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Interchange instabilities excited by energetic electrons trapped by a magnetic dipole nonlinearly
saturate and exhibit complex, coherent spectral characteristics and frequency swéepihg

Warren and M. E. Mauel, Phys. Plasn£a€185(1995]. When monochromatic radio frequen@y)

fields are applied in the range of 100-1000 MHz, the saturation behavior of the interchange
instability changes dramatically. For applied fields of sufficient intensity and pulse-length, coherent
interchange fluctuations are suppressed and frequency sweeping is eliminated. When rf fields are
switched off, coherent frequency sweeping reappears. Since low frequency interchange instabilities
preserve the electron’s first and second adiabatic invariants, these observations can be interpreted as
resulting from nonlinear resonant wave—particle interactions described within a particle
phase-space(i,¢), comprised of the third adiabatic invariant and the azimuthal angle.
Self-consistent numerical simulation is used to study the nonlinear development of the
instability, (2) the radial mode structure of the interchange instability, @)dhe suppression of
frequency sweeping. When the applied rf heating is modeled as an “rf collisionality,” the simulation
reproduces frequency sweeping suppression and suggests an explanation for the observations that is
consistent with Berk and co-workefBl. L. Berk et al, Phys. Plasma$, 3102(1999]. © 2003
American Institute of Physics[DOI: 10.1063/1.1557072

I. INTRODUCTION growth rates,y, , that are only marginally larger than their
rates of nonresonant dissipatioy, exhibited unexpected

Collisionless dynamics of energetic particles are imporepaviors at saturation. Kinetic simulations showed the
tant to many phenomena in magnetized plasma such as th°§5ontaneous formation of phase-space structures, “holes”

found Itn tfhe. rad(;athne?sl:)eltj |Ofb matgnet?sph%%sw;]dal and “clumps,” provided the dynamics of the resonant par-
magnetic fusion devicesand laboratory terrelia. €N ticles were sufficiently collisionless. The “holes” and

strong magnetic fields separate the frequencies of the three » . . .
S o . Clumps” corresponded, respectively, to rising and falling
characteristic periodic motions, cyclotroa,, bounce,wy,

and magnetic driftwy, energetic wave—particle interactions tones with frequency sweeping proceeding in time approxi-

with low-frequency perturbations can be described with amately asyyqt. The saturated level of the instability lasted

guiding-center drift Hamiltoniaf. Low-frequency inter- Much Iong:er tha? the nonresonant damping timg Lbe-
change modes that are resonant with the particle drift moS2use the “holes”and “clumps” moved through phase-space
tion, w~mwy, cause the third adiabatic invariang, to a}nd allowed the continued release of energy by passing par-
evolve in time. Sincen<wy<w,, the first two adiabatic tiCles _ S
invariants, « and J, remain constant even when the radial Small resonant particle collisionality is a necessary con-
transport is chaotié Drift-resonance with interchange modes dition  for  frequency sweeping to occur. Berk and
within a magnetic dipole provide an especially convenientco-workers definevg; as the Fokker—Planck coefficient for
geometry for the study of nonlinear wave—particle dynamicsstochastic resonant particle diffusion in the single phase-
This is because particle motion is described in the reducegllane of the nonlinear wave—particle interaction. Whep
phase-space coordinates of a one-dimensional systeg),  >y=y— 4, collisional effects do not allow “holes” and
that are simultaneously the physically-observable magnetitclumps” to form. Instead, frequency sidebands are formed
coordinates of the dipold=V XV ¢. and the mode amplitude becomes chadlitThis regime
Recently, Berk and co-workersdescribed the occur- describes observations of the saturation of Affveigen-
rence of spontaneous frequency sweeping after a period ofiodes driven by fast ions trapped in a tokantal The
explosive growth of resonant particle instability nearstrongly nonlinear regime characterized by explosive growth
threshold® ' Resonant particle instabilities with linear and followed by coherent frequency sweeping is predicted to
occur only whenvgg;/y<1.

