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ABSTRACT

An externally applied oscillating magnetic field (at a frequency
near one MHz for typical Tokamak parametefs) resonantly mode converts
to the kinetic Alfvén wave, the aAlfven wave with the perpendicular
wavelength comparable to the ion gyroradius. The kinetic Alfvén
wave, while it propagates into - the higher density side of the plasma
after the mode conversion, dissipates due to both linear and non-
linear processes and heats the plasma.

In a collisional regime both electrons and ions are heated
almost at an equate rate, while in a collisibnless regime, but
yet if B < 0.1, electrons are heated linearly_by the Landau damping
while ions are heated nonlinearly by decay to the ion acoustic
wave. When B exceeds 0.1, ion Landau damping becomes comparable
to the electron Landau damping and both species can be heated
linearly again at approximately the same rate.

Nonlinear heating occurs when the applied field exceeds

a threshold of typically several tens of gauss. If Te > STi (T < 5T.),

sesonant decay to the ion acoustic wave (nonlinear ion Landau Ny B
damping) heats ions. The honlinear heating can be shown to occur
only after the mode conversion, hence undesirable surface heating
-is inhibited. |
In any case, if a magnetic field of 50 gauss effective
amplitude is applies, approximately 10 mega joule per cubic meter
of energy can be deposited in one second into the plasma. The
heating rate here iS‘faster than that in the transit time magnetic

pumping by a factor of B—l.

ﬁ)STRlBUTlON OF THIS DOCUMENT IS UNLIMITED



I. INTRODUCTION

Resonant absorption of.an electromagnetic wave
propagatlng into a nonunlform plasma has been known for
quite some time 51nce Budden's early paper in 1955 The
absorption appears due to a slngular behav1or of the wave
equation fof a cold and nonudiform plasma at the‘point where
the frequency of the incidenﬁ wave m&@ches with that of the
local plasma resonance [or upper (or lowér) hybrid.reéonance].
Later, it was identified‘by Nickel et al.',-2 that the abéqrb-
tion is a méniféstation of a mode conversion, (offeh cailed
the resonant mode converéidn),of the incident‘wave into the
Langmuir wave whiéh.prbpagates away frdm;the resonant
region. | i

Extensive studies havévbeen madé on the'resonant
mode conversion for vafious waves3 whién have revealed

that the 31ngular behav1or of the wave equations in all

cases can be attrlbuted to a mode conversion to a klnetlc wave.



A similarlyfsinguiar;behavior'of waves in a
magnetohydrodynamic frequency rangé has been relatively
‘unknown compared. w1th those in the higher frequency range
quoted above. To our knowledge it was first noticed by
Gajewsky and Winterbergu 1n‘1965 and slightly later by
Pridmore—Brown.5 It washalso mentioned by Grad6 in his
review article in 1969, AA.singularity appears at the location

‘where the externally applled frequency oy matches with the local

Alfveén (shear Alfven) frequency, ”(x)v (x) where k” and

Va

magnetlc f1e1d and the Alfven speed

are the wave number'locally parallel to the ambient

In view of the nature of hlgh rate of the resonant
absorption, Grossmann and:Tataronls7as‘we11 as Hasegawa
and Chen8 have independenﬁly:proposed the use of the Alfvén
wave resonant absorpﬁion tofheat<a plasma. More recently
Hasegawa and Chengfhave pointed out that the resonant
absorptlon of this case too can be identified as that due
to the convectlve d1351pat10n of the resonantly mode con-
verted klnetlc Alfven ane and eluc1dated the detail of
the heating process in a 11near reglme :

The - prlmary purpose of the present paper is to
give details of the mode conversion process and the heating
process including nonlinearlabsorption due to decay of the |
converted wave (the klnetic Alfvén wave) into the ion

acoustlc “wave.



-3-

" For typical Tokamék»barameters, the heating

by the linear proceSS<dcgursfthrough the ion viscosity and
‘the electron Ohmic?dissipatién for a temperature below a few
hundred eV. For a ihighei ‘temperature, but yet if B ¢ 0.1,
the linear héating is dominated by the electron Landau
damping. The Landau'damping,appéar§ becausefofkexistence
of a parallel (with respect to the anbient magnetic field)
electric field in.‘the kinetic Alfvén wave. The ions may |
be heated nonlinearly ip'thié regiﬁe depehding on the
wave amplitude. If B exceeds bml, the ion Landau damping
can'becqme comparable to éhe electroﬁ Landau damping and
the botﬂ specieé?are‘heatéd equally.

| Because'tﬁe Qollisionless heating in the present
scheme depends on ﬁhe‘existence-of‘a pdrallél electric
field (which is accompanied'by the kinetic Alfvén wave
due to its small perpendi@ﬁlar'waﬁelength), magnetic
compreésion isxuhnceééary:aé inlthe_case of the transit
time magnetiC'pumpingle Conéequently the present heating
‘rate is faster than that in the transit time magnetic
pumping by a factor of gL, 'In,addition,'because the
pefpendicular'wavelengthiinrtherTesent scheme (wpi) is
much smaller, plasma losswaQSOCiated‘with the heating is
expected much smaller.

The~non11n6ar'héating»occurs due to parémetric

decays of the converted kinetic Alfvén wave. .In the present



work, we consider thefdecay pfOCessgs'where‘the‘pump
kinetic Alfvén naveidecays_into;an~énntnér kinetic Alfvén
"wave plus an ion.acoustié'naVe;fwnich, depending on the
temperature»ratioA$e/Ti;'ganAbe either weakly or heavily
' damped. Both resonant decay (T, >> T;) and decay through
nonlinear ion Landau damping (Te's 5Ti) are considered.
It is found that, owing tp'its short perpendicular wave-,
length (A = ki‘cg/wgi yﬁd(l)); the parametric coupling
‘coefficients are larger than the classic values obtained
under ideal magnetohydrodynamic approximation by a factor

'iwci/QA. Here, wci-and‘QAlare; respectively, ion cyclotron
and kinétic Alfvén wavé‘frequencies. For typical Tokamak
plasmas, the extefndlly applied field only néeds to be of
several tens of gauss to'ovércome the threshold cnnditinn.
Both electfons and ions are heated in the nonlinear
processes; | . '

We further_poinfidut that the threshold amplitnde
of the external field (before the mode conversion) for a
parametric decgy is much higher than that of the Kinetic
Alfvén wave, hence nndésiranle surface heating by a
direct nonlinear coupling of the external field is inhibite&.

We present the mode conversion process in Sectibn q
IT, the linegr_ansorptiqn4n§qhanism in Section III,.the
nonlinear‘absorptidn"mechanism in Section IV and concluding

remarks in Section V.
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II. RESONANT MODE-CONVERSION OF ALFVEN WAVE
If an ideal*set-df'magnetohydrodynamic equations
‘are used, the wave’equafiohﬂin-a honuniform plasma for the

X component of"the‘plasmamdisplacemént vector £ can be

written8
d echg , dgx_ | |
& (s =) st (1)
aky BO - € X : |

i

1.

