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ABSTRACT 

We investigate the ion cyclotron harmonic damping effects on slow and 

East waves in the lower hybrid frequency range for tokamak reactor 

parameters. Inclusion of the higher order terms in the *iot plasma dielectric 

tensor introduces ion cyclotron harmonic damping; these terms also contribute 

to the real part of the dispersion relation and affect the wave 

trajectories. However, wave absorption by 15 keV deuterium and tritium ions 

can be avoided by choosing the slow wave frequency above the lower hybrid 

frequency and the fast wave frequency below the lower hybrid frequency. But 

preliminary estimates show that energetic alpha particles tend to absorb both 

the slow and the fast waves. This absorption may become a serious obstacle 

for fusion-reactor current drive in the lower hybrid frequency range. 
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I. INTRODUCTION 

The research effort in lower hybrid waves has, in recent years, shifted 

from ion heating to current drive1 due to the strong interest in steady-state 

tokamaks. Recent impressive success in lower hybrid wave (slow wave) 

current-drive experiments2-8 makes it worthwhile to investigate the detailed 

wave properties in reactor parameters. Under ideal situations, the 

theoretical current drive efficiency via electron Landau damping (ELD) is only 

marginally acceptable for reactor applications.9 Therefore, it is important 

to investigate whether or not there are other undesirable mechanisms that can 

further reduce the current drive efficiency. One obvious mechanism is ion 

cyclotron harmonic damping (ICHD) on the waves. For typical tokamak 

parameters, the lower hybrid frequency is much higher than tht ion cyclotron 

frequency (""/û  ~ 50) so that ion heating is possible only if k j ^ is large 

enough. kĵ  denotes the wave number perpendicular to the magnetic field, Pi 