIED ION- sometimes one or two additional harmonit&igure 9 com-
CYCLOTRON WAVE SPECTRUM . L

pares the observed and predicted deviations of etitiar-

One effect of the parallel-velocity shear is a shear-monic w=nw.; from the nth ion-cyclotron harmonic. The

dependent shift of the wave frequency. This shift is analo-agreement with a linear-theory predictigiopen circlegthat
gous to the shear-induced frequency shift associated witls independent of is significantly better than the agreement
shear-modified ion-acoustic wave® Figure 7 shows that
the shear-modified ion-cyclotron wave frequency is observed

()

(B8]
T

Power (arh mmts)

to downshift with increasing shear, consistent with the ex-
pectation from the negative derivative of E@), :
2.2 2 2 2 =2 %:L
awli _ kZCSFn(kypi ) L?O'ni E
w10 g dv iz /dX) 2we; A wo;tdv gip/dX) O
2.2 (1,22 & ¢
_ kzcsrn(kypi ( B &) ( 1 nwci) E 261
2ws; K, wqi |’ E
o ®
9) , .
where it is noted thak,/k, is negative andv;;<w;. The 55— 05 01 015
best-fit straight line through the data in Fig. 7 agrees with Eq. (dva/dx)/ o

10) within experimental uncertainty, which also reinfor o .

(10 tf. € pe_ he tal unce taf tl‘)l/, ¢ _aso (Ie (I)CeS FIG. 7. Downshifting mode frequency,; due to parallel-velocity shear.
our con idence in the accuracy o the experimental values Afigizontal fine represents the ion-cyclotron frequency and diagonal line
ion gyrofrequency and axial wavelength. represents a best-fit straight line through the experimental points.
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FIG. 8. Fluctuation spectrum of electrostatic ion-cyclotron waves measured 0 * 0.65 — 0?1 515

from current collected bya) positively biased button electrode in homoge- :
- . > o ) Time (ms)
neous plasmadi.e., without parallel-velocity shegr(b) positively biased ) ) ) )
Langmuir probe in an inhomogeneous plastia., with parallel-velocity ~ FIG. 10. Fluctuations collected by a Langmuir probe of multiharmonic
sheay. Fluctuations are normalized to a current-collecting area so that théhear-modified ion-cyclotron wavethick line) in inhomogeneous plasma
arbitrary unit in the fast Fourier transform is the same for each spectrum. (ion-cyclotron damping factor equals 0)38nd single-spectral-feature ion-
cyclotron wavegthin line) in homogeneous plasnmidamping factor equals

unity).

with ann-dependent deviation that is expected if the spectral
features are harmonics of the fundamental mode, i.e., nonlin: LABORATORY IDENTIFICATION OF INVERSE
early coupled. Each spectral feature has associated with it Y CLOTRON DAMPING

specific value ofk, and thus a specific value of the ion- By reversing the direction of the magnetic field, the sign
cyclotron damping factor, as will be quantified in the nextof the observed shear is likewise reversed. In such cases,
section. associated with enhanced ion-cyclotron damping, no waves

The time series associated with shear-modified ionare detected for the experimentally realizable values of par-
cyclotron waves is expectedly less sinusoidal than that asseilel electron drift velocity, the maximum of which exceeds
ciated with current-driven ion-cyclotron waves, as shown inthe current-driven ion-cyclotron wave excitation threshold
Fig. 10. This time series of shear-modified ion-cyclotroncalculated from homogeneous-plasma theory. Consequently,
waves resembles the spiky, triangle-like fluctuations obno determination of the wave vector-component ratio can be
served in the parallel electric field from particle-in-cell simu- made. Nevertheless, this null result suggests that indeed the

lations reported by Gavrishchalet al”® in their Fig. 4¢).  ion-cyclotron damping for these cases is larger than that in
They pointed out good agreement with observations of parthe zero-shear case, assuming no change in the value of
allel electric field from the FAST satellite. k,/ky .