In this expression x*axismié‘takeh in thc direction of the
nonuniformity, z axis that.of ‘the ambient magnetic field
By and .a perturbation of.a“form‘ﬁ#(x)expi(kyy+kzz—wt) is
considered. € and”ajaré-functionsof the background plasma

parameters,
2 2 52
e(x) = &™mingu, - k; By
2 (2,2 2
=By CwJ/XAM- Bp)oeo (2)
and
- 2 2
- il f “YBK, vV
ax) =128 (2T WY

where m nO"“O’ 7,’B;TYAeare*respectively, the ion mass,
the 'plasma number .density, -the space-permeability, ratio
of the specific heats,;pressurerratio-of the plasma to
the magnetic field (= QuéPZBg)Hand'the Alfvén speed

-1/2 o

)=1/2] | .

[= By (ugmyng
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If we assume that the freqUency w and the
.parallel wave number‘kz are fixed by the structure of
the external source,‘e(x)’can'in.general become sero
at a certain value of x(— Xg5). At therpoint Xq, the
applied frequency resonates ‘with the local Alfven wave,

" The solution of the wave equation 1) near the resonant

‘point x, can then be written,E3
Ex ='c tn(géxo),' x_>'~xO A?
‘=cc(L11lx-xol +'iw)3 r < Xqe (4)

The imaginary part in this expression appears
through the analytic continuation of the solutions in the
ranges-x > Xy and X < X4 ‘and represents the resonant
absorption of the external perturbation by the plasma.

The absorption rate can be shown8 to be almost a hundred
'percent if ky is chosen to be one over the scale size of
the plasma. nonuniformity, (= d tan o/ 9x) .

The logarithmic 51ngular1ty appears because of
the fact that the 1dea1 magnetohydrodynamic approyimatwon does
not allow a propagation. of the (shear) Alfvén wave across the
magnetic field. Consequently it is expected that if a
finite Larmor radius correction‘is introduced, the fact .
that ions can no longer be tied to a magnetic line of |
. force will enable a propagation across the magnetic field
and eliminate the singularity. That is, the solution (1)

1s no longer valid within the'rangerlx-xol‘s pys» Where



P

Ps is the ion gyroradius. .Effect of finite electron

inertia can also COnfribufe,in,the same way and»eliminates
the singularity in the fapge-1x-x0[‘s pé, where p, = :
pi(Te/Ti)l/z, and T, and T are electron and ion temperdturés.
To take these effectsfihtovaccout, we have to use kinetic
equations. We-cénsiderienly{the mode conversion process
here,Aheﬁce we igﬁorendissipative effects. We use the

Vlasov equation for ions and‘the‘&rift,kinetic equafion

for electrons. | ‘ o

The linéarized‘Vlasov*equation for the perturbed

distribution function of ions reads ‘ 4 .
o cee, o a0y
1 . 5 . e . : '
ST OtY TSzt (BXE) - v
~ . I . » . .om
, €& Sy afi .
tay (XB) » 5~ =0 (5)

where 3B/d3t = - VXE and E is the wave electrie field.
. The'unperturbedfdistributipn function is given

by

U Nl S



N

with fo(v).beingEthe<Mane11‘distribution;with the ion

‘temperature T; and .g.being a function representing the
plasma nonuniformity in the x direction.

- The perturbed distributlon function of -electrons

obeys the drift kinetic equation,l1

af . ,E . B
S +v . €+ ( v o=
3t Y By 2By
af<())' | f(O)
o S = - B, = o. (7)
- dx M 7z v _

Z

For the field equations, we assume a low but

1/2-

is convenient to use the fact that magnetic compression by

finite p plasma with B~ (m /m,) In this regime, it
the wave is.négligible,'which-énables one to use a scaler
potenfial @ to express the perpéndiqﬁlar components (x,

y components) of the wave electric field,
E,=-V9° , '1A ‘ 8)

since this choice makéé‘(zxg)g = 0. Because the wave is
electromagnetic, however, we have to use Ez which is not
equal  to -'é@/bz.' Fpr‘Eé, we. hence use a differeht

poténtial; Vs |

R PR (9)

E,
o Bz

and ¢ # W.le
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The potentials: ¢ and.¥: mus:t: satis.f.‘yf suitable: field. equations.
Following: Kad'om't's:év;}z"' we: take: Poisson!s: equation:
BQW' - e:

By 1 & (o,

; ( 10 )
Eme- .
oz 2 ‘

and Ampé re's: law- in thez zz direction:

(VXEQZ =&, Fdep (11)

i Mo

which after- subst ii:u;ﬁtihg; aB/at == — U E. reduces: to

3 2 L& [ -
297 (=¥ =ppy.— Udr . +JT > i - (12)
dz 1. O: 3t 1z ez: /.

In these: expressions:. the: number- density-n- and. the current

density J are given:bywthe: distributiion: function f7

M3 == Mo: j £3av (13)
and.
mo—any | veee . (x1)

The set of'equatioms: from: (59, to: (149 describes: the. electro--
magnetic. waves in: ax m'a»g-tje:tohydi‘rod:yn'azmi'cr frequency range ’
without. restrictionss tor the: size» of” tpe; perpendicular wave--
length (but with a: restriction: 6tfi‘ no compressional. magnetic
fieljd perturbation).. |

To study tHe- resonant:mode - conversion of the: Alfvén

wave, we make some further-simplications.. First we-assume



‘a freduenéy rdnge which 1s.smaller than the ion cyclotron °
frequency. This allbﬁsiﬁs.to.uSe'the quasi-neutrality

condition and Eq. (10)-bécomesv

Next,wé assume that ky, the wave numbér perpendicular to
the magnetic field as well as to the density gradient, is much
smaller than pil' and that the scale size of the density

gradient is much 1arger than the ion gyroradius, so that

52; >> kyK pl : o (15)

‘This assumptiqn allbws'usvto‘ignore the ﬁerm vy/a>ci in g
in Eq. (6)‘which is equivaiehf to the neglection of a
drift wave.

_Finally,we assumeithét the wavelength in the x
direction near .the mode:Convéféion point is small but larger
than the ion gyroraéius;sb fhat we can expand the wave
_equation in the power ofvpid/ax.l3
| With these assumptions: Fourier amplitude of the

. number density.and the current density perturbations- are

given by

en i

%{.[l;%pi_] (gx)

S - -
oot +Btlgy, (16)



< - Pey, . oan

k ~ S
Z . . .

and

o pe @ _ . |

In these expressions; the»ion and the electron plasma

frequenciles, and‘wpebareAconstants and refer to the

pl
values at the maximum plasma density where g(x) is normalized .

