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Wave-Particle Resonance in Magnetized Plasma
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We report the first observation of the wave-particle resonance line in a magnetized and weakly
collisional plasma. The linear resonance satisfies the relation nQ).; = kv and has a width which
is related to the wave-particle coherence time. Both the in-phase (real) and quadrature (imaginary)
parts of the resonant response are directly determined by a phased-lock laser induced fluorescence
diagnostic. The wave-particle coherence time obtained by fitting the resonance line shape to a one-
dimensional Poisson-Fokker-Planck model does not agree with a simple model of ion collisionality.
[S0031-9007(98)05751-2]

PACS numbers: 52.25.Dg, 52.35.—g, 52.70.Kz

Wave-particle resonance is a fundamental phenomendions show features which are a combination of wave and
in weakly collisional plasma. It provides the primary “ballistic” (Case—Van Kampen) response [2,3], i.e., free
means for wave absorption and nonlinear interaction bestreaming of particles responding to a localized antenna.
tween waves. In models of infinite, uniform, and col- The phase information contained in the linear ion response
lisionless (Vlasov) plasma, the wave-particle resonancéor different ion velocities decays by destructive interfer-
produces a singularity in the linear plasma response, fogence between these free-streaming modes. This strongly
particle velocities which satisfy the resonance conditionphase-mixed response can mask the resonance feature.
The singularity problem is resolved in linear Vlasov mod- In our experiment, the wave-particle resonance is ob-
els by proper treatment of initial and boundary conditionsserved over a range of ion velocities defined by the reso-
In practice, the resonance must have a finite width whicmance conditiono — n{}.; = kv, wherew is the wave
is determined by the finite interaction or coherence timeangular frequencyQ).; = eB/Mc is the ion cyclotron fre-
between the particles and the wave, or by nonlinear efgquency,v; andk are the components of the ion velocity
fects. In the nonlinear regime, the resonance width iend wave number parallel to an externally applied mag-
determined by the range of relative velocities that correnetic field B. We observen = 1,2 resonances of elec-
spond to trapping in the wave potential. The linear waveirostatic ion waves that propagate almost parallel to the
particle interaction theory ignores particle trapping, andB field. As the perpendicular wave number, and thus the
fails if the coherence time becomes comparable to the peslectric field, is small, the wave damping and the excita-
riod of particle oscillation in a wave trough. In addition, tion of ballistic perturbations are small enough that a clear
nearby resonances may have overlap of trapping widtheesonance feature can be observed. The linearly perturbed
[1] which may cause wave damping through particle-orbition velocity distribution is measured along tBefield by
chaos and reduction in wave-particle coherence. Resonaatphase-locked laser induced fluorescence (LIF), using a
interaction is also at the core of a wide variety of plasmasingle frequency scanning laser scheme [4].
applications such as plasma heating, particle acceleration, Early observations of ion energy distributions in ion-
and electromagnetic wave generators. acoustic waves were made with material probes using

Despite this fundamental importance, no measurementdectrostatic analyzers [5—7]. The first LIF [8] observation
of the linear wave-particle resonance line were reportedof nonlocal ion heating by a current-driven instability
The first reason is that the measurement requires was obtained from the ion velocity distribution. LIF
sensitive and highly resolved velocity space diagnosticobservations of plasma dielectric motion [9—-12] were
A linear wave necessarily has a low amplitude, anddetermined by unfolding the information stored in the
the resonance line is a small feature on top of theperturbed localion velocity distribution. The ion response
perturbed distribution function. To be readily observed,to electrostatic waves perpendicular to tBefield was
the resonance line must be narrow compared to theneasured by a tunable pulsed dye laser time synchronized
thermal distribution. It is also true that the resonance linavith the launched waves [9,10]. Wave-particle resonances
is not observed at every position in the wave field. were not observed in the linear ion response parallel to

The second reason has to do with the strength of than ion-acoustic wave [11] due to strong phase mixing of
wave-particle resonance. If the resonance occurs in thigallistic perturbations over the long velocity distribution.
center of the velocity distribution function, then the wave In this paper, wave-particle resonances are first observed
fields are usually strongly damped, and do not extendh the linear ion response parallel to tiefield. The
uniformly over a significant plasma volume. Distribu- resonance feature does not appear immediately at the
tion functions measured under strong resonance condwave launching antenna, but at a distance of about one