apaper QI2 4, Bull. Am. Phys. S0é7, 250 (2002. In this articlc_e, we present details of _the first observgtio_ns
Pinvited speaker. Electronic mail: dm341@columbia.edu of the suppression of frequency sweeping by the application
1070-664X/2003/10(5)/1549/7/$20.00 1549 © 2003 American Institute of Physics
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FIG. 1. lllustrations of the Collisionless Terrella Experim&@i X). The left illus

vacuum vessel and an energetic electron ring created by high-power microwave heating. The right shows a quadrant view of the cross-section of the CTX
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trates a general layout showing the dipole electromagnet inside an aluminum

device. Key plasma diagnostics, rf antennas, and locations of electron-cyclotron resonances for selected frequencies used in the expdspieyesl.are d

Locations of the energetic electron ring and microwave resonances are al

so shown.

of rf fields. Frequency sweeping is characteristic of the nonECRH destroys the phase-space “holes.” However, since

linear saturation of the hot electron intercharibiEl) insta-
bility in the Collisionless Terrella Experimef€TX).3>The
instability is driven by a non-Maxwellian population of en-
ergetic electrons confined by the field of a magnetic dipole
When low-power rf fields are applied, the dynamics of the
HEI mode is altered and frequency sweeping is suppressed
a controlled manner.

A self-consistent nonlinear simulation is used to model
the growth and saturation of the HEI instability. The simula-

electron cyclotron heating is localized, we find that
frequency-sweeping is not suppressed when the frequency of
ECRH heating is adjusted to resonate at the peak of the elec-
tron pressure. This is in agreement with the observation of
frequency sweeping at the end of the quasi-periodic instabil-
ity bursts present during the steady microwave discharges of
the CTX device.

This paper is organized in the following manner. A de-
scription of the experimental device and the applied rf fields

tion reproduces both the global mode structures and the rigs presented in Sec. Il. The experimental observations of fre-

ing tones of the HEI instability Since the HEI instability
has a real frequency that is smaller than the average energe
electron drift frequencyw < wy/2, only phase-space “holes”
with rising frequencies can form within a laboratory terrella.
Becausep1/L and because the magnetic drift frequency is
wg(w, ) =3cuB(y)/ey=ul/L?, whereL is a field-line la-
bel equal to the field-line’s equatorial radius, phase-spac
“holes” are formed at larger radii and move radially inward

quency sweeping suppression are described in Sec. lll. In
Bec. 1V, we describe the modifications to the numerical simu-
lation used to interpret the experimental results. Finally, a
discussion and summary of the results is given in Sec. V.

g. EXPERIMENTAL SETUP

In CTX, a dipole electromagnet is suspended mechani-

as the mode frequency rises. Energetic electrons at higheally inside an aluminum vacuum vessel 2 cm thick and 140

field and smaller radii are displaced outward adiabatically.
The outer wall of the experimental device, which limits the

cm in diameter, Fig. 1. Plasma is created by breaking down
and heating hydrogen gas with a high power microwave

radial extent of the plasma, prevents the formation of phasesource, which outputs-1 kW of power at 2.45 GHz. The

space “clumps.”
We have modified the simulation to include spatially-

fundamental microwave resonance is a surface defined by
Bo=B=875 G, which intersects the equatorial plane_at

localized diffusion of the magnetic moments of the energetic=27 cm. The equatorial cyclotron resonance leads to the

electrons due to electron cyclotron resonance heatin
(ECRH).Y” The diffusion due to cyclotron heating is analo-
gous(but not identicgl to the velocity—space diffusion pro-

portional to vgﬁ. The application of rf fields cause cyclotron
diffusion in localized radial regions, aneLx(¢) is nonuni-

greation of an “artificial radiation belt” of energetic electrons
with energies between 1-60 keV. The measured electron dis-
tribution is non-Maxwelliarf, characteristic of microwave-
heated plasmas.During microwave heating, the distribution

is characterized by subpopulations of “cold” electrons with

form in phase-space. When cyclotron heating is applied at rénergies below 200 eV, “warm” electrons with energies near
frequencies resonating at radii larger than the radius of peak keV, and “hot” electrons with energies extending beyond