Te
thermal speed, respectively.

to unity, c and v.,_ are the speed of light and the electron
To study the;resonént’mode conversion to the .
kinetic Alfveén wave, we coﬁsider'only near the resonant
point X=X where w? =‘k§ Yi/g(x=xo). We can then further
.simplify the above expressions using the assumption of a
lpw.B plasma so Fhat Y§.>> dg =‘Q?%mi, This assumption
eliminates'a'possibilityiof=a simultaneous coupling'to the
Ion acoustic.wave.. The anefeqﬁation can then be derived

by elimihating'w from,Eqs;.(lO!), (12) and (16) to'(19),



.where the AlfVén speéd v2

-and-

2 3 2 T

@ 2 4 a® 1% 2 <1> ( do
7 I P 3t T P1ax/\B
< kz VZ LI dx3 ax© 8Tt 1.ax dx

| 2 w2 >1 :
+[dx(_2.g_>___-k <22-1—|q)=0’

k. vA
(20)

A is that of the maximum dehsity

and g 1s normalized by unity. :
We can immediately riotice that if we put py 2O

in this expreésién,"the wévetéquation reduces to

g% [s(x) %% ] - ki' e(x) 9 =0, : (21)

" which has an identical structure to the magnetohydrodynamic

wave equation (1) near e = O. It is also noted that in a

uniform plasma, g = 1, Eq,'(20).giVe§ two decoupled wave

‘equations

vi e =0, I o (22)

[+° 5 :+< =) s

2 3. Te 2 o
where p° = (f + TI).pi . ky << d/dx 1s used in Eq. (23).
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Equation'(22) represents a Quasistatic electro-
magnetic perturbatidn (cut off mode) associated with an
external source. In the absence of a source, this wave
equation represents a surface wave. Equation (23) is the
wave equation for a body or'buik.wave, fhe Alfvén wave with
finite ion gyroradius and finite electron inertia correction.
We call this wave the kinetic Alfvén wave.

: We can thus identify that Eq. (20) represeuts a
coupliﬁg betweeﬁ a surface magnetohydrodynamic mode or an
externally applied electromagnetic perturbation and the
kinetic Alfvén wave. From Eq. (23), Wwe can see that the
kinetic Alfvén wave propagates, after the mode conversion,

. . .. ' 2 2 2 .2 . '
to a higher density side wherek, Vi (x) < ko vy (x=xo), as

14

analogous to the case of the Bernstein wave.”

To study the mode conversion, we must specify
thc actual denesity profilen Because the wave afller the
mode conversion'is'expected to propagate in fhe higher
density side, .the solution depends either the converted
wave can propagate all the way across the plasma column
or dissipates signit'icantly before it reaches the other
side. As will be seen in the next sec¢tion, damping of thé
kinetic Alfvén wave per waﬁelength is shown to be on the
order of 10_2, hence if the plasma size in the x direction

(or r direction in a cylindrical plasma) measured by the



_ b

ion g&roradius-is at least 1@2, we can assume the plasma to
be semi-infinite in the x direction.
As a simple example we take a linear profile for

. the plasma density such that .

g(x) = xx +a, L (2h)

where x is a normalized disﬁahce whose origin is located at .
the resonant point where g(x=0) wg/kg v§'= 1, or acpe/Ki Yi
4 ‘ _

=1, with O < a ¢ 1.. Equation (20) is then reduced near

X~ 0O to a simple form

o] + xxE_ = En, 25
dx2 R o) p
where
2 .2 . ‘
k- v, T A
2 A 2
= (Bt ) o )
w i
and
B o=-22 | | 27).

b}

E, 1s an 1ntegration‘constant representing a nominalvvélué.

0
of E, at a large negative xn'(Ex associated with the external
squrceffield). ,

In the derivation we also assumed that | dg/dx/g |

<< | dp/dx/9 | , that 1s, the variation of the wave amplitude
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1s much faster than the variation of the density (WKB
approximation). The wave equation of the type Eq. (25) has’
béen.studied extensively in relation to the mode conversion
of the electromagnetic wave td the Langmuir wave. It is
well'known that the solution can be expressed in terms
of the Airy functions.>?

If we introduce a scale length
2, 1/3 | .
A= (02/0)Y3, | (28)

and use a normalized electric field intensity

- R
X 0 ™

the general solution is given by

B —--E—”—"Bfﬁ' o (29)

B, = cyA; (-x/a) + cgB, (~%/8) + C; (-x/4), (30)

where Ai’ Bi are Alry functiéns ahd Gi is a function involving
integrals of A.l and Bi.ls |

Because we copsider here a plasma which is extended
to a semi-infinite dbmain in the x > 0 direction, the suit-
able boundary condition for the kinetic Alfvén wave is to
accept only the right going wave (no reflection at x - =)
and that which hés no divergehce at X - - o, Wé can find
'then'cé = 0 and cl'= i. The asymptotic solution for
|x/A] >> 1 can then be written as
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for x < O.

In the above expression,

the flrst term in Eq

(31)
3

(Ql) represents

the kinetic Alfvén wave and. the second term as well as the

express1on in Eq.

{319 the 'source field

As is expected the kinetlc Alfven wave propagates

-in the hlgher density 51de (x > O) of the resonant point as .

-can be seen in. Eq. (30) In Eq.

(30) it is worth noting that

the first few peak amplitudes of the k1net1c Alfvén wave

after the mode conversion are given by E (xp) 2/3 with

effective wave number of (x/p2)1/3

resonant point, say at_xﬂ»‘xfl

2

while away,from the

,> the amplitude and the wave-

number of the kinetic A1fvén wave become Eo(xp)__l/2 and -

1
H

p-l{frespectively.h

The qualitative feature of the mode

converted kinetic Alfvén wave is shown in Fig. 1.

We can see that: the .solution for x ¢ 0 is

1dentical to the one obtained under the ideal magnetohydro-

dynamic approx1mation.8

Hence the plasma impedance,
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consequently the absorptidn rate, seen from the external
circuit remains to be unchanged from the previous magneto-
hydrodynamic calculetibh.B

On the-other hend when the converted wave is
reflected at the other side of the plasma the solution7et
x <0 is modified from the magnetohydrodynamic result and
the external plasma impedahce changes accordingly. However,
it can be shoWn again that if the e-folding distance of the
converted kinetic Alfvén wave is emaller than the plasma
size, the plasma impedance becomes»the same as the magneto-
hydrodynamic result.”