3252 0031-900798/80(15)/3252(4)$15.00 © 1998 The American Physical Society



VOLUME 80, NUMBER 15 PHYSICAL REVIEW LETTERS 13 ARIL 1998

wavelength downstream of the antenna. This nonlocality The LIF is collected perpendicular to the laser beam
is a central feature of the wave-particle resonance. Othatownstream from the plasma source and the antenna. An
related effects of the nonresonant part of the perturbed ioaptical 1 nm bandpass interference filter centered at the flu-
response are reported in Ref. [12]. orescent line reduces the stray light into the photomultiplier
The experiment is performed in an argon plasma columiube (PMT). The amplified electrical signal of the PMT is
produced by radio frequency gas discharge and confinesent to a lock-in amplifier and computer recorded. In the
by an axialB field of 1 kG; see Fig. 1. The electrostatic measurements of the coherent ion response to the waves,
ion-cyclotron waves are launched by a four ring antennghe laser beam is directed unmodulated into the plasma and
mounted on a computer controlled axial scanning carriageghe lock-in amplifier locks on the wave frequency. In the
The diameter and width of the rings are 5 and 1 cmmeasurements of the ion velocity distribution, both in the
respectively, with a 3 cm spacing between the centerpresence and in the absence of waves, the lock-in ampli-
of adjacent rings. A biased wave transformer couplesier locks on the laser modulation frequency. The ion ve-
the wave generator to the antenna. The sinusoidal fibcity distribution, fo(v), and the linear ion response to
voltage pulse is applied with a phase difference of°180the waves,f,(v), are obtained by scanning the laser fre-
between adjacent rings. The axial ring separation is sejuency across the ion Doppler profile. The zero velocity of
to roughly match a half wavelength of electrostatic ion-the ions in the lab frame is determined by the Lamb hole-
cyclotron waves in a frequency range of 30—100 kHzhyrning effect using two counterpropagating laser beams.
launched axially in argon plasma with electron density andrhe accuracy of this method 860 MHz (<10~* nm) of
temperature ofr, = 2.5 X 10° cm™® and T, = 2.8 eV.  |aser frequency or ion velocity 86 X 10° cmy/s.
The ion temperature perpendicular and parallel toBhe  The in-phase (real) and quadrature (imaginary) parts of
field is 0.05 and 0.065 eV, respectively. the linear ion response to electrostatic waves are velocity
The laser diagnostic, shown in Fig. 1, consists of a cwesolved parallel to theB field. The normalized ion
tunable dye laser (Rhodamine 6G) pumped by an argofesponse 10 cm downstream of the antenna is plotted in
ion laser. The ion velocity distribution is measured byvelocity space in Fig. 2. A pronounced “bump” is evident
scanning several GHz across the ion Doppler profile withn the profile of the 50 kHz wave aty /vy = 1.25. v
a mode-locked narrow bandwidtk<( MHz) laser. The and v, are the components of the ion velocity and the
circularly polarized laser beam at 611.5 nm pumps thehermal ion velocity parallel to th8 field, respectively.
o = —1 transitions of Ar Il metastable stat€d’)*Go/2,  Similarly, two bumps are observed in the profile of the
into the (4p’)F7> level. The LIF at 461 nm into the 70 kHz wave atv)/vy = 2.7 and =—0.6. Positive
(45")*Ds, state is used for diagnostics. An acousto-opticparallel velocity corresponds to a downstream flow of
modulator temporally and spatially modulates the laseparticles. These bumps are reproducible and have been
beam. The plasma ions are probed with the deflected paghserved over several experiments and under various scan
of the beam, while the undeflected part is used for bearfanges of laser frequency. Note that the higher signal
diagnostics. The polarization of the beam is adjusted bylyctuations in the wings are due to lower photon counts
a polarizing beam splitter, a half wave, and quarter wavehan in the peaks. The resonance bumps are observed at
plates that rotate and circularly polarize the beam. Theon velocities of higher photon counts.
laser beam power fluctuations are kept below 3%. The measured position of the wave-particle resonance in
a wave frequency range of 30—80 kHz is shown in Fig. 3.
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FIG. 2. The axial linear ion response to (a) 50 kHz and
FIG. 1. Schematic description of the experimental setup. (b) 70 kHz wave frequencies.
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Under weak collisions the solution for the ion response
in the rangdw — kv| = v assumingv = w/k near the
resonance fo/dv = constant, andf|(z = 0,k,v) =0
is given by
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Y(v,7 =1 — 1) is the time dependent phase change of

'420 ' 3'0 ' 4'0 ' /5'0 ' 6'0 70 80 90 the wave due to interaction with the particles along their
unperturbed orbits. The phase “memory” is attenuated
Frequency (kHz) by particle collisions or drag (third and fourth terms)

FIG.3. The frequency dependent posiion of the Wave_and by particle velocity-space diffusion [14] (last term).

particle resonances for = 1 (solid line) andrn = 2 (dashed The P'asma para}meters and wave fl_'equen(;ies in the
line) ion-cyclotron harmonics. experiment result it A,,r, = 1-6, which is marginal for

the long mean free path approximation [14]. Introducing
= x in the integral of Eq. (3) denoted &syields the

. . . . . VT
Wave frequencies outside this range resonate with ions 'ﬂ)llowing expression:

the tail of the ion velocity distribution resulting in poor -
signal-to-noise ratios. The lines trace the expected position p — ell@—kv)/vlx p—uw/20)x px , =xolx/x)” e (5)
of the n = 1,2 ion-cyclotron wave-particle resonances. 0
The uncertainty in the parallel ion velocity is estimated 1

o = kvy = 6
from the absolute determination of the laser frequency and x0 = V3v/kva =3 kApmpp ©
the reproducibility of the wave-particle resonance position. 2/3 w0 — kv [ x0 \2/3