electron pressure, frequency sweeping stops because t
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tween 0.5 and 1 s. After the microwave power has beemo low-frequency hot electron interchangdEl) instability.
switched off, cold and warm electrons begin to recombineDrift-resonant wavesd~mwy;,) are observed with frequen-
rapidly with ions, whereas hot electrons persist for tens oties shifting upward in time during ECR heating phase and
milliseconds creating a so-called “afterglow.” afterglow. By correlating signals measured by multiple
probes, it was found that observed waves @eflute-like,
having no structure along the field ling®) propagate azi-
Plasma diagnostics include several Langmuir and highmythally in the direction of electroWB drift, (3) have a
impedance floating potential probes situated throughout thgroad, rigid radial structuré:>4Wave amplitudes are ob-
vacuum vesse(Fig. 1). Diagnostics do not perturb plasma gepved to be in the range of 100—200 V, with larger ampli-
significantly unless they are placed within a few centimeters,yes resulting from more energetic electrons.
of the fundamental microwave resonande, {27 cm). A During high-power plasma heating, instabilities appear
Langmuir probe is typically biased &=—100V to collect i, 4;asi-periodic bursts 300—7@@ long as shown in Figs. 2
the ion saturation current. High-impedance floating potentia‘Lmd 3. Typical growth rate of such instability burst is
probes have a 100(kresistor attached to the tip, as well as ~50 us with frequency spectrum reaching 3 MHz. In the

? 10 ,th_byrf) ass c?_ﬁ)acito_r r:: onnect;d ?elf;)rsl_:heAzlalmplifti)er t%fterglow, fluctuations are found to be more intense reaching
orm a high-pass filter with a cutoff o Z: probes higher frequenciesf(«20 MHz), due in part to a higher av-

can be repositioned radially to examine density and pOtentIalclrage drift frequency of energetic electrons and the absence

fluctuations at different flux surfaces.' Azimuthal and .radlalof the microwave heating. The rate of frequency sweeping is

mode structures of observed fluctuations are determined bé( . Voo | 02 > duri . heati d

computing correlations between multiple prob&a.krypton .ppr02>(|mate yen a)n.va. uring microwave heating, an
lwi~2x10"* during the afterglow.

roportional counter is used to measure x-ray emissions and” . ) .
brop y During the microwave heating phase, the spectrum of

characterize energetic electrons energy. . . o
9 9y bserved fluctuations of the quasi-periodic bursts changes

To study the transport of energetic electrons, a movabl . - )
gridded particle analyzer is employed. It is located 13 cm rom broadband to coherent as the instability develops. This

above the equatorial mid-plane, and consists of a series i{uange is well-correlated with modulations of the electron

grids approximately 1.5 mm apart inside a stainless steel bo ux to _the grldde_d particle analyzer, which corres_ponds o
which has an opening centered on one side. The grids a e radial expansion of the plasthit.was shown earlier that

biased to repel ions and electrons with energies less than 16 e wave spect'r.um obseryed in the initial phase of the quasi-
eV. Current is collected on a metal plate 0.23%cand is periodic instability bursfFig. 4(a)] can Igad to global chaos_
carried along 5@) coaxial cable which is terminated into a 1 @nd transport due to the wave-—particle resonances being
kQ load. The entrance aperture of the probe can be rotatetl0Sely spaced in phase-spétevhenever the wave ampli-
with respect to the local magnetic field vector. During thetude is above=75 V. As the electrons are expelled radially
experiments described here, it was positioned perpendiculdeyondLo=27 cm equatorial position, they no longer expe-

to the magnetic field, and the time-averaged energetic ele¢ience cyclotron heating from high-power microwaves. For
tron flux was computed. these electronsy, the first adiabatic invariant, and, the

second adiabatic invariant, are constants of motion. This im-
plies that the rati@ /v, increases much more slowly with
than R, andv, /v, > R—1 criteria for cyclotron diffusion
Magnetostatic rf antennas installed inside the CTXjs not satisfied. HereR is the mirror ratio defined as the ratio
vacuum vessel, Fig. 1, are used to suppress nonlinear frgsf the cyclotron resonant fiel®,=875 G, to the equatorial
quency sweeping by exciting low power rf fields. The anten-fig|q at a givenL. During this phase of the burst a coherent
nas are constructed from a 30, 0.25 in. coaxial copper gpectrum of waves is observéig. 4(b)] with frequencies
cable, contain one or more breaks in the outer shield of th?apidly sweeping upward. It also corresponds to diminished
cablg to preyent cancellation of the coaxial currents, gnd arfydial transport, since the higher frequency coherent waves
terminated into a mgtched load. The antennas were mstallqgad to a chaos that is localized to narrow regions of phase-
at one pole of the dipole and on the outer wall of the Vesse'space(q’),zp). This process essentially creates a radially broad-