B In condlusion, if fhe"mode eod&erted wave dissi-
pates well inside the plaSma”the ebsdrption rate is inde-
pendent of the dissipation:mechanism and remains same as
the result of the magnetbhydrddynamic“celeuletion; the
"absorbed energy is apprnximaté1y Bi/?uu : O Sor eaon
cycle of the oécillation. ‘ - e

Detailed physicel dissiﬁation.ﬁechanism of the
kinetic Alfvén wave which w111 be presented in the next
two sections give processes in Wthh the ab;orbed energv

is eventuallv thermallzed bv each qppﬂlps

ITI. THE LINEAR DAMPING OF‘THE KINETIC ALFVEN WAVE

' We haVe seen in the previous section that the
kinetic Alfvén wave is excited by the resonant mode con-
version. of an externally‘appliedﬂosciilating electromagnetic

source. ' A natural step to be foliowed is to identify the
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physical dissipation mechanism of the kinetic Alfvén wave;-
For this purpose,'we_now take a uniform plasma but intro- .
‘duce‘dissipative mechaniem to the.hinetic equations for
both electrons -and ions;"It is convenient to divide into
collieional and collisionless regimes depending on whether
the collisional damping dominates over_the Landau damping
or vice versa; |

in the»coiiisional regime, the damping due to ions
is the ion viscous damping and.that due to electrons is the
electron Ohmic dissipation.‘ The former diseipates the per-
pendicular eiectricf fieldienergy while the latter the
parallei electric field energy The collisionless dissi-
pation is the Landau damping of the parallel electric field_‘
both by electrons and 1ons.. ThlS aspect differs from the.
tranSit time magnetic pumping where the collisionless
damplng is due to the magnetic trans1t time damping which
idiss1pates the compre551ona1 component (z component) of the
magnetic field.

To study  these dissipative'processes, it is con-
venient to stud& the detailed properties of the kinetic
'Alfvén wave without festricting”to'the‘size of the perpen-
‘dicuiar wavelength ae weli‘as without neglecting the coupling
to the ion acouetic wave . - This can'be done by.including the
Fokker-Planck collision term in the right hand side of the
Vlasov equation16 and recalculating the number den81ty and

the current den31ty perturbatlons,
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en ' -
1 - . ?-gl[l - I )e 1_’ ®
€0 ve. |
4 Ti
> N << 1
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we
v L
Ti 1/2
me- k2 =
+ BE 1000y )e T(1-18y) ¥, » (161)
© -
en m2 |
€ _ P f14im. N ap - ,
€0 "-.;%- (1+i8,) ¥ 5 S (A7)
: Te _ '
w2 k ‘l‘ '
wodig = ;%‘ o To(yg)e “(3-185)¥, | (187)
5 o .
fge W fmase N < 101"
bolez =~ Bk, (1HG) ¥ ~ (19')
cTV z ' : ,
Te
where ) = Ko pe. Here, T.(n;)is the modified Bessel function
MNT Ry Py oM.

of the first kind .and Vii;is"ﬁhetiondionfcollision rate.
61 and 6é represent fractioﬁal:damping'rates by ions and
electrons.»'In a collisional‘regime‘ﬁe is given by

6

v _ ‘
el : P
. < 5, . (32)

(EiVTey
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where Vet is the electron 1lon eollision rate. The iqn
viscous damping is shown in the term propertiorial to Vig

in Eq. (16'). 1In a collisionless regime,
=2./7 B -3/2 exp ( By ) . - (33)

‘s" s Bil/e(T /T )1/2 (m, /m )1/2 | (32')

e

where Biis‘defined for the ion pressure,ﬂiw=2vTi/vA2 and that

at the resonant point.

The Landau damping may be reduced in a toroidal

'plasma due to the trapped particles'in the local mirror
' field. - ‘ ‘”  | |
| '6's obtained above do not by themselves represent
the'fractionai heating rate of the species 5eceuse different
components of the fieids afe disSipateq. To obtain the
phase and amplitude relations among different components of
.the field and. also to study'the_modé strueture in this
frequency“range‘including‘the‘ion acousticvwave, we
rederive here the dispersioa relatioﬁ'ﬁsing the eharge'and
the current densities'obtained in Egs. (16') to (19').

| We again ignore for these purposes From the

‘ quasineutrality condition, we have

2 . -2 -
Ay ¢ o Y
(—L——Ie l-f%g)xﬁ-—éﬂ‘(l-loe Yo =0,
Vpe - Vp '

[
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and from_the:Amperé's‘law; o
(ﬁ_z.le'%i _R_g-g—-é-+1>w-q> 0. (35)

The argument of the Bessel function is a5 (= k pi) The

dispersion relation is obtained by eliminating ¢ and ¥,

2 2

I.e - 1l - - -I.e
0 2 2 2 2 ( 0
. . k, Cs , "kz Va ;
- (1= b |
aea- <1 Ise >, (36)
z T1 -

where c, 1s the ion sound sbeed,~(Te/mi)1/2. Equation (36)

shows c¢learly the linear coupling-of 'the ion acoustic wave -
(zero of the first parenthesis) and the Alfven wave (zero
.of the second parenthesis),_ For a lon B plasma the coupling
is weak and the dispersion relation for the each mode
becowes approximately, |
wej‘.‘. Xizl.;¥nfe : ,
Tzl YA /R | (37)

z A 1-Ioe

for the kinetic Alfvén wave and

i P (38) .
Z S
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for the ion acoustic wave. It is intereéting to note that

the frequency deviation due to the finite ion gyroradius

effect,_xi,is positive fof:the Alfvén wéveeand negative for,"

the ion acoustic wave. The dispersion relations for small

and large xibecome for the kinetic Alfvén wave

2 _,2 2 2 2 | '
@” =k vy [1 + k (3/4 +7 /T )J
for )\.1<< 1 , _ (371)
- k2 2 2 2 N
= kz A kx.pi (1+Te/:i)

S for ag>> 1,

and for the ion acoustlc wave,

2 _ .2 2
w = kz.cs (1 - k ) (i + p T /T‘>

for x1<< 1, -~ (381)

2 c2
Z s

k
- (14T /7, )t
€0 71
Va;;ekx Py
for xi>> 1.
Using these relations, we can obtain: the phase and amplitude

relations among dlfferent components of the wave fields.

We list below this relation”for‘the kinetic Alfvén wave
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Ex = - ikxw .
= - 1k
E, 5° -
_ T . ThAy .
'E, = 1k, T‘i (1-Ige )@ - - (39)
kk o T -A
_ g oy [ e (1ore b ]
B, =1 L2 1% T, (1-Ige  7)
k._K_¢ T Ay
—-i X 2 & (1-
By i [l + T, (1-Iqe ) ]

Because kx ~ p-i >> ky >> kz,'we'see that the dominant

field oornponents’are-.Ex and By; In a toroidal plasma they
correspond to radial electric field and poloidal magnetic
field. It is aiso impoftant'tovnote that tne wave accompahies
an electric field in the direction of ﬁhe ambient magnetic
field. Another important point to.note is that the field
amplitude is enhanced compared‘wfth that of the external

Source. For example,lf we take the y component of -the wave

magnetic f1e1d By; from Egs. (30) and (39) we see

) T
1l , e .2 2 ‘ :
| B, | ~ ——=r=x <l'+ -— k_p A> IB o | (40)
, y (KP1)2/3 T Ti x. if sy _
near the mode conversion region
| B | "”'—17"2 1 + >|B I (u41)
Y. , (Kpi) N\ X -

~ away from the mode conversion region,

whére Béy is the amplitudeiof'the source field.
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R R § th
If we take a Tokamak plasma x~ r =~ ~ 10 Py hence e
y component of the wave magnetic field can be enhahced by

a factor of a hundred near the mode conversion point.
Using these results, let us now calculate the

actual heating rate for each species. In a collisional regime, .
the ion heating is dominated by the viscous damping of the

transverse component of tﬁe wave field. The heating rate’

"1is given by
3 -1
Ny g =3 Re(I-E*)y .
2 2
2 ed F"x-I Pn 3
0.7 vyy(kepy)© - 3 for k.p; <1
. [4)) .
B S ci
2 2
E.|° o
-1 EO' x' . “pi
0.9 vii(kxpi) 5 5 for k. p; >1
ci

(42)

and pi/mci are all functions of x, the .