Among the cases associated with reduced ion-cyclotron
damping, are examples that fall into the inverse ion-
cyclotron damping region of Fig. 1. For such a case, a cal-
culation of the ion-cyclotron damping factor for the multiple

osF harmonics yields-0.32, —0.26, —0.19, and—0.25 for har-
0.4?_ monic numbers 1, 2, 3, and 4, based on the measured values
i of the important parameters listed in Table I. The parallel
Fo2f electron drift velocity in this case of inverse ion-cyclotron
= damping is only 9 km/s, which is 1§ . This is considered
g of significantly smaller than the excitation threshold predicted
; C by homogeneous-plasma thetty’ for current-driven elec-
= 02f trostatic ion-cyclotron waves. The practically ignorable value
i of electron drift velocity both reinforces the identification of
04f the inverse ion-cyclotron damping regime and suggests that
- the inverse ion-cyclotron damping is the dominant free-
06 ! L | L — | energy mechanism for exciting the shear-modified ion-
0 2 4 6 8 10 12 14

. cyclotron waves in this case.
Harmonic number n

FIG. 9. Deviation of spectral features from the harmonics of the ion-
cyclotron frequency. Filled circles correspond to spectral features in Fig. 8
open circles correspond to spectral features in Fig. @ Ref. 5, and diag-

onal lines are proportional to deviation &1 beginning at then=1 da- Strong inhomogeneities in parallel current are observed
tum, at its upper error bar, and at its lower error bar. For the first nine,

harmonics, the experimental data follow the theoretical prediction associatel! the. Earth’s aurpral regioﬁ. The history of this parallel-
with linear theory closer than the line associated with coupled harmonics. velocity shear topic began with the laboratory investigation

VI. GEOSPACE CONTEXT
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TABLE |I. List of measured quantities used to document inverse ion-cyclotron damping for multiharmonic
waves(n is the harmonic numbgr

=}

(dv i, /dX)/ w¢i ky(cm™1)/k,(cm™ 1) (wy;) g (krad/s) he;(krad/s)

0.14:0.02  (~2.12+0.01)/(0.024-0.005)= —88=8 (156+5)/(172.73.8)=0.903+0.006
0.14:0.02  (~2.35+0.02)/(0.028-0.005)= —84=8 (312+12)/(345.4- 11)=0.902+0.006
0.14:0.02  (~2.06+0.03)/(0.026-0.005)= —79=7 (468+14)/(516= 13)=0.906=0.006
0.14:0.02  (~2.07+0.03)/(0.025-0.005)= —83+=8 (623+19)/(691+= 18)=0.902+0.006