Allumi.naland glasg ri1nsr,1ulat:ng tubing is used tof miniﬂizeened energetic electron “disk,” which, we believe, can sup-
electrical contact with the plasma. A broad-band r amp||er,port the phase-space “holes” on field lines beyoid

used to generate rf fields, has a peak output of 100 W. The g-c
antennas excite low-order cavity resonances of the vacuum Wheh low-power electron cyclotron resonant rf fields

vessel in the range of 100 to 1000 MHz. Antennas in both, . . cited in the range of 100 MHz to 1000 MHz of suffi-

locations suppress irequency sweeping in a similar Mann&lient intensity and pulse-length, the nonlinear frequency

when equal power levels are coupled to the same cavity res%?/veeping of resonant interchange modes is suppressed dur-
nant frequencies. . . .

ing the microwave heating phase and the afterglow. As soon
as rf pulse is discontinued, coherent frequency sweeping re-
appears. As will be discussed, low-level rf fields that reso-
nate with the cyclotron motion of electrons on outer field
As the pressure of energetic electrons confined withifines scatter energetic electrons and cause diffusion of mag-

the dipole magnetic field increases, plasma becomes unstabtetic momentsu. This diffusion destroys the phase-space

A. Diagnostic equipment

B. Magnetostatic rf antennas

IIl. HOT ELECTRON INTERCHANGE AND FREQUENCY
SWEEPING SUPPRESSION
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FIG. 2. (Colon M - , on duri hAt low power settings P~10 W), the high azimuthal
. 2. (Color) Measurement of frequency sweeping suppression during t _ ;
“afterglow,” when a radio frequency pulse @6/27=701 MHz, 34 W is modes (n 2’3) are Suppressed before the low azimuthal

applied. Electrostatic fluctuations are measured with a floating potentialodes (M=1). The rate of frequency sweeping is observed
probe (2), and then transformed into a time—frequency domdin The  to decrease at the very onset of the rf pulse. As the power is
gridded particle analyzer located lat=57 cm collects current due to ener- jncreased P=30 W), frequency sweeping is arrested until
getic electrong3). the rf fields are switched off. Frequency sweeping is also
suppressed during the ECR heating phase of the discharge,
) ) Figs. 3 and 5. Figure 3 shows a typical example of suppres-
“ho_les” required for frequency sweeping to occur at the lo- gj5, during the heating phase for a 16 W pulsew#®r
cation of fundamental cyclotron resonance. =375 MHz. Figure 5 shows the intensity of measured fluc-
Figure 2 displays a typical example of frequency sweepyyations in a frequency band 1.9 MEZ<2.1 MHz, nor-
ing suppression during the afterglow phase of the discharggngjized to the intensity below that band, as a function of

applied rf power. This provides a convenient measure of fre-
quency sweeping during the 300-7@8 quasi-periodic in-

—a——ECR healing phase——— = stability bursts.
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.} 3 | |
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FIG. 3. (Colon An example of frequency-sweeping suppression during ECR RF Power, W

heating. Radio frequency fields at/27=375 MHz, 16 W are applied.