Because k_, LEXI
heating rate varies as function of the distance away from
the mode conversion point, X = 0. Howevgr;the variations
tend to.cancel -among each other and the peating rate remains

roughly constant and is given‘apprdximatély by

ar, 1B, ()P

o~z v

ii 2”0 . A (421)

where By(x-l)zis the value of the wave magnetic field at

-

xTE 1"giV9n by kq. (41).
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The electron heating in a collisional regime is

governed by the Ohmlc dlssipation of the field aligned

current,
T 1
Ny qt = 7 Re(J,E,)
- 2 2 2
T . A2 eqlE T @S, o .
= Vv . 81l (1-T e ) 20 7x' Tpi I
el T x: (1-1, ) 7 5 = (43)
' Bet *z Ve

If we compare this heating rate with;that‘of‘the ions in

Eq. (42), we see that |

de/dg ﬁ'/T )(mz/k Te>

dT,/dt Yii

1/2 _)3/2 ] .
<:i‘ <$§> %? : (ulty

For most Tokamak parameters, this ratio remains order

unity. Hence, in a collisional regime electrons and ions
are heated approximately at an equal rate. However,electrons
are heated in the parallel direction while iorsin the:perpen;
dicular direction.

In a collisionless regime, the linear heating
occurs due to the Landau damping. Hence,particles are
heated in the parallel diféetion;‘nOdT/dtw»‘Re(JzE;/z). The
Landau damping rate for trapped ele@ﬁrons by a local mirror
1s reduced by the bounce motion. We assume here fOr‘simplicity
a case of a straight magnetic field. The heating rate for

lons in a collisionless regime is then given by



aT, )2 I oo -x 0€o|Ey 12 gi '

Ny I Bi ('—' ——(1-Ige *) .2 -
- DPci

(45)

where as before:Bi(='éonst)‘is?défined for the plaéma.
parameter at the resonant poinﬁ and.Si is given by Eq.
(33). Other quantitigs-except w4isﬂa.fuqction of positiod.
A maximum heating is achieVed*at jif~ 1. | A

" The heéting-rate{for_electrbns in a collisonless

‘regime is given by

' o o2
4T T : 2 By | | -
e _E.l _ 6] 01
ny % = ® 5, ) )\1(1 Ioe,, —5 2 (46)

: : .-Ci.<
where 6 s given by Eq. (32r). | in'Eqs (45) and (46),
so|E |2 2 /m /2 can be approximately be identified as
the wave magnetlc‘f;eld.energley/Quo.

The ratio of the heating rate for ions and

electrons in the collisioﬁléSS‘regime becomes.

_ . ) ' -Xi ' " o
Ve el A RN
/T " ——= - (47)

1/2 a (3/2
<2““> (=)

for ‘.mi<< 1.
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The factor Qlon the ion heating rate appears because the
fon Landau damping iS‘possible only through the coupling
to the ion acoustic wave. This ratio is négligibly small
for a low B plasma, that is only electrons can be heated
in a low B plasma. However, when Bi approaches unity, the

ratio becomes order unity. For example,if Bi = 0.2,

T,/T; = 2 makes this ratio unity and the corresponding
value of be becomes 0.13. Because ol Lhe trapped parlicle
effect this value of 6, is an overestimate. The true
damping rate will probably be .an order magnitude less.

IV. NONLINEAR DAMPING OF THE KINETIC.ALFVéN WAVE

In this section, we consider nonlinear heating
processes due to parametric decay instabilities excited by
the convefted~kipetic Aifvén wave. - Here, we are interested
in the decay proéesses where the pump_kinefic Alfvén wave
decays iato an andther'kinetic Alfvén wave and an ion
acoustic~Wavé; Thé ion acoustic wave can be either weakly
or heavily damped depending'on‘the température ratio Te/Ti;
In the former case Té >> Ti,reaonant decay occurs. .In the
latter case T, N 5Ty the decay instability is made through
nonlinear ion Landau damping; i.e., i1t is an induced scattering f
process. Both these two casesvafe COnsidered here.

In order to illustraté»the.physics more clearly,
we adopt a simple model ofja.ﬁnifofmﬁlasma to which a
self-consistent pump wave oo(k,t) (the kinetic Alfvén

wave) of the following form
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wo(f’t) =3 [¢o?xp[’i(wo£+§o;f)l +e.cl, | 8

iS'appliéa,' Here,(wo; Eo) satiéfiés;the linear dispersion
relation for kinetic Alfvén waveé givén=by'Eq.i(37). Effects
due to nonuniformitiss and spatial localization of the

pump wave will not be discussed :in the present work. The
pump field P is assumed to be sufficiently weak so that

only interactions up to 0(|¢0|2) need to be kept. Further-
more, since decay instabilities éfé considéréd here, we

ignore the upper sideband as being off-resonant and only

discuss the couplings among theApump wave (% wb,tk the

<o)
lower-sideband (w_,k ) = (w W s k ko) and the low
frequency wave‘(wS,Es). Note, again, (%wo, iEO)'and
(mf, E_) are kinetic Alfvén waves, andﬁ(ws, Es) is the
ion' acoustic mode. For low-p plasmas, Imol ~ Ikszl >|wé|
~ |k csl. To further simplify the analyses, we make the
additional assumptlons that lklp | < l. and T /T > 1, so
that we need only keep the effects of finite. electron
inertia. The dynamics of both;species are then described

by the following drift kinetic equationJ -

df, - df, -,
—J—+VZ——J-+V1- (vf) ( > [E +(v ) ] —d = o,
ot oz ~ ] 3 dv,
where ‘ ' L   : . T (B9)
Vig = (ygtvptvg) . I =e1, - (50)
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2, )
with vy = ExBy/By » Vpy = (m/qu)J (dE,/dt) and vy =
vzgl/BO. fj(f,vz,t) is the drift distribution function
and other notations are standard. Note here, é% contains
i s a4 3 .o
a convective term; i.e., g+ =3¢ + (X,Z).

