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PHYSICS OF PLASMAS VOLUME 8, NUMBER 9 SEPTEMBER 2001

Shear Alfve’ n waves in a magnetic beach and the roles of electron
and ion damping

S. Vincena,® W. Gekelman, and J. Maggs
Department of Physics and Astronomy, University of California, Los Angeles, California 90095

(Received 29 January 2001; accepted 11 June)2001

Experiments are performed in the Large Plasma Deflia®D) [ Gekelmaret al,, Rev. Sci. Instrum.

62, 2875(1991)] at the University of California, Los Angeles to study the propagation of the shear
Alfvén wave in a parallel gradient of the background magnetic field. The waves are excited by
modulating a field-aligned electron current drawn to a disk antenna with a radius on the order of the
electron skin-depthy=c/w,e. The resulting shear waves have a nonzero parallel electric field and
propagate both parallel and perpendicular to the background magnetic field. In this experiment, the
wave is launched in a region where its frequeney,equals one-half the local ion-cyclotron
frequencyw,; and the local Alfve speedy » , is approximately equal to the electron thermal speed,

ve. The wave propagates along a slowly decreasing background field to whete,; and v

~v/2. The wave thus propagates from a region where Landau damping is significant to where
ion-cyclotron damping dominates. Detailed two dimensional measurements of the wave magnetic
field morphology are presented. The measured wavelength decreases in accord with WKB solutions
of a modified wave equation. Wave damping is also observed and dissipation by both ions and
electrons is required in the WKB model to fit the data. Suppression of the damping via electrons in
the model results in a predicted wave magnetic field amplitude twenty times larger at the
ion-cyclotron resonance point than observed. 2@01 American Institute of Physics.

[DOI: 10.1063/1.1389092

I. INTRODUCTION plasma which then propagated axially into a region of de-
) creasing magnetic field to the point where the wave fre-
The shear Alfve wave is an electromagnetic wave in a quency matched the local ion-cyclotron frequency—the so-
magnetized plasma which propagates at frequencies belogalled “magnetic beach.” Much later, Amagishét al3
the ion-cyclotron frequency. This type of wave may be foundobserved the mode conversion of an axisymmetric global
everywhere from the Sun, the magnetosphere of the Eartfompressional Alfie mode to the shear wave along an in-
(and other planejdo fusion research plasmas. In the myriad creasing parallel magnetic field. The launching mechanism
environments where the shear Alfvevave is found, many for the compressional wave was a Helmholtz-like coil with a
contain spatial nonuniformities in a variety of plasma paramdiameter equal to the plasma diameter. The results were con-
eters. The study of waves in the presence of nonuniformitiesjstent with the fluid-theory predictions of Woddsr oscil-
has added greatly to our understanding of basic plasma phygstions in a bounded, cylindrical plasma.
ics and, as plasmas in the laboratory and in space are probed The development of mirror machines for fusion research
with ever-increasing spatial and temporal resolution, NeVhrovided a convenient arena to study the propagation of
mySterieS arise to stimulate further research. This is a Studx'fvén waves in para”e' magnetic field gradients_ In particu-
of the propagation from a localized source of an axisymmetiar, research in the heating of plasmas to attain fusion tem-
ric (m=0 modeg shear Alfver wave in a laboratory plasma peratures prompted the study of Alfvevaves near the ion-
in the presence of a parallel gradient in the background magyclotron resonance—termed ICRF heating. Naturally, since
netic field. Alfven waves produced by small-scale currentthese experiments were intended to heat the bulk plasma, the
fluctuations appear to be a ubiquitous and important phefycys was on global eigenmodes and not on controlled wave
nomenon for understanding the complex dynamics of thexcitation by localized sources. For example, ICRF heating
Earth’s ionosphere. Although the studies of Alivevaves was studied in the THM-2 mirror machiheusing a
from small sources are still relatively recent, it is the scarcityStiX_typel coil exciter, and in the Phaedrus-B tandem mftror
of laboratory work aimed at understanding how these wavegsing a rotating field antenh@which selectively excited a
behave in the presence of spatial nonuniformities which MOglobal,m= — 1 eigenmode of the shear Alfuavave and was
tivates the present experiments. _ ~ found to efficiently transfer energy to the ions. Additionally,
Some of the earliest work on Alfivewaves in nonuni- e |oss of wave energy to the electrons was pointed out in a
form magnetic fields was performed by research%sﬂ;gdy-_ theoretical study of Alfva wave heating in open confine-
ing the excitation of radial eigenmodes of a cylindrical ot systems by Zvonkov and Timofe®there, the authors
considered the mode conversion of compressional to shear
3Electronic mail: vincena@physics.ucla.edu waves at the Alfva resonance layer.
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Few studies to date have been done on the propagatiomith low-energy auroral electron precipitatiéh Statistical
of Alfvén waves from small, localized sources. Spontaneousneasurements of the data from the S3-3 satellite in 984,
fluctuations were observed by Zwebenal° in the Macro-  and the ISIS-1 and ISIS-2 satellites in 1888howed that
tor tokamak. An investigation of localized shear Alfve these emissions were consistent with electromagnetic ion-
waves including the effects of parallel wave electric fieldscyclotron waves—which is simply the shear Alfvevave at
were made by Borgt al!! in the TORTUS tokamal using  frequencies near the ion-cyclotron frequency. The observa-
small, magnetic dipole antennas. The wave magnetic fieldon of these low-frequency waves and their correlation with
from the localized source were observed to spread across tigdectron precipitation was subsequently made by the Viking
background field lines, in contrast with the ideal magneto-satellité3 during nightside auroral field line crossings.
hydrodynamic picture. The electron—neutral collision rate in ~ In observations from the FREJA satellite reported by
this experiment was high enough that the radial propagatiohouarn et al. in 19942* strong low-frequency electromag-
was dominated by resistive spreading of the wave fields. netic spikes were encountered witfE/AB on the order of