From top to bottom, the plot showd) a time-frequency spectrogram of FIG. 5. Frequency sweeping suppression during the ECRH phase.
measured plasma fluctuatiorig) plasma floating potential fluctuation@) I band/ | total below€Presents the amount of frequency-sweeping as a function of
hot electron current to the gridded particle probe locateld=ag5 cm. the power of applied rf fields at various frequencies.
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0.8 IV. NUMERICAL SIMULATION OF FREQUENCY
SWEEPING SUPPRESSION

A Self-consistent nonlinear numerical simulation is used to
study the HEI instability and interpret the results of experi-
A % mental observation¥:** The simulation reproduces nonlin-
A { ear frequency sweeping and the radial structure of the modes.
It also illustrates spontaneous creation and inward propaga-
% tion of phase-space “holes*® Fig. 8, which are believed to
% < 304 MHz be an essential feature of the instability saturation process
A 704.1 MHz and nonlinear frequency sweepih@he simulation explic-
itly solves for the evolution of cold ion and energetic elec-
tron number densities and the electrostatic potendialpn
0 10 20 30 40 50 60 the (¢,¢) plane.(y,¢) are the canonical coordinates of the
Power, W electrons’ guiding-center drift Hamiltoniaine., the electron
FIG. 6. Intensity within a frequency band 0.2 MH1<0.4 MHz_ normal- ihgzeésvpaogiggst;zg};gn:gg ic;)onord|r|1a§estpf tr(]je.f?lp(ﬁea
ized to the intensity below that banfi<0.4 MHz, as a function of the - polarization dritts, an
power of applied rf fields is shown. This provides a measure of the amoun€nergetic electron magnetic drifts determine particle dynam-
of low frequency turbulent fluctuations induced by the applied rf fieldsjcs, and Poisson’s equation in magnetic coordinates deter-
during the suppression of frequency-sweeping. mines the nonlinear evolution of the potential. Bounce-
averaged distribution functionF(u,#,®,t) is used to
describe the dynamics of energetic electrons. Hete,
During the suppression of frequency sweeping, the low=mev /2B is the magnetic momenty, is the electron mass,
frequency turbulent fluctuations are induced by the applied@ndB is the local strength of the magnetic field. The effects
fields. They have broadband spectr{ifigs. 4c) and 4d)]  of parallel motion along the magnetic field are ignored, and
similar to the one observed during the chaotic phase of thd=0.
quasiperiodic HEI instability burst, albeit lower amplitude In simulations presented here, seven distinct hot electron
and more localized toward the low frequencies. The intensityfluids” were used to describe the phase-space flows occur-
of the induced low frequency fluctuations is well-correlatedring for different values ofu (0.15u¢, 0.3uq, 0.5uq,
with the enhanced energetic electron transport as seen M7%0, 1.0ug, 1.25u, 1.5u). Here uo=9x10"12
Figs. 6 and 7, consistent with the quasi-linear theoryerg/G is the characteristic hot electron magnetic moment for
predictions? Since the power levels of the applied fields areCTX. Since electrons at different energies have different drift
low (<5% of the main microwave heating powemd be-  Vvelocities at different radii, wave—particle resonances occur
cause the nonlinear frequency sweeping reappears once $imultaneously at several radii and electron energies,
pulse is switched off, the applied fields apparently do not=@q(x, ). These resonances correspond to the locations of
create large changes in the distribution of energetic electronghe phase-space “holes.” Figure 8 shows the phase-space
Instead, the effective collisionality of the systemy, is in-  evolution of one energy group of hot electrons with
creased corresponding to the presence of scattering from cy=0.75¢¢. As the instability develops, phase-space “holes”
clotron resonance with the applied rf fields. are initiated within different hot electron fluids at different
times, with low i electrons developing the structures first.
As the mode frequency increases, “holes” are created at
higher energies and always move inward from the outer
edge. At any instant, the phase-space “holes” create a non-

o
[e)}
O
oY

Normalized Intensity
o o
n Y
o

0 10 20 30 40 50 60

0
. smooth distribution within each phase-plai@ constanfu)
= 004+ % A and between phase-plang@g constanty and ¢).
A
i % A A. Modeling ECR diffusion
€ -0.08 - A ,
o A The presence of applied electron-cyclotron resonant
o - . . . . . . .
3 0124 % fields are modeled in the simulation as causing diffusion of
LC’ energetic electrons by stochastic scattering.dfor simplic-
o 016 ity, the diffusion rate is taken to be independentwgfuni-
‘g haaal form in azimuthal angle, and vary only in radiug, The
O > 304 MHz numerical procedureglescribed more fully in Refs. 12 and
0200 A 7041 MHz 14) are modified according to
-0.24 d 92
Power, W EF(MJ//,%IH“':D(%I)a—Mz(F—F*)- (1)