As the electrostatic waves launched by the antenna havex = yx; "3/, (= —"7 <—°>

avery small perpendicular wave vector [12] dngp < 1, _” r ]\(/§ 1/3
the parallel wave vector is determined by = w/c;; — u( Uth) . (D
¢; = (T./M)'/2. Substituting the wave dispersion relation kv v

into the wave particle resonance condition,— n{). =
kv, provides a measure of the electron temperature fronP({) =
the observed position of the wave-particle resonafices (8)
Mlvjo /(0 — nQ.)]*. A very good agreement is found
between the electron temperature measured by a Langmuihe real and imaginary parts db({) are numerically
probe, by the wave dispersion relation [12], and tha€valuated, for various values of the parametgr For
determined by the resonance position in velocity space. Xo > 0.1 the phase damping is dominated by the drag
The wave-particle coherence time is estimated by derms rather than the diffusion term. Also, the shape
model fit of the measured wave-particle resonance lin@f D({) varies withxy, which depends on the collision
shapes using a 1D Poisson-Fokker-Planck equation for tHéequency and the wave and particle parameters. The
ions [13]. lon collisions with electrons and neutrals areprofile of the linear ion response near the wave-particle
estimated to be 3 orders of magnitude smaller than ionresonance is given by
ion collisions, while charge exchange is about an order of
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magnitude smaller. filw, kv, v) = M E(w, k) v T0D({). 9)
af af e of 0 , of As the launched waves [12] ha¥e p < 1 andk, /k| =
o Tva, T y Een—-=v— <Uf * v 5) 0.1, a 1D model that includes the ion-cyclotron harmon-

ics is used in the argument of the({ = [(w — kv —
1) nQ)/v](x0/+/3)*3). The 1D model is used to qualita-
tively fit the measured ion response near the wave-particle
resonance. Th®({) model was applied to each of the
eight o = —1 lines pumped by the circularly polarized
d , 92 laser. The convolved profile is compared to the experi-
{_L(“’ ~ k) - V<1 tvo, T @)}fl(w’k’v) mental data, where the adjustable parameter is the plasma
—e afo collision frequency. The best fit of the real and imaginary
= VE(‘”’") v + filz =0,0,v). (2) parts of the resonance line shape yields an estimate of

After linearization and Fourier-Laplace transforms [14],
Eq. (1) is expressed by
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the plasma collision frequency. The measured and modzomparable to the nonlinear trapping width predicted by
eled resonance line shapes for a 50 kHz wave frequendye wave-particle interaction model. Unfortunately, it is
are shown in Fig. 4. A plasma collision frequency of difficult experimentally to test the square-root scaling of
110 = 65 Hz was obtained for the = 1 ion-cyclotron the resonance width with wave potential. The resonance
harmonics for a wave frequency range of 30—80 kHzline vanishes at low wave amplitudes, partly due to low
The low signal-to-noise in the line shape of the= 2  signal-to-noise ratio, and the small-amplitude assumption
ion-cyclotron resonance excluded any model fit. of the particle trapping model is unsatisfied in the case of

The plasma collision frequency that results from thelarge wave amplitudes.
resonance line shape fits is almost 2 orders of magnitude In this Letter, the linear ion response to electrostatic
smaller than that determined independently by our preion-cyclotron waves parallel to the field is measured in
vious measurements of the ion response perpendicular soweakly collisional plasma. The resonance lines of the
the axial B field [12] as well as from the measurementn = 1,2 harmonics are observed in the velocity resolved
of Fokker-Planck diffusion coefficient [15]. As the width linear ion response to the waves. The velocity-space posi-
of the resonance pattern scales(agw)'/?, the expected tion of the wave-particle resonance satisfies the resonance
width should be~5 times larger than the observed. condition over the measured wave frequency range. The

One possible hypothesis to explain the observed disshape of the first ion-cyclotron resonance line is modeled
crepancy between the resonance width and the obtaindxy a self-consistent 1D Poisson-Fokker-Planck equation in
plasma collision frequency is to use a nonlinear modethe limit of weak collisions. In principle, the best fit of the
of particle trapping in the wave potential [1]. The cal- model to the measured resonance line shape should yield
culated resonance trapping width [1] is given B% =  the plasma collision frequency for the velocity group of
4ledoJ;(k p)/M|'2. The wave potentiaib, and &, p ions that resonate with the waves. However, the colli-
were determined by LIF [12] &&25 * 0.02 and0.025 =  sion frequency determined from the resonance line fit is
0.01 V, respectively. The trapping width of the = 1  inconsistent with our previous independent measurements
resonance i€3.4 + 0.6) X 10* cm/s or(0.85 = 0.15) X  [12,15]. A future study is needed to resolve this discrep-
v Which is in good agreement with the measured resoancy. The agreement of the calculated trapping width with
nance line shape shown in Fig. 4. The estimated iorthe observed one may suggest that nonlinear effects con-
bounce frequency following Eqg. (15) in Ref. [1] is tribute to the measured resonance line shape.
11.0 = 1.0 kHz. Therefore, the trapped particles may en- This research is supported by the National Science
counter about a single bounce during the propagation dfoundation Grant No. PHY-9224548.
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