In a pair of theoretical papers beginning in 1994, Mo-va/c. The authors attributed the spike-like nature of the sig-
rales et al13* studied the radiated azimuthal shear Alive nals to the satellite passing through solitary structures with
wave magnetic field from small perpendicular scale sourcescale sizes on the order of the electron skin-depth. These
in two parameter regimesi,>v, andv,<ve. Here,v, is phenomena were dubbed SKAWSolitary kinetic Alfven

the Alfvén speed ¢,=B/\4mnm;, B is the background waves. The “kinetic” portion of this nomenclature is unfor-
field strengthn; andm; are the ion density and mass, respec_tunate, since it was intended to merely distinguish it from the

tively) and U—ezm is the average electron thermal ideal MHD limit, whereas the term “kinetic Alfue wave” is

speed, withT, the electron temperature and, the electron irgperlly tippllled tlcz_tthde shear ,IA_ffmewavhe n t:;]e “mlth_t )
J— <
mass. The first case f>v,) is relevant to the conditions ve. [N INE low alliiude auroral 1onosphere, the opposite 1S

near the edge and limiter regions of tokamak plasmas and igenerally truewv,>ve, so that SKAWS are actually mani-

the Earth's ionosphere. In this limit, the shear wave is termedestations of the inerteizgl Alfve wave. Later investigations by
the “inertial Alfvén wave.” The propagation of the inertial Volwerk et al. in 19967 provided a more detailed examina-

wave from a source having transverse scale on the order dipn of SKAWS. It was determined that the SKAWS were

the electron skin-deptit(w,e) was found to be governed by E’%Ié/ir curr(;en; structures of skig-dep;[]h sc(;ale V‘Aftﬁl” /AB I
a collisionless divergence determined by propagation cones 1070, and they were situated at the edge of large-scale

that emanate from the edges of the exciter. In the second ca§Qear regions in the current.
— . e More recently, shear waves have been observed by the
(va<<ve) the shear wave is called the “kinetic Alfae

; . Fast A IS holFAS tellite® i [ f field-
wave,” and is more relevant to the physics of the Earth’'s ast Auroral SnapsholFAST) satellite” in regions of fie

totail and to the interi . f 1ok K Dl aligned electron fluxes and are believed to be responsible for
magnetotall and 1o the INteror regions of fokamakx plasmasy, i, modulating these electron fluéand accelerating ions

The radiation pattern of the kl_netlc wave from small source erpendicular to the background magnetic field to energies of
was _also found to .spre.ad radially, but in a more complicate everal ke\?® A comprehensive review of laboratory experi-
faSh"_Jh than.the inertial wave. In the magnetosph(eie, fhents on Alfver waves and their relationship to space obser-
transition region between these two regintefiereva=ve  vations may be found in the recent publication by
and Landau damping must be considgredcurrently not  Gekelmart®
well understood by the space plasma community, but may be  The remainder of the manuscript is organized as follows:
important in understanding the behavior of Alfveeso- iy sec. Il a review is presented of the theoretical aspects of
nances on auroral field “”ég; _ o the shear Alfva wave relevant to these experiments. In Sec.
Concurrent with the publication of the theoretical inves-|j; we describe the experimental device, antenna and data

tigations by Moralesetal, a series of experimental acquisition. The experimental findings are presented in Sec.
work'®~*served to verify and expand on the understandingy followed by concluding remarks in Sec. V.

of the Alfven wave in both of these regimes. In 1994, Gekel-

man et al!® used a skin-depth-scale disk antenid the .

same type used in this experimeta excite the inertial Al- !l REVIEW OF SHEAR ALFVEN WAVES FROM SMALL

fvén wave and verified the predicted radiation paftgin- ~ SOURCES

cluding the spreading of wave magnetic field energy perpen-  The shear Alfve wave radiation from small disk anten-
dicular to the baCkgrOUnd field. In 1997, Geke,|m|.17 nas(as used in the present experimeﬁtas been previous]y
made similar observations with the kinetic Alfvevave.  studied both theoretically and experimentally. The source of
Leneman® studied both the inertial and kinetic wavesing  the Alfvén wave in either case is a harmonically modulated
a sandwiched composite of two disk antennas a wide  electron current filament with transverse size on the order of
range of plasma conditions including the effects of colli-the electron collisionless skin-depth or the ion sound gyrora-
slons. dius. Moraleset al. have derived an integral expression for

Low-frequency electromagnetic wave emissions havehe spatial dependence of the radiated magnetic field in an
long been associated with auroral phenomena. In 1972, th@finite, uniform plasma>**

polar-orbiting satellite, Injun 5 detected monochromatic ELF
(extremely low frequendyradio bursts at frequencies belqw B= ﬁjmjAJl(kir)eikHZd k, |8, 1)
the proton gyrofrequency; these bursts were associated CJo
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where J; is the first-order Bessel function, ang is the The usual parallel elemertwvhich is dominated by the
Hankel transform of the field-aligned current density drawnelectron responges given by

to the antenna at=0 and@ is the azimuthal unit vector. In 5

contrast to the standard MHD description, Alfvevaves ra- _ | @pe 227/ (20

diated from small cross-field sources have a parallel electric ' ® € e

field and propagate perpendicular as well as parallel to the

background magnetic field. where(, is the ratio of the parallel wave phase speed to the

Experiments by Gekelmast al'®'" have verified the average electron thermal speefi€ w/kv,) andZ’ is the
predicted spatial form of the radiation patterns. The wavegerivative of the plasma dispersion function with respect to
are observed to satisfy the cold plasma shear Alfwa@ve jts argument.
dispersion relation. The waves are cylindrically symmetric,  |n order to estimate the effects of collisiohshich are
as expected from the symmetry of the exciter. The wavgyimarily due to electron—ion Coulomb interactions under
magnetic field is confirmed to be primarily in the azimuthal our experimental conditionse; is modified by including a

direction and the field has zero magnitude on axis with the<rook collision operator in the linearized Vlasov equation
exciter. The field amplitude increases with radial distanceesulting in
from the exciter, reaches a peak value and then decays. The
pattern is analogous to the magnetostatic picture of the field ®pe 2
from a current carrying wire of finite radius. The radial peak €=—|—| LemeZ (7me),
of the field magnitude moves outward with an increasing w
axial d's.t ance from the antenna since the wave pr opagat%v%ere the derivative oZ is now with respect to the new
perpendicular as well as parallel to the magnetic field. The - LN . .
. . o oargumentiy.={(1+i1I); T' is the ratio of the collision fre-
angle of propagation with respect to the background field is ) .
. : .. quency to the angular wave frequenaey;/w, andv,; is the
small (a few degreessince the perpendicular group velocity . L .
: 7 electron—ion Coulomb collision frequency as given by Koch
of the wave is much smaller than the parallel group velocity. 3
. . and Horton®
These previous experiments have focused on the shear