FIG. 7. The average energetic electron current to the gridded particle ana- . . . . .
lyzer as a function of the power of applied rf fields is plotted. It is well- %"er& D(¢) is the magnitude of simulated diffusion, and

correlated with the induced low frequency turbulent fluctuations in Fig. 6. F* () is a reference distribution function that is defined so
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FIG. 8. (Color) Coherent structures in phase-space—the phase-space E E
“holes”—as illustrated by the self-consistent nonlinear numerical simula- o '
tion used in CTX. The time evolution of phase-space is shown for one ,:,_,:,E". L ME- |
energy group of hot electrons 0.75u,. Red indicates the maximum in z T ! |||
particles density, purple—minimum. As the instability develops, vacuum i il P |!| 2 1|
bubbles are observed to form on the outer flux surfaces and propagate & ooodl|| wwﬂ','{'l.ly | B o0 ‘.'_I [ i |
inward. 2 tll ] L [
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that ECR diffusion leaves unchanged the initial electron en- 5! N SV S _
ergy distribution while smoothing relative gradients in the .. PPt ? Nonmaltzed time
u-direction. The numerical proceedure for ECRH preserves
the total energetic electron number within each flux tube. FIG. 10. (Color) Numerical simulation of frequency sweeping suppression
This f " loci diffusi . lated h for the case ofy, /y4=1.6. Simulated rf pulse is applied frors 200 t.u. to

) 15 Om_] .0 V? OC|ty-s_p.ace. ifiusion 1S re at? to the t=400 t.u. The simulated potential and the time—frequency spectrogram are
effective collisionality specified in Berk’s formulatidiRef.  shown.
7, Eq.(14)]; however, the physical processes differ. In Berk’s
formulation, stochastic scattering of a particle’s velocity
moved particlesvithin a single phase-space plarihe life- ) _ ) ) L
times of phase-space “holes” and “clumps” were limited by phshed numerically with a tlme—gpllttmg_ sequence of .s-olu-
the slow diffusion and smoothing of nearby phase-space deﬁ'—olns_ of Efqé(G) 10f Ref. 14 combined with a fully-implicit
sity in the @u,x) [or equivalently(Q2,&)] phase-plane. In con- solution of Eq.(1). , ) ,
trast, the velocity-space diffusion caused by ECRH in a di- Although the physical processes of velocity—space dif-

pole confined plasma causes stochastic scattering of tﬁ@Sion modeled by Berk and co-workémnd by this article

electron’s magnetic moments. This causes diffusiondbat are different, their effects on frequency-sweeping are compa-
nects different but neighboring phase-space plazesh rep- rable. We believe this is because the particle resonant fre-
resented by a different value pf ECRH changes the dimen- 94€N¢Y scales strongly with and the phase-space gradients

sionality of the energetic electron dynamics. Without ECRin t_he'“ directiqn are comparable to those in mairection.
-I#Jsmg the relationshimwy,=3cuB(¥)/ey to relate the drift
r

fields, low-frequency interchange modes cause motion i ! X
multiple (i4,¢) phase-planes defined by constant valueg.of equency of energetic electrons to the magnetic moment, the
ediffusion operator in Eq.(1) can be recast in the form

When ECRH is added to the low-frequency potential of the”, 21902 . 3, 5.
interchange mode, electron dynamics requires treating thget(979@R)(F—F"), where veq(y)=9D(y)(cB/ey)” is the ef-
time evolution of phase-space density (at least two fective diffusion coefficient for resonant particles. Since