"~ Let £, = f(g) + f(§) +3f§L'apdfusing'the.two

J .
potentials ¢ and ¥ defined.in Egs. (8) and (9), we obtain

the linear response f(§) as

and

oY <~
2 af(i)/sz

O)m + ¢ v, - (52)

f(%) = - i f(i

S Vz —ay z
where ¥ = e¥/T_, ¢ = eq/T_ and X = Ko ce/w? Equations
- c’ T Te ) 1. 73" Fci - -

(b1) and (b2) are valid for both kinetic Alfven and ion

acoustic waves. Note, however, since (w kS) is an

S
electrostatic mode, ¢, = WQ;.while for the kinetic Alfvén
modes, (w_, k_) and (wy, Ky)» ¢_’0:¢.¢rro.. |
In dealing with the nonlinear analyses, let us

note that becaﬁée the kinetic Alfvén:wa;es have X ~ O(1),
our results are, therefore, vaIid’in,tpe regime X >> wo/wci 3
while the classic magnetohydrodynamic'results-of Sagdeev and
Galeevl 'are valid in the opposite Iimit. The details of

nonlinear interactions are différeht,fér the different

modes as well as species and will bevtreated separately..
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IV. A. Ion Acoustic (ms,ks) Mode

| Since we are interested iﬁ either the resonant
.decay to the ion acoustic mode or the induced scattering
decay wﬁénithis mode is heavily damped, only nonlinear
perturbations up to O(lmol) need to be kept here; i.e.; we
(2)

only have to calculate f* Fdr the electrohs;‘lmsl,

lwof << w,, and lk ‘1 <<”|klp | <1, Ype thus, caﬁ be
neglected. The dominant nonllnear contrlbutlons to f(2)
is then found to Originate from, referring to Eq. (L49),
the v, [v (O )f(l)(o ) + (0 & -)] term as well as the
(a/m), [[v (0)xB, (o )1 e, + (0 2-)) (af(o)/av ) term.
Here, we have denoted O (mo, o) O = z (o_, k ) and

= (g, k). .Wlth.lwsl << ,kzs Te,’ f(i)(gs) is given by

f(i?(gg) ~ f(g)[$£(9$)+ V5(Qs)]; (53)

where ?ﬁ corresponds to the v f(i) term;

: 2 . -
- ic ' TRpeA_ (T ,)
Vo (Q.) = —S— (k_xk.)"e [Jlox 0
- Sirolin) ]’?6 % (54)

‘and Yg corresponds to the vexB, term;



w

ok A80) 7o -
- ] P_Py -
(55)

In deriving Egs. (54) and (55), we have made use of the
fact that OO and (_ are kinetic.Alfvén waves and, hence,
¥ (or E,) and B, are related 'to ¢ by Eq. (39).

In treating the lons, we note first that because
lw_|, lwol >SS ] KHOVTiJ’ [k”;yTij, X"hQS“negliglble
contribution and, from Eq. (52), £'1) of the kinetic

Alfvén waves is reduced to

; C k. v ~y T
(Do) - - 5250 + Z2 £(9) 22

Q)] rern-g, 0

(56)

Secondly, we note that Vpi‘containS'a;npnlinear term from
4 3 b 5w (2) 2yt -
its convective part,.l.ef.(,axpi --(m/qBo)i(X Y)igl . However,
it can be shown that the contribution to the VL-[vlf].\term
. ~r . L ] l

from véi) £{9) cancels to the order ®y/®,4 with that from

il i

V. f(l).

~E il o
(l) . 3 - v .. 'A ) :

XEfiz term; whlch.corresppnds to.the usual (ZE-Y)VZ

Thus, the onlyAnet:cddtribution comes from the

v
i
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convective nonlinear (ponderomotive) force term in the
parallel (to §O) equatiop of'motign;"Aqothef important
'non}inear contribution comes. from the (XEXPL).SZ term,
similar to that of the'eléétrons.{3Cbmbining these non-
linear terms, we obtain | |

2£(0) /3y |
r8)o) » 2 L2 (3 (0,) + ()], (57)
o i o

]
VZ wS /kZ s

where Wc corresponds to the'v"[vEf(%g],nonlinearity and

is given by
2 . ‘ - _
c. - r K__2A k_ 2
- . S : z0"0 z=""=-
v.(Q.) = - 1 57— (k XK. )-e ( - >
c'~S chikzs O ~Z | ©y w_

and WE(QS) is given in Eq (55) Substituting Egs. (51),
(52), (53) and (57) 1nto the qua31 neutrallty equation

[ (1)(()) + n(2 (0, )-{ [ (()) + n(2)(0 )] (59)

we have
25 (0507 = 0 [FR) + e, (O)IFF. ,  (60)

where

e, =1+ TS + Xi ’ - (61)
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» af(o)/év'” 4 . _
Xy = - cgf ——Zav, (62) -
o vzf@é/kZS - '
‘ ‘ e E N o .
A z0 . Tz- ) A -
Ay = k?s ( @ e EX )"—' ZI% © | (63)
o (kxkj):e o
A=-~-1c¢c S —_, : : (6h)
S gwci ; ’
and
F(X) =% + A +Rgh = Rg 1 - (65)

Equation (60) describes the coupling_of the ion acoustic
mode to the lower-sidébaha kinetic Alfyén wave via the

pwnp. .
IV. B. Kinetic Alfvén (wo_, k_) Mode

FOF this mode we have to éélculate both the charge
and parallel current density perturbations to O(IEOIQ);
i.e., f(g}(g_) in order to take into account the induced
scattering process. |

| ''hus, honlinear contributions due' to both
f(§)(9s) and f(i)(gg) must‘béliﬁcluded,' Let us first
consider the electrons. Again, Xpe has negligible contri;

‘bution and dominant nonlinear contributions come from the

X;‘@b)[f(é)(gs) + f(g)(gg)]‘§énn as well as the



ve(Qg) % Bi ( O)] e, term. It turns out, however, that

(2)15 negligible compared to n( ) due to the canceling

"of dominant nonlinear terms; while n(3) 1s glven by

(LA )K_ - 2"
SUBEE oo G P o(20,). (66)

Perturbations in parallel éurrent denSity can then be

obtained from the continuity equation;

7)) = ek, Lrg(@)n" (00) + vk o9y V.
(67)
and . A
A @)z ety () - an® @1,
Z | o (68).

As to the ions, because lw_| >> lk VTll , the
dynamic is mainly in the perpendicular (to BO) plane.
Thus, we can neglect Jzi and, from the continuity equation,

we find the ion density perturbations to be

(2

‘[N, v b) + VE(O In* (O ) + v

oy D) n(l)(Qs)]i/w_ ,

n(i)(Q_)': k

~l- ~E (

(69)
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-and

D @)= kT, TGRS ()

Here, as discussed in Sec. KIV. A), v (2) (O ) is the non-

linear ion polarization drift due to the convective

(v Vl) term.

The two field equations, Egs. (10') and (12), °

including nonlinear perturbations become at O = QO

a(1) 4 a2 032 (1) ~'+'zn"(*§> +03), (71)

g%fvi (o-¥) = g E:, 3? (3(3) * J(g) ¥ J(B) ’ (7é)
1 .