Alfvén waves radiated by small sources in various limiting
casesw<wgj, VAV, andvpa<ve. In the present experi-
ment, we study this same short perpendicular wavelengt{yith the Coulomb logarithm I having the approximate
radiation but in regimes where wave particle damping is im-gjye of 11 in these experiments.

portant: =~ w¢; (ion-cyclotron dampingandv~v, (elec-

tron Landau damping To study the shear wave under these

conditions, we must use a dispersion relation which incorpo-

rates these loss mechanisms. In an infinite, uniform plasmél,l' EXPERIMENTAL ARRANGEMENT

the general dispersion relation for azimuthally symmetricA. Experimental device

shear Alfven wave propagationni=0 cylindrical modes, or
equivalently,k,=0 in Cartesian coordinatemay be written
as

23

vei=2mneinA/miv?,

These experiments are performed in the Large Plasma
Device (LaPD) at the University of California, Los Angeles
(UCLA).3* The device is a stainless steel cylindrical vacuum
nZnZ=(n’—ex)(n’ — )+ €2(n>—€)/(n—¢,). (2)  chamber which is 10 m in length drl m in diameter. The

chamber is surrounded by 68 pancake electromagnets fed by
Pseven separate power supplies—this allows for a variety of

For the elements of the dielectric tensor, we use the a
propriate terms provided by StX: axial field configurations. The plasma is produced by means
1wy T o [o-wg o of a pulsed electron discharg@ieetween a heated nickel sheet
S5 | —Z — | — cathode and a planar copper mesh anaat® a background
o | [k Kji W+ Wi of neutral gaghelium in these experimentat pressures of
and approximately 10~ Torr. The cathode is coated with a
_ ot thin (=5x10 3cm) circular layer of barium-oxide which
. @i B e I reduces the work function of the electrons within the nickel.
RARAN ki ki wtosg gl The cathode and anode are located at one end of the
_ ) device and are separated by a distance of 94 cm. The plasma
wherev; is the average ion thermal speed? € 2T;/m).  which extends beyond this cathode—anode source region be-
The functionZ is the plasma dispersion functiiiwhich is  comes nearly fully ionized within several milliseconds after
retained to include the effects of ion-cyclotron dampingwhich the main discharge plasma can be made to last up to
whenw=~ . Numerical values foZ are obtained using an 10's of milliseconds. Outside the source region, the typical
algorithm developed for computation of the complex errorhelium plasma density is approximately<xa0 cm 2 (as
function3? The first two bracketed terms ), are due tothe measured with a 56 GHz swept homodyne interferomgter
ion response and the final termw2w; is a contribution  the electron temperature is 6—8 éWeasured with Lang-
from the electrons. Botla,, andiXy include simplifications  muir probe$, and the ion temperature is=D.5 eV (mea-
based on the assumption thét ¢;/w.;)%/2<1. sured using a Fabry—Re interferometer
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RE Amplifier e IV. EXPERIMENTAL RESULTS

A. Uniform plasma dispersion relation

The ability of the disk exciter to launch an azimuthally
symmetric (n=0) shear Alfve wave in the LaPD has been
established in previous experimelit¥’ for frequencies be-
low w=0.8w.;. This was accomplished through measure-
ments of the azimuthal magnetic fiel, in an axially uni-
form background magnetic field. What has not yet been
established is that this same antenna also radiates a definite
axial wave magnetic fieldR,) at frequencies below the ion-
cyclotron frequency which arises from the relative slippage
in the EX B drifts of the ions and electrons as part of the
shear wave collective particle motion. Before conducting the
wave experiments in a nonuniform field, we find it prudent to
FIG. 1. Schematic for the wave launching antenna, magnetic field probe anbegin by comparing measurement to theory of the parallel
data acquisition system. All unlabeled cables are)56oaxial cables. wave phase speed in a uniform plasma over the range of

scaled frequenciesu(= w/ w¢;) which will be present in the
nonuniform experiment.
The wave dispersion measurements are performed by
B. Wave launching and detection determining the phase delay of ta@omponent of the wave

magnetic field between four axial locations, all of which are

: Th? wave Iauncr]lng antenna 1S the 3?5“1‘3 des!gn_as us%q] the same field line as the antenna. To accomplish this, a
in previous shear Alfye wave experiment§1”'%and is sim- disk antenna of radius,=0.5 cm (~c/wy) is first placed

ply a 1 cmdiameter circular copper mesh of 50% optical at the radial centerr(=0) of the 35 cm plasma column at an
transparency. The antenna is inserted into the plasma and tgﬁial location defined to be=0 as shown in Fig. 2. The
normal to the plane of the antenna is aligned with the backyiameter of the plasma column is determined by taking the
ground magnetic field. A positive bias pulse is applied to the|..\idth at half the maximum value of a density profile. A
antenna for several hundred microseconds during the plasmgree-axis magnetic field prolief transverse size less than
discharge; the antenna bias is with respect to a floating cop-) is also placed at the poimt=0, but displaced axially by

per end plate which terminates the plasma column. A typical gistance oz, =94 cm. The pointy =0, is determined by
experimental setup is shown schematically in Fig. 1. Th&entering the probe at the point of the minimum received
bias voltages used are between 15 and 25 Volts which resuliggnal from theB, and B, probe coils while a 200 kHz

in currents of approximately one-tenth of the electron satu¢chosen arbitrarily Alfvén wave is launched from the an-
ration value and depletions of field-aligned density of ap-tenna. The perpendicular components of the wave field are
proximately 5%. The waves are launched by modulating thisneasured to be zero at=0 while B, is at or near its maxi-
effectively steady state currefithrough an isolation trans- mum value. By measuring, at this point, it is assured that
formen with a phase-locked tone burst from a rf amplifier atthe probe will be located on the field line connecting to the
frequencies below the ion-cyclotron frequency. The vectorcenter of the antenna and therefore all axial measurement
components of the radiated wave magnetic fields are ddecations will be field-aligned; additionally, at=0 there is
tected using a probe comprising three sets of oppositelpo need to account for measurement errors in the parallel
wound induction coils. The component signals are first dif-phase speed due to radial propagation since the radial phase
ferentially amplified to remove common mode pickup andshifts enter ag'*1". With the probe thus aligned, a 20-cycle,
then digitized with a computer controlled data acquisitionphase-locked tone burst is launched from the antenna at a
systent® This system is also used to automatically movefrequency ofw=0.5, and the resultafd, time series at; is
probes in multiple dimensions, control the signal sourcedigitized and stored. The measurements are repeated until an
wave form (frequency, duration, efcand vary the experi- ensemble average over 40 plasma discharges is recorded.
mental timing. The wave frequency is then increased and the process re-

Magnetic field probe positions )
. P g FIG. 2. Overhead view of the LaPD

showing the position of the wave
launching antenndat z=0) and the
HHHHHHHHH i e B e four B-field probe measurement loca-
tions (z=2,,2,,23,2,) during the
uniform-background-field parallel
phase velocity measurements.

Antenna
z=0 zl z2 z3 z4

e - e e e I =
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Lo T T T T T ] a finite (20-cyclg tone burst. The dashed curve in Fig. 3
[ 1 shows the phase velocities determined from E).which
. exhibits the cold-plasma resonance at the ion-cyclotron fre-
| quency.
The solid curve shows the numerical solutions of the

o8l

<t
%_0'6 general dispersion relatioiEq. (2)] as computed from the
g A 4 (a) Data, 222, 1 experimgntally measured plasma pqramgter; and a single
S04 5 5 (b) Data, 227, X ] perpendicular wave numbek; =0.3 cmi %; this single value
O © (c) Data, z2z, i was determined by selecting the dominant peak from Bessel
o2f _ _ E:)) gi’l‘;f;::;‘;’ytheory \ . decompositions of magnetic field profileB(r). This peak
\ | contribution proved to be roughly invariant with respect to
00[isiii L L L L L ] the wave frequency. The kinetic and cold-plasma curves both
050 0.60 0.70 080 0.90 1.00 1.10 provide acceptable fits to the experimental data until ap-

w/wci

proximatelyaz 0.95, above which the ion kinetic effects
FIG. 3. Parallel phase velocities for the shear Atfwsave in a uniform  must be included to match the observed minimum phase
plasma. Shown aréa)—(c) measurementdd) results from kinetic theory, Speed near the Cyc|otr0n frequency_ Addmona”y, measure-

and (e) results from cold-plasma theory. The measurements are all made : s
least one parallel wavelength from the exciter and are coded to indicat?izhents of the(hlghly dampe@l shear Alfver wave above the

which zlocations(see Fig. 2 were used to determine the phase velocities. |0N-Cyclotron frequency are reproduced by the kinetic theory.

peated until 25 uniformly spaced values @franging from  B- Nonuniform background field

0.5to 1.1 are recorded. The probe is then moved to an axiaj Setup

location z,=220 cm, ther=0 location is found with the ™

same method as described above and the frequency scan is The magnets of the LaPD are configured to produce a
repeated. Additional frequency scans using this proceduréstep” magnetic field profile—with one-half of the device
are then performed at =346 cm andz,=472 cm. The axial operating at approximately 1800 G and the other half at 900
spacing between successive measurement points is consta@t: A graph of the axial field profile at=0 is shown in Fig.
Az=125 cm. The parallel phase speed of the wave is deted; this figure also shows a drawing of the device with the
mined by measuring the delay tim&t, between points of Same axial coordinate scaling.

constant phase in the pairs of signals; ,¢,), (z,,z3) and With this field configuration, axial scans of the plasma
(z3,24) for each launched frequency and computing are made using a Langmuir probe on opposite sides of the
=Az/At. In all cases, the measurement df is made at maximum field gradient as depicted in Fig. 4 and the results
times just after the active broadcast of the antenna is term@are shown in Fig. 5. The density on the low-field side of the
nated. This is done to eliminate the possibility of signal con-gradient is 25% greater than on the high-field side with an
tamination by direct pickup from the launching circuitry. Ad- average value of 2:610' cm2 and the temperature on the
ditionally, for each frequency,w, the phase velocity low-field side is approximately 10% larger than the high-
determination is made using only those pairs of axial posifield side(6.3 eV vs 5.7 eV. Although there are differences
tions which both lie beyond one parallel wavelength of theln both quantities on opposite sides of the field gradient, they

antenna. This is determined by solving ferin the cold- agp1e5a7r to be Iloc_ahzed ?]ear the regl(l)n of rgaxwgun;\gralldlent
plasma shear Alfue wave dispersion relation: z~ cm relative to the antenna, located &t 0). Axia

measurements on the high-field side betweeri10 cm and
w/kusz\/l—;z, ©) z=140 cm show both density and electron temperature to be
nearly constant, while on the low-field side of the gradient,
betweenz=175 cm andz=205 cm, the values of density
w=[1+ (N /2m\))2] 12 (4)  and temperature are again nearly flat in this region, but with
o ) different values. In order to have some model for the com-
Here the ion inertial lengthk=c/wp=28.7 cm. Setting pjate axial variation of density and temperature, which will
N =2z,=94.3 cm in this expression shows that the cIosesEe needed later, we assume that in the range € z#m140
measurement point lies within one wavelength of the antenngy, the values are constant and equal to those measured be-
for ©<0.89. With \;=2z3=346 cm, this drops to 0.46, SO tween 110 craiz<140 cm, and from 175 crz<300 cm,
that the measurements of relative phase speeds between {@e values are constant and equal to the measurements from
cationszz andz, are performed at an axial distance greater175 cm<z<205 cm. To model the discontinuity between
than one parallel wavelength from the antenna for all valueshese regions, which cannot be measured due to physical
of w. Figure 3 shows the measured parallel wave phase vesonstraints of the experimental device, we choose to join the
locity as a function of frequency. The phase velocities argwo regions with a linear ramp. The resulting axial profiles of
normalized to the Alfva speed and the frequencies are nor-density and electron temperature are also shown in Fig. 5.
malized to the ion-cyclotron frequency. The vertical errorFinally, the low-field side plasma potential is measured to be
bars are due mainly to the uncertaintyAn while the hori-  greater by 2.2 V in the bulk of the plasma than on the high-
zontal error bars are from the uncertainty in the frequency ofield side, indicating an ambipolar electric field of magnitude

which yields
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2000—Axial

1500

Antenna,

z=0
Z=260cm cathode
1000 = | FIG. 4. Side view of the LaPD show-
®=0.53wci Langmuir W=Wci ing the magnitude of the axial mag-
_ cans VA=0.41Ve netic field profile (at r=0) for the
500 VA=0.91Ve |S andag parallel-gradient magnetic field ex-

one meter periments. Also indicated is the region

in which detailed measurements were
obtained.