A WN PR

of a purely growing parallel-velocity-shear instability. The eration of the shear-modified ion-cyclotron instability
original modeP reformulated using kinetic theofywas ap- mechanism as another candidate mechanism among other
plied to a variety of spacé and laborator}f® situations. mechanisnf&~>2for explaining multiharmonic ion-cyclotron
The original fluid model has been extended to multicompo-waves in the upward-current and downward-current regions
nent and collisional plasm4;*® with corresponding of the auroral ionosphere.
experiments’~3°
Satellite measurements of parallel-velocity shear hav
been reported from OGO satellite observatibhsrom Vil. DISCUSSION AND CONCLUSION
HEOS satellite observatioft$, from AE-C satellite We fully determine the propagation characteristics of
observation4? from DE-2 satellite observatiof$;*?and re-  multiharmonic ion-cyclotron waves and document cases of
cently by the FAST satellifé in the upward-current both reduced ion-cyclotron damping and ion-cyclotron
region®>* The w¢-normalized value of parallel-velocity growth. With the “wrong”-sign shear, ion-cyclotron damp-
shear associated with the FAST observations is reported to beg is enhanced compared to the zero-shear case and the
on the order of 5%. ion-cyclotron waves do not appear. In the “correct”-sign,
Gavrishchakaet al® show that simultaneous with this large-shear case, the inverse electron Landau damping is per-
level of shear are multiharmonic ion-cyclotron waves, hav-haps negligible but certainly significantly smaller than in the
ing a power spectrum similar to the multiharmonic, electro-zero-shear case and the inverse ion-cyclotron damping is ap-
static, hydrogen-cyclotron waves observed by Kirgenl®  parently the dominant free energy.
Ergun et al* demonstrate that the electric-field power for Multiharmonic ion-cyclotron waves are observed by the
these waves is stronger and reaches to more harmonics thBAST satellite in the upward-current region of the auroral
does the magnetic-field power. Typical of the FAST data inionosphere, where ion beams are common. As a result of the
the shear region are large-amplitude-500 mV/m), dramatically structured ionosphere below, the ion beams in
perpendicular-electric-field  fluctuations and smaller-the upward-current region can have normalized values of
amplitude(~200 mV/m), parallel-electric-field fluctuations. shear that are comparable to the shears produced in the labo-
Figures 11a) and 11b) present additional FAST-satellite ratory experiment. The occurrence of the multiharmonic
evidence of parallel-velocity shear of this 5% magnitudewaves in space is correlated with satellite observations of
here, within the period :13:46 to :13:57 during orbit 1868, shear in the parallel energy of the ions. Of the three shear
with a one-second gap of lower shear at 13:50. Notice thaperiods in Fig. 11, two show the simultaneous appearance
multiharmonic ion-cyclotron waves appear at :13:44, weakerand disappearance in both the shear and the multiharmonic
for one second at :13:50, and disappear at :13:55. ion-cyclotron waves, suggesting that shear is necessary for
Although suggestive of a shear-induced mechanism, théhe generation of these waves. The lack of multiharmonic
waves appear approximately two seconds before the shearvgves in one of the three shear periods suggests that the
encountered and at :13:35, the parallel-velocity shear appeasstellite is not necessarily flying through the wave-generation
unaccompanied by multiharmonic ion-cyclotron waves. Suchregion all the time. Two other shear periods, published
delays and gaps, although small compared to the 10 s perialsewheré;® are also consistent with shear being necessary.
over which the shear and waves coexist, are attributed to The harmonic content of ion-cyclotron waves observed
temporal changes in the relative position of the wave-in the downward-current region of the ionosphere by the
generation regiorti.e., the shear regigrand the position of FAST satellite, as shown in Figs. @ and 12f), is much
the satellite. Because these waves have upward directennaller than that observed in the upward-current region
Poynting flux?® one would expect that a satellite flying [Figs. 11d) and 11f)]. One observational difference between
above a wave-generation region would observe multiharthe two regions is that electron phase-space Rdkesst in
monic waves without observing shear, that a satellite flyinghe downward-current region. These electron phase-space
below a wave-generation region would observe some sheduoles are sometimes encountered with a clear periodicity of
with no waves, and that only a satellite flying through athe ion-cyclotron period, in which case their contribution to
wave-generation region would observe shear and waves dhe observed spectrum is large. Another observational differ-
multaneously. Evidence suggests that the wave amplitudence between the two regions is that ion beams are not ob-
may change more temporally than the shear and this differserved in the downward-current region, and therefore
ence may contribute additionally to imperfect synchrony.sheared ion beams are rare, whereas sheared electron beams
Nevertheless, the correlation that exists justifies the considare readily found in the downward-current region. According
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Fraquanny. (k) FIG. 12. (Color) Field-aligned electron velocity shear and ion waves in the

. . . . . . downward current region. Pang) shows the differential energy flux of an
FIG. 11. (Colon Field-aligned ion velocity shear and ion waves in the ,nward moving electron beam above the auroral oval. The black trace su-

upward current region. Paned) shows the differential energy flux of an  perimposed on this panel represents the characteristic energy of the beam.
upward moving ion beam above the auroral oval. The black trace superimpane|(b) shows the normalized shear frequerithye perpendicular gradient
posed on this panel represents the characteristic energy of the beam. Pajigkhe electron beam velocinas determined from the characteristic energy
(b) shows the normalized shear frequerithe perpendicular gradient in the  5ce given in panel(a), the spacecraft position and the proton gyrofre-
parallel ion beam velocifyas determined from the characteristic energy quency. Panelc) shows the wave electric field measured perpendicular to
trace given in panela), the spacecraft position and the proton gyrofre- the geomagnetic field and roughly in the north—south direction. Rael
quency. Pane{c) shows the wave electric field measured perpendicular togpows the wave power spectrum of the wave field showtcirwith the

the geomagnetic field and roughly in the north—south direction. Rael \ypite lines indicating harmonics of the proton gyrofrequency. Pégids a
shows the wave power spectrum of the wave field showtcirwith the  gnapshot of the wave field component parallel to the geomagnetic field while
white lines indicating harmonics of the proton gyrofrequency. Pé&et a

! L)S _panel(f) is the averaged spectra frofd), where the average is over the
snapshot of the wave field component parallel to the geomagnetic field Wh"‘faeriod from :07:36 to approximately :07:42.

panel (f) is the averaged spectra fro(d), where the average is over the
period from :13:45 to :13:50.
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