J=e,.

which, after substitutlng the 1linear responses Eqs

(16")
to (19'), reduce to

EA(SL)w—A=_N w i.(lﬁxn)>,[w_(n(?) +'n(§))
A o@_X_ (14

- (1H )k, (J . 43§§)>/9 ] s (73)



"+ wWhere

wherg
,;?A(Q;;) =1 ";-li—;%i (1+7T_) |
| ‘nfz),(3) =~tni(g;).;}h;zg;)i(z){(B)45
and |

Jg),.(h3-)%.a3§§);('3)-(19’)" .

(T4)

(75)

(76)

In deriving Eq. ‘(73) we have noted that‘O is a resonant

kinetic Alfvén mode and, hence, IeAl << 1. Substituting
Eqs. (66), (67) (68), (69) and (70) for the nonlinear

charge dens1ty and parallel current density perturbations

into Eq. (73), 1t reduces to

g - — - -
ea(0)%. = 1,F()% g

g(z) is due to third order perturbations

=2

k _®

k w o

( kzO - kz- >
R
. o) @,

NG Tb),[l _ Kgow. (140)

(77)

(78)

]-

(79)
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and -

‘AA

= Ao X_(14_)] w-a/logk (143_)]. (80)
Combining the two coupled equations, Eqs. (60) and (77),
we then derive the‘fdliowimg‘dispers;on'relation for ‘the

parametric decay instabilities
~(3) 2mgm 2 .
(EA - €(2)>Es = AAAgbf(%)J?OJ 2 ' a (81

where

‘g('z) - 78'(5) + DA F(x)lcpol2 . (82)

With Te‘>>-Ti, thé acoustic wave is weakly damped
and we have the resonant;décay;instability} In thls case,

+ 1yand o, = - + iy,

(3) e Tot on o
e'p’ can be neglected, .Letimé = "

)
)S T

where w_ . and Wy = Wy = agf,samisfwg regpectively, the
dispersion relations for ‘the ion acoustic and kinetic Alfven

waves, Egs. (38) and (37). Equatiom,(B}) then reduces to

deg . Ot | 2 72 (x)l l2
6 ] ‘P

—AL (341,) (7Tg) = 1] 2 (83)
30 Ogp OW o A (1+A )

a.;-_ S 2(1/) N -
) SI‘_ = : SK, R . . (8)"')

Dy @
‘D-S r ’O‘?ST
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,BAF =a_:<l. . - (85)
W, A .
-and FA, Ps,are the corresponding linear damping rates.

" From Eq. (83), we can deduce the threshold pump field by
letting y=0. Well above the threshold field, the growth
rate is given by B

1/2 .

D /) I5-1° N < e
b N® 4 Po [(1+x) (1) (14xg) )
(86)
In deriving Eq. (86), we have let (k ky)ce, = (kxky)-e,
= ki-klo Sin 6 and used the relation ‘between BLO and

9= e9y/T,) expressed in qu (39). The growth rate obtalned
here 1is larger'than that of théhideal magnetohydrodynamic

results due to Sagdeaiand‘Gdleevl7

e ?y a factor of chi/QA.
This enhancement is expected.because, due to the finite

X's, nonlinear effects induced by the ExB, drifts of electrons
and ions do not cancel each other to the order of X in the

case considered here;'whilé only ion polarization drift

(which is smaller than’the‘ExBo drift by a factor EAé )
' : ~om ci
contributes 'in the ideal magnetohydrodynamic limit.

Furthermore, unlike the magnetohydrodynamic case in which
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only the backscattering is allowed, three different types

of decay are possible hereyas illﬁstrated in the w-k

Z

‘diagram in Fig. 2. Note also since F(A\) > 0as 2y - O,
this decay process is pertinéﬁﬁ ﬁo fhe pump wave being a
kinetic Alfvén wave. ” o |

Let us now consider the case with Te;s 5T, such
that thc ion acousntic wave 1o hcavily Landau dampca by ions.
In this case, the decay instability is made through non-
linear ion Landau damping. i.e., 1t is an ion-induced
scattering process or, sometimes also called, a quasimode
decay instability. From Egq. (81), the growth rate 7 1S

obtained to be

~ 2, — = 2. |

- Dy AN F ()\'),(Po, T

N =~ 5 Im [ 2 - + e(z)] =Ty - (87)
~s

Note, from Eq. (82), E(z) does not_contribute to the growth

N~

rate and ». further reduces to : -

N

. B -
N mci_B—l ’ BLO | < Doi >_F2(x)sin29 Imxi
N8 (L) (1) leg

which has its maximum value étxlafl é_l k
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(%) -~ SC_% 3;1 | ﬁ9|2 ( Pei > F2(3)sin’8 T /Ty
- FA.
(89)

Aéain, we remark that (i) the growth rate obtained here is
larger than the classic'magnetohydrodynamic value by a
factorv(i&;i/mA)?, (ii) our results are pertinent to the
pump wave being a kinetic Alfvén wave and'(iii), similar

to the resonant decay instability, three types of decay

aré ?oSsible here (c.f. Fig. 2). Note that the threshold
pump field depend; on FA which, in the coliisionléss regime,
is mainly due to electron Landap damping and, typically,

2). Then for a reasonable choice of other

. . ‘ -2 '
parameters; such as g~ 10 °, mci/wA'" 10 and T, ~ Ty,

. -2
the threshold amplitude of B, (Blo)th/Bo ~ 10 ©., Now,

ry/w,y ~ 0(10

as discussed in Section II.and shown in Eq. (30), with the
pump wave being excited by the fesonant mode coh?ersion,
its amplitude is enhanced by an Airy factor (Kp)-2/3
compared with the externally applied field. Hence, even
with an applied field of several tens~of gauss, the
kinetic Alf&én wave will have an amplitude of several
hundred gauss which can exceed the‘threshold value with

BO in the order of 10 K gauss.
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Based on these findings, we can make some
important remarks on nonlinear surface heating problems[
For a realistic application of a RF heating concept to a
reactor plasma, one of the basic question is the power
penetration into the core of the plasma. When
the externally applied RF field has a large amplitude,
nonlinear interactions at the plasma surface tends to heat
only. the surface area and inhibit the power penetration.
This problem will not arise in the present heating scheme
because (1) the amplitude of the externally applied RF |
field is much smaller [by a factor of (xpi)l/g] than that
of the kinetic Alfvén wave, and (2) the nonlinear.coupling
coefficient of the external field to the ion acoustic wave
is also much.smallef_(by a factor of wo/wci) than that

of the kinetic Alfvén wave.

Finally, we discuss the effects of finite ion
Larmor radius; which so far have been neglected to simplify
the analyses. As 1s well known, finite ion Larmor radius
has the effect of reducing the field experignced by the
ions by a factor Io(xi)é-xi-z_l = Ay fora, = ki p? < 1.
Thus, the'gxgo currents of elcctrons and ions do not cancel
each other to the order of A;- It then can be shown that
the only modifiqation of finite xi ﬁo the results obtained
here is that there are additional terms of O(xi) in the

expression of F(f) and the main features of our results

remain unchanged.
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Effects of orbit diffusibn become important
when the spectrum develbpes into a wide range. They con-
tribute to an additional dissipatioﬁ mechanism. These
effects wiTl bé discussed in a separate paper.