velocity—space actiongf (w, ¢, ¢,t)/dt+0. This is accom-

Y. /Y, =16 = = Sl
3 4 v E 0.4 ﬁ 0.4 Sirmulated il
’ L 2 2 H
Stochastic E f iz
i Effects Dominate 3 b
X & 0z 8 0.2
2 : E g
= : " .
= 2 : Fast Growth . ;
> F o5 ’ ; 5 0.050 = |
& O : Single Mode % I % A | n
> o : I il i L | (bt
Z FIG.10B, X RTINS |||||
1t ; i (Y1 :'-'||||"!|.| L] 270 F |‘| (WY
! # -coso ] [ TIARRR G RRRMIE | = '||,-.I|' iy !
Frequency i L | |_r | 7 -cow | i
- d Sweeping o [ R ||| .|'|'!|I| @
0 200 400 o 200 400
*FIG. 10A Normalized time Mormalized time
0 L1 L |
¢ : - 8 % FIG. 11. (Color) Other effects reproduced by the numerical simulati@ah.
Y,_/Yd Numerical simulation of the HEI instability foy, /y4>6. The mode satu-

rates into a BGK-like structure without significant frequency-sweeping, as
FIG. 9. Possible ways for interchange instability to develop as prescribed byredicted by the nonlinear theorfb) Numerical simulation of ECRH at
Berk and co-authors. By changing the effective collisionality of the system,2.45 GHz. Simulated rf pulse is applied frars 25 t.u. tot=400 t.u. The
we destroy the phase-space “holes” and arrest the frequency-sweeping amulated potential and the time—frequency spectrogram are shown in both
shown in Fig. 10. cases.
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ECRH in a dipole creates a nonunifomg;, we define(veg) peak electron pressure, Fig.(lbl The radial location of the
to be the flux average ofey(y) which simplifies the com-  primary microwave heating allows phase-space “holes” to
parison with Ref. 7. continue to form at larger radii. As the frequency increases

Finally, note that the radial variation @ () (or ,,’;’ﬁ) and the “holes” move to smaller radii, the high-power
depends upon the frequency of the applied microwave or rECRH is seen to limit, but not suppress, the range of
fields. The location of particle diffusion in the direction  frequency-sweeping.
changes by adjusting the frequency of the applied cyclotron ~Although the modified nonlinear simulation reproduces
resonant fields. We mod&l(¢) to be largest at the equato- frequency-sweeping suppression due to ECRH diffusion,
rial cyclotron resonance and to vanish for flux surfaces dif-some phenomena seen in the laboratory are not reproduced
fering by factors exceeding 10% to =25%. By modeling Well by the simulation nor can the simulation properly model
the initial radial profile of the trapped electrons to representhe long-term evolution of the plasma. For example, the in-
(within experimental uncertaintipsneasurements, the only duced low frequency fluctuations during the suppression of
adjustable parameters in the model are the for@ @f) and  frequency-sweeping correlated with the enhanced transport
a constant, nonresonant dissipation that gradually damps tié energetic electrons are not reproduced by the simulations.
potential at a rateyy described in Ref. 14.

V. SUMMARY

B. Discussion of numerical results Frequency-sweeping associated with the nonlinear satu-

According to Berk and co-workersiwo criteria must be ration of the hot electron |n.terc.hange mstg bilityEl) was
suppressed upon the application of rf fields. Frequency-
met for coherent hole—clump structures and frequency-

sweeping phenomena to develol) the system must be sweeping is characteristic of the evolution of HElI modes

near the linear instability thresholg, <2.5y4, and(2) the exmt_ed by energetic electrons trgpped _W'th'_” a dipole-
) o confined plasma. The low-level applied rf fields induced sto-
resonant particles must be collisionlesgg=<+y, —y4. Our

. ) . : i chastic diffusion at localized regions by electron cyclotron
numerical simulations of the HEI instability support these . : . . .
o . - . resonance. Using a self-consistent, nonlinear simulation, we
criteria. Examples are summarized in Fig. 9 which shows the . .
. . . Show that the observed frequency sweeping suppression re-
conditions for frequency-sweeping and displays representa- ) ; »
. ) . . ) sults from the destruction of phase-space “holes” as pre-
tive results from the numerical simulation. Figure 10 shows,.
. . icted by a theory of Berk and co-workefrs.
the computed potential fluctuations when the nonresonancl
damping rateyy was adjusted so thag, /v4=1.6. As the ACKNOWLEDGMENTS
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