wave magnetic field
measurement region

35 mV/cm within the gradient. As a summary of the abovegradient and the ends of the device. The first and last two
results a selection of plasma parameters and quantities deycles of the input signal are attenuated with a one-quarter

rived from them is presented in Table I. period sine envelope to reduce baliB/dt noise and har-
monic generation at the source.
2. Wave launching and measurement Ensemble averagdg®ver 20 plasma dischargesf the

time series of magnetic field data are acquired at six radial
access ports using a triaxial magnetic induction probe. At
each port, the probe samples agm-cross-section of the

plasma column. Figure 6 is an overhead view of the LaPD
showing each spatial location visited during the data run by

A disk antenna is placed at the radial center of the cy
lindrical plasma column at the axial location defined to be
z=0 as depicted in Fig. 6. At this position, the launching
frequency is approximately one-half of the local cyclotron

frequency =0.53. A tone burst of 10 cycles is launched ) .
from a positively-biased disk antenna. A plot of the modu-the brobe. The cross-sectionezplanes are shown to scale

lated ant tis sh i Fia. 7. The | . f\r/:/ithin the LaPD and also enlarged for easier viewing. The
ated antenna current Is shown In =1g. /7. Th€ IoWer axis of, ey of spatial locations in each plane is not constant, but
this figure (r) shows the timing of the wave experiment in

varies between 372 and 561 points. The maximum parallel
Field gradient occurs at=157 cm, where there is no avail-

current modulation. The frequendy:=355 kHz, is chosen so able radial access port, due to a vacuum chamber seam.

that the pointw=1 lies well within the measurement region.
A tone burst(rather than a continuous wavis employed to

. . - . ~ 3. Wave magnetic field morphology
investigate the possibility of wave reflection from the field

The magnetic field data acquired on the spatial grid
shown in Fig. 6 may be visualized by creating two-
@/uy= 06 07 08 09 10 dimensional images of the data planes, with the shading of

(jl 22 the images proportional to the strength of the magnetic field.
£ 20 Figure 8 shows how the data planes would look if the mea-

o
o 15

X 10

S 05

sured field were zero everywhere—all points in the image

TABLE |. Measured parameters and derived quantities at the locations of
the antennaz=0 cm) and the ion-cyclotron resonance poiat<(260 cm).

Value at Value at

Parameter Symbol z=0 cm z=260 cm
Axial magnetic field(Gaus$ By 1744 926
Electron density ¥ 10*2 cm™3) Ne 2.2 2.8
Electron temperaturgeV) Te 5.7 6.3
i ‘ Alfvén speed & 10 cm/9 va 1.3 0.61
0 50 100 ) 1(221) 200 250 300 Electron thermal speed(10° cm/9 Ve 1.4 15
Ratio of wave frequency to ion- » 0.53 1.0
FIG. 5. Experimental electrofa) density and(b) temperature data points cyclotron frequency
and extrapolated axial profiles covering the range from the antenn@)( Ratio of collision frequency to r 1.60 1.75
to the farthest wave field measurement pomt,300 cm. The models are angular wave frequency
created from measurements in two regio$%10 cm<z<140 cm and Electron skin-deptticm) 1) 0.36 0.32
(175<z<205 cm where the density and temperature are approximatelylon gyroradius(cm) pi 0.12 0.22
flat. Since it is not mechanically possible to make measurements between sound-gyroradiugcm) Ps 0.28 0.55

z=140 cm andz= 175 cm, a linear ramp is chosen to join the two regions.
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FIG. 6. Overhead view of the LaPD
for the parallel gradient magnetic field
experiments. Each spatial location vis-
ited by the magnetic field probe during
the experiment is marked with a dot

4

Plasma full
width at half

max of density antennal w/oci=1 access portsN Zvacuum chamber seams V\{ithin the device and in an enla_irg_ed
=N m o = m = st = 5\ view above. All spatial locations lie in
\ S the plane y=0, in which B,
‘ ‘ /////”\\WM\\\ /////II\WHW/II\ /ﬂﬂ\\\\ ‘ ; =sgnx)B,. The arc-like shape of the
‘ data planes is a consequence of the
- T T - == ‘ | = A motion of the probe.
z=0Ocm z=300cm Anode Cathode

have the same green color. This view also shows variougs) The parallel wavelength decreases with increagi_ng
elements of the experimental setup which, to reduce clutter, reaching a minimum but nonzero valueat 1.

are not present in subsequent figures.

The instantaneous spatial patterns of tye and One question which arises is that of wave reflection. To
zcomponents of the wave are displayed as color images istudy this,xz-cross-sections of the spatial wave patterns of
Fig. 9 for the time7=5. This time is at the middle of the B, are displayed in Fig. 10 for times before, during, and after
antenna modulation and well into an observed CW-pattern ofhe termination of the antenna current modulation:
the fields. The radiated magnetic field is primary, so =(7,8,9,10,11); the reader may wish to refer to the input
that B, changes sign about=0. The phase fronts of the signal graph of Fig. 7. As in the previous figure, the phase
wave are identifiable as continuous color regi¢eisher red  fronts of the wave are identifiable as regions of either red or
or blug, and zero field as green. Threcomponent of the blue. These phase fronts propagate from left to right although
wave field is not discernible from the combination of back-the movement is not apparent in this figure since the snap-
ground noise and probe misalignments. The maximum inshots are taken at whole-number increments of the wave pe-
stantaneous absolute value Bj at this time is approxi- riod. At 7=7, the wave can be seen on both sides of the
mately equal to 40 mG—notice that the colorbar values foimaximum field gradient. The amplitude of the incident wave
By in this figure extend from-20 mG to+20 mG. This  diminishes(as seen in the leftmost two plandsom 7=7 to
half-max scaling emphasizes phase front information rathef=10. At =10 and later, the phase fronts of the wave are
than the precise location of wave-field extrema. Figure %nly discernible on the low-field side of the gradient. In
conveys a sense of the general wave behavior, namely, thfuantitative terms, the ratio of the maximum amplitude mea-
following. sured on the high-field side of the gradientrat7 to that at

(1) During the active broadcast of the antenna, the wave i€ 10 is 0.040.02. Thus there is no appreciable reflect.ion
observed on both sides of the maximum field gradientof wave energy from the field gradient. Furthermore, since

(z=156 cm but does not exist significantly beyond the the region of a high magnetic field is approximately axially

location where the wave frequency matches the locaPymmetric about the antennazt 0 (Fig. 4), reflections of
. — the wave from the regiom<O may also be ruled out.
ion-cyclotron frequency¢=1 atz=261 cm.

(2) On the incident side of the field gradient, the wave is
almost entirelyB,, with B, only significantly noticeable 4 kB model and wave damping
on the low-field side of the gradient in the region 0.8

~2=10. To study damping of the wave, we first develop a WKB

solution for the expected wave behavior along a ray path in
the axially varying plasma. This solution is then compared
time (us) with experimental data. An analysis of shear Afivesave
2 5 10 16 20 25 propagation in an axially nonuniform plasma leads to the
i ] following differential equation for the azimuthal wave mag-
netic field:

32 1 degy 0
— k- — ——|B,=0, (5)
Jz € 0Z 0Z

wherek is the local parallel wavenumber as calculated for a
uniform plasma. A WKB-type solution of Eq5) is sought
whereB, has the general form

Current modulation (Amps)

; ° : 10 B(,=A(z)ex+JOZk”(z’)dz’ . (6)

FIG. 7. Modulated current signal to the antenna shown as a function of . . . . .
absolute time(in micro-secondsand as the time in wave periods since the INserting Eq.(6) into Eq. (5) yields an approximate solution
beginning of the pulser. for A(2):
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L @=1

32
cmyj
I_. 1
z=70cm 230cm 7=300cm
FIG. 8. (Color) Orientation figure for the images of the-planes.
€xx zis numerically computed from local solutions of the disper-
A(z)=Ag s (7)  sion relation[Eq. (2)] using the axial magnetic field profile

o _ _ of Fig. 4 and the continuous density and electron temperature
To simplify the analysis and to compare with the data,profiles shown in Fig. 5. The only fixed quantities are the

the general solution is written in the following form: wave frequency355 kH2 and ion temperaturél eV). The
e wave damping by electrons in the theoretical model may be
Bs=Ao k—e_K(Z)COS{¢(Z)+¢o]1 (8)  suppressed by setting=0 in ¢, and by using the small-
! argument approximation for the derivative of the plasma dis-
where persion function:Z’~ —2. With these limits, the electrons
z respond adiabatically to the presence of the wave fields. Ad-
¢(Z)=f R k(z")]dZ’ ditionally, collisional damping may be removed from the
0 model while retaining electron Landau damping by making
and the single approximation thdt=0.
2 In order to compare these WKB results with the experi-
k(z)= fo Im[k,(z')]dz". ment, we must interpolate the two-dimensional dataset onto a

one-dimensional ray path. Figure 11 shows yheomponent
The initial amplitude and phased§ and ¢,, respectively  of the wave magnetic field in the regioxx<0, at an arbitrary
are free parameters of the model and will be used to optimizéme: 7=5.4. As can be seen in Fig. 6, this lower half-plane
the fit to the data. The parallel wavenumber as a function obenefits from overlapping spatial data points, while the upper

;Ecm e M YMax B gradient m=1Y a00em

'z.rE::m j“l'_..z YMax B gradient =17 snoé:

-  —
- B,(mGauss) +9

FIG. 9. (Color) Cross-sections of the instantaneous wave magneticBigldop) andB, (bottom) at 7=5 in the planey=0. The wave is launched from the
source az=0 and propagates from left to right. The maximum rms-amplitudB,of observed at approximately=0.85.
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Z= =

70cm g YMax B gradient ®=1Y 300cm

e o - AMax B gradient =14k

Tdem
2omGElIET R+20MG

r4 |
300cm

FIG. 10. (Color Cross-sectionsin the planey=0) of the instantaneous wave magnetic fildat five different times near the end of the launched pulse:
7=(7,8,9,10,11 The topmost image is at=7 and time increases downward. The input modulation is completely terminated b§. The wave propagates
from left to right, and there is no noticeable evidence for a reflection of the wave from the parallel field gradient.

half plane would suffer from gaps in the data at the machinend perpendicular,
port spacing. In using only the<0 data we assume that the

magnetic field pattern is azimuthally symmetric, which is o Kp?

largely supported by Fig. 10. Also shown in Fig. 11 is a black Vg =— %

curve representing the ray path along which the data are to K 1+Kkipg

be interpolated. This path is calculated by integrating the

group velocities parallel, to the local magnetic field line. Herg, is the ion sound

gyroradius;ps=(T./m;) Y% w.;. Strictly speaking, the above

g ||:%(1—;2+kfpg)3’2, expressions for the group velocities are valid in the kinetic
" 1+kips limit (va<ve). Although the wave is launched in a region

YMax B gradient

B}. (mGauss)

FIG. 11. (Color) Measurements of the instantaneous spatial pattern oy-tteenponent of the wave magnetic fiel, at time, 7=5.4. The black curve
indicates the ray path along which the two-dimensional data were interpolated in order to compare with the WKB results.
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w/0i= : . . . w/we= 0.6 07 08 09 1.0
100 | "‘!“"!""1 T | T 100 T T !IIII!II\I!III\!III/I\! T

/

P e e e e S
’g? % o (b) N H H H N
; E - N
g £ solorn

/\>\
1T 11d3=
25 SRS
-100 L G o . N . . 1
50 100 150 200 250 300 50 100 150 200 250 300
z (em)
z (em)

FI(_;. 12. A comparison 0B, axial proflles betweer(a) meas'ure(_j data FIG. 13. Axial amplitude decay of thgcomponent of the wave magnetic

points, and the WKB model Of. Eds), with K, calcqlated consideringp) field. Shown are the experimental rms amplitude dat@ompared with the

ion-cyclotron damping onlyfc) ion-cyclotron damping plus electron Lan- WKB results which include(b) ion-cyclotron damping only:(c) ion-

dau damping(d) thg same afc) pl'us electron—ion Coulomb coIIision's. The cyclotron damping plus electron Landau dampifd;the same ééc) plus

data are taken at time=5.4 and interpolated along a ray path as discussedgjectron_jon Coulomb collisions. The wave amplitude is a free parameter of

in the text and shown in Fig. 11. the model and for a comparison, the theoretical curves have been scaled by
a factor which produces the best least-squares fit to the data in the region of
the incident wave <150 cnj.

wherev ~v,, in general the group velocity is nearly field-
aligned ¢ 4,>v.,) until =1 by which point the wave has ments which show a rapid (_:hange in electron density and
entered the kinetic regime. temperature across the gradient.

The starting point for the ray path is chosen to coincide  Unlike the wave phase, fits of the axial decay in wave
with a peak in the rms amplitude of the incident wave mag-2amplitude show significant variations depending on which
netic field at ¢,z)=(—2.5,75) cm. The group velocities are damping effects are included, as shown in Fig. 13. The in-
calculated using a perpendicular wavenumbkyr,=0.7  stantaneous phase information has been removed from the
cm™ L. Since the azimuthal magnetic field can be expanded a@ata by computing one-period rms values of the
a series of the Bessel functionk(k,r), this corresponds to Y-component of the wave magnetic field sigriadultiplied
the third radial eigenmode in a 14.5 cm radius plasma colby V2 to give the actual amplitudeentered about the time
umn and was chosen to provide the best match between the=5.4. The data are compared with the WKB model ampli-
data and the WKB model. The sensitivity of the model to thetude envelopeA(z)e™“® for the three damping cases as in

choice ofk, will be discussed in the next section. Fig. 12 with the values of the fitting parametek, un-
The comparison of the WKB model with the interpolated changed.
data is given in Fig. 12 which shows the following: As was true with Fig. 12, the best theoretical fit to the

amplitude data is given in Fig. 18 which includes the ki-
netic effects of iongion-cyclotron damping fow~1) and
electrongLandau damping and electron—ion Coulomb colli-
sions) All three theoretical amplitude curves show the com-
petition between the decrease in amplitude due to energy
transfer from the wave to the particles and the amplitude
increase resulting from the slowing group velocity and con-
The initial amplitude and initial phase for all three servation of energy. The lack of a resonant amplitude in-

theory plots are adjusted to match the experimental peak ¢ffease in the data near=1 emphasizes the importance of
the incident wave at~110 cm. including the electron damping mechanisms. When consid-
The phase as a function ofs fairly well matched by all ~ €ring ion-cyclotron damping only, the theoretically expected
three theoretical profiles, with the most significant deviationamplitude of the wave ab=1 is 86 mG, yet the amplitude
occurring at the point just after the wave emerges from thés 42 mG when electron Landau damping is added and only
maximum field gradient regionz& 175 cn). Calculations 4.3 mG(coincident with the measured vajughen Coulomb
using the average values for density and electron temperatuoellisions are also included. Thus, the actual wave amplitude
throughout the measurement volume and only varying thés a factor of 20 times smaller at the resonance point than
background field strength produce plots with a phase jumpvhat would be predicted if the electrons had been ignored.
roughly twice as largécompared with Fig. 1Racross the Of course, there is not a true resonance point since the
maximum field gradient region. Thus, the wave field meadons have a finite temperature. The location of the onset of
surements are consistent with the Langmuir probe measuré@n-cyclotron damping can be seen in Fig. 14 which shows

(8 Experimental data

(b) Theory with kinetic ions T;=1 eV), adiabatic elec-
trons

(¢c) Theory with kinetic ions and electron Landau damping

(d) Theory with kinetic ions, electron Landau damping and
electron—ion Coulomb collisions.
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©0/wei= 06 07 08 09 Lo ©/9= 08 07 08 09 1.0
110 T !IIII!IIII!IIII!III T | T 50 I T T I I
1.00 : SR SO : © © Data
0.90 |- — Theory : o
25 .......................... ............ ....... ; D
0.80 ) k;=0.48/crmn :
— 0.70 3
= B gl .
5 0.60 g 0
| ~
% 0.50 - ig/
0.40 —2§ | . .
0.30
0.20 i i
0.10 =80 ! 1 L [
o'oo : o : 60 100 160 200 260 300
. 1 | | 1 1 i Ml 1 W
0 30 60 90 120 150 180 210 240 270 300 z (cm)
z (cm)
FIG. 14. Spatial behavior of the exponential damping factor] exz)]. w/w = .
Shown are the results of the WKB model which inclu@g ion-cyclotron 50 o 0;6 o7 08 08 0

damping only;(b) ion-cyclotron damping plus electron Landau dampifoy;
the same agb) plus electron-ion Coulomb collisions.

the theoretical decay envelopes from the WKB model:
exd —«(2)]. Curve(a) of Fig. 14 shows the spatial decay of
the wave amplitude due to ion-cyclotron damping alone. For
helium ions at 1 eV in this experiment, the resonant interac-
tion is still limited to a fairly narrow range»>0.94. How-
ever, curvegb) and(c) show a steady loss to the electrons
well before this point. In addition, both electron Landau -50 ' ' '

damping and electron—ion Coulomb collisions show roughly 50 100 150: (cm)zoo 250 300
equal contributions to the axial amplitude decay.

(mGausg)

B
y

5. Sensitivity of the model to k |

The model results of the previous section require the
selection of a single perpendicular wavenumber in order to
compute both the ray path and the axial variation of the
parallel wavenumber. But, what radial wavenumbers are
available for making this selection and how do they affect
the fit of the WKB model to the data?

Figure 15 shows fits of the modalsing all three damp-
ing mechanismsto the interpolated data for three perpen-
dicular wavenumbersk, =(0.48,0.70,0.92) cmt. These
correspond to the 2nd, 3rd, and 4th radial eigenmodes, re- -60 s i L L
spectively, of the azimuthal component of the wave magnetic 60 100 160 200 250 300
field. As before, the amplitudes and phases of the theoretical z (em)
profiles are adjusted to match the experimental peak of theiG. 15. A comparison of the WKB model fits for three different perpen-
incident wave atz=110 cm. In each case, the data weredicular wavenumbers, =(0.48,0.70,0.92) cm. These correspond to the
interpolated along the appropriate group velocity path. Fo?nd' 3rd, and 4th radial ejgepmodes, respectively, of the azimuthal compo-
the casek, =0.48 cm'%, the interpolated data points do not nent of the wave magnetic field.
extend axially as far as the other cases since the ray path
extends beyond the radial extent of the measurement volume

soon aftgrwzl. Since t.he.valudg:O.? cm ! was l_Jsed N 6 parallel wave electric field

the previous section, this figure shows the comparison of that

fit to the two nearest allowable radial wavenumbers. The  Since it is through the parallel electric field that the elec-
choserk, =0.7 cmi ! provides the best fit in a least-squarestrons take energy from the wave, it is desirable to understand
sense to the data. Higher wavenumbers exhibit greater damfhe axial variation ing; unfortunately, the parallel electric
ing and longer parallel wavelengths near the cyclotron resdfields of the wave are too small to be measured with avail-
nance. The opposite is trikess damping and shorter wave- able diagnostics. However, an indirect measurement can be
lengthg for wavenumbers smaller than the chosen one.  made as follows: neglecting the displacement current for

(mdaugg)

B
y
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i  os 07 o8 a8 o in a magnetic beach geometry. Disk antennas excite the wave
0.0500 LR AL LR L by modulating the field-aligned electron currents drawn to
5 b g i them and radiate azimuthally symmetric shear waves with
finite perpendicular wavelengths and parallel electric fields.
Before performing experiments in a nonuniform magnetic
field, the wave dispersion was measured in a uniform mag-
netic field for a range of frequencies from=0.5w; 10 @
=1.1lw.;. Phase velocity measurements agreed with a ki-
netic dispersion relation over the entire frequency range.
The same antenna was then placed in a plasma with a
nonuniform background magnetic field and a phase-locked
toneburst was applied to the antenna such that the broadcast
15-; : 260: 26-,'0 200 frequency was approximaj[gly one-hglf of the local ion-
2 (cm) cyclotron frequency. In addition, the Alfmespeed at the an-
tenna was approximately equal to the electron thermal speed.
FIG. 16. Magnitudes of the parallel electric field computed from 8. The time evolution of the radiated wave magnetic fields was
Shown are(a) results derived from the measured azimuthal magnetic field . . . .
amplitude, andb) the WKB model using the amplitude from cur¢é) of measured in a series of Spatlal planes which Sampled the
Fig. 13. wave magnetic field both parallel and perpendicular to the
background field. The wave was observed to propagate into
) o the decreasing background field to a region where the wave
these low-frequency waves, the azimuthal magnetic field as fequency matched the local ion-cyclotron frequency and the
function of k may be obtainef using thez-component of  Ajryan speed was approximately one-half the electron ther-

0.0375

0.0250

|E||| (V/m)

0.0125

i

0.0000 1
60 100

Ampere’s law: mal speed. No reflected wave was observed.
Ao The measured axial variations of the wave amplitude and
By=—1, phase were well reproduced by a WKB model of an incident
cky plane wave which propagated and damped according to local
and (with ¢,— 1~ ¢) the current density may be written in solutions of the same kinetic dispersion relation used in the
terms of the electric field by uniform field experiment. The satisfactory fit to the data re-
quired the inclusion of ion-cyclotron damping, electron Lan-
. dau damping, and electron-ion Coulomb collisions. By con-
J”_4_7Ti6”E”' sidering ion-cyclotron damping alone, the predicted wave
. ) magnetic field amplitude at the location of ion-cyclotron
Then, solving for the absolute value Bf in terms ofB,y,  ragonance was 20 times greater than both the measured value
and as a function of, we have and the value predicted by also including electron losses.
ck, By(2) Although the shear Alfue wave is primarily thought of
|E(2)|=— . (9)  as being an ion wave, it is important to determine if there are
o |e(2)] any regions in which the electron dynamics must be consid-

The predictions of Eq9) are plotted in Fig. 16 which shows ered. Failure to do so can result, for example, in an incom-
two cases for the magnetic field amplitud®,(z): (a) the  plete assessment of the efficiency of laboratory ion-cyclotron
measured rms values from Fig. (38 and (b) the WKB  heating experiments which rely on the placement of antennas
model amplitude envelopeA(z)e “? from curve (d) of  in cold, rarefied edge plasmas. In fact, the wave may modify
Fig. 13. the electron distribution function which could result in un-
Both the data and theory show three main features: firstvanted plasma perturbations. Furthermore, as pointed out by

J— 5 . .
on the incident wave sideu< 0.7) the parallel electric field Streltsov and Lotkd? wave—electron interactions may play

is roughly constant which implies a steady loss of wave en@n important role in understanding the dynamics of reso-
n the Earth’s magnetosphere where standingi\lfve

ergy to the electrons through Landau damping; second, as tHENC€S ! DSPHEIE | ,
parallel wavelength decreases near the ion-cyclotron fre/@ves along auroral magnetic field lines may continually

— . . . ._make the transition between the kinetic and inertial regimes
guency (0.K w<<0.94) there is a region of increased electric .
k . L as they propagate through the magnetospheric plasma and
field and, thus, increased electron dissipation; finally, abovée ) . .
are reflected between ionospheric endpoints.

»=0.94 the rapid decay of the azimuthal magnetic field am-
plitude results in a corresponding drop in the parallel electric

field. These results, of course, rely on the WKB model forACKNOWLEDGMENTS
the axial variation ofe; and not direct measurements of the
parallel electric field.
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