V. CONCLUDING REMARKS

' We have shown that an externally applied
oséillatihg magnetic field can be.absorbed by a non-
uniforﬁ'plasma at the Alfvén resonant surfacé."The absorptioﬁ
is due to a linear mode conversion of the applied oscillating
magnetic field to the kinetic Alfvén wave. In a toroidal
plasma a kinetic Alfven wave propagates almost parallel 1
to the ﬁégnetic field and into a higher density side
spiraling along the toroidal direction. Plasma is heated
ﬁhen this kinetic Alfvén wave is dissipated by various
physical processes.> We have shown that the wave can be
dissipated both linearly and nonlinéarly by plasma particles.
Both collisional and collisionless damping can be con-
sidered as.the dissipation mechanism. When fhe plasma
temperature is low, typically below a few hundred electron
volts,'collisiOnal damping takes place. Collisional
"~ damping by'ions originates from the ion viscosity.and per-
pendicular field energy is dissipated. This will lead to
an increase of perpendicular ion temperature. The viscous
dampihg is maximized here because the perpendicular wave-
length of the kinetic Alfvén wave is com@arable to|the ion

gyroradius. Collisional damping by electrons is due to
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Ohmic dissipation of parallel component of the wave electric
field. Electrons are heated 1in ﬁhe(parallel direct on by.
this mechanism. We have.found that, in the collisional
regime,:thé heating rate of‘electrons'and ion "are approximately
the same. |

In a collisionless regime the linear heating
occurs due to Landau damping'of the parallel component of
the electric field by both electrons and ions: When B is
smaller Lhau O.1, eléchon Landau damping domlnétes. However,
when B is larger than 0.1, ion Landau damping dominates.
Electron Landau‘damping is reduced due to the trapped
electroﬁ effects, however, the damping rate due fo the
circulating electron is 1argé enough for the wave to be
dissipated in the plasma. |

If the applied»oscillating magnetic field has an
intensity larger than a few tens of gauss, nonlinear
dissipation of the kinetic Alfvén wave is expected.
Because of the spatial resoﬁance effect, the externally
applied magnetic fiéld is enhanced near the resonant point
and the kinetic Alfvén wave, ﬁhich is excited by the mode
conversion at the resonant poiﬁt, carries this enhanced
amplitude and propagates into the plasma with slowly
decreasing amplitude. Away from the resonaﬁt point, the
mggnetic field'amplitude oféthe kinetic Alfvén wave is

)-1/2

given approximately by (xpi times the externally

applied magnetic field amplitude. This enhancement makes
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the nonlinear pfocess to occur more easily. The nonlinear
process we have considered is a barametric decay of the
kinetic Alfven wave into. the" ion acoustic. wave. ‘It was
shown that when ‘the e;ecfroh temperature-is much larger
- than the ion tempefatufe, the reséhant three wave decay
can take placé, while if the elec¢tron témperature is com-
parable to the ion temperdture,'hbnlinearvion‘Landau
damping can occur. 1In either cases it is:expected that
both‘eieétrbns aﬁd'ions arevheated approximately at an
equal rate in this nonlinear process. Here, electrons
are heated by the iinear Landéu damping of the kinetic
Alfvén‘ﬁave and ions are heated by linear and nonlinear
Landau dampirig of the éxcited ion acoustic wave and the
kinetic Alfvén wave respectively. In the derivation of
the nonlinear coupling coefficient, we have found that the
parametri¢c decay is poséibig_Snlyfwith a pump with a
finite perpendicular wavelength'fbr'a réasonable.range
.of'plasma‘paramefers and amplitude of the puﬁp. .This
finding is very important in the application to plasma
heating because it indicéteé fhat uddesirable'sUrfacé
heating hy a direct honliheér coupling between the applied
field and plasma is inhibitéd; =

In reality if the damping rate of the kinetic

Alfvén wave is large enough so that the kinetic Alfvén
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wave completely dissipates before it reaches to another
resonant'point at~the.§ther‘side of the plasma, the S
absorption rate which’is dbtainéd from the magnetohydro-
dynamic calculation gives. the correct energy disposition
rate. Because the wavelength of the kinetic Alfvén wave
is on the order of the ion gyroradius, this means if the
fractional damping rate per cycle of the wave is larger
than the ratio of the ion.gyroradius to the minor. radius
ot the plasma, pi/r, a total ébsorption of the kinetic
Alfvén wave takes place. For a reactor plasma py is
approximately 1073 m whilé r is on the order of 1 m
hence fﬁe fractional damping réte'needsAto be larger than v
1073. This condition is eagily satisfied by taking any
of the dissipation.mechanism considere@ here. However,
to obtain a uniform heaﬁing it is desirable to have
the fractional damping iaﬁe not'to be too large and most
desirably on the order of 10*2.

Because the resonant absorption can absordb the
oscillating magnetic fieid totally per each cycle of
osclilllations, @ value of thejplééma can be on the 6rder
of unity. Therefore power ihput to the plasma per unit
volume can be simply giveh approximately by mB§/2uo.
This means, to providéAwith 200 MW power at f = /27 = 1 MHz
to a-plasma with a volume 6f-2xlo3 m3, one only ﬁeeds an “

oscillating magnetic field with amplitude of a few gauss.



' This magnetic field, ‘whfe“n._":it.:.i's_"modelc;on‘verted to the

kinetic Alfvén wave, will;haye'anpamplitudeﬁof a few

‘hundred gauss.. Howeuer,”becausetit has.a very short
wavelength.and because.the magnitude is still much lower

than any of the ‘de magnetic field applied to a reactor
plasma, 1t is considered that the plasma is not significantly

disturbed by this field ‘
This heating method has a basic merit of using

a low frequency RF field of on’ the order or lower than

1 MHz for which a high power source is currently available.

This also presents a merit that it does not heat impurity
1ons,by "the cyclotron resonance, Mosthof.the cyclotron

resonant freQuency.of‘impuritiesplies above this frequency range.
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' FIGURE CAPTIONS

Fig. 1 Schematic dlagram of ‘the x.component (radial

- Fig. 2

g to @, depending on the sign of kzs and sz

component) of the wave electric fileld near the

spatial resonant point, x = 0. . x > O region

"corresponds to the higher density side where the

kinetic Alfvén wave is excited, - The plasma -

heating occurs when the kihetic Alfveén wave

-1s dissipated by wévé particle interéctions. The

- wavelength @ near the resonant point is approxi-

2/3(p2/x)1/3

mately given by .(3r) ~ 50py -

Three types of decay -are possible “from frequency

2 2

as well &s the size of.xo(=ik10cs/w§i) with respect

to XA(= klA Cg/wii)' In the magnetohydrodynamic

1imit where Ao = O; only case (c) 1s acceptable,

In case (b), k, 1s decreased while in case (Db)

kl 1s increased in consequence of the decay.

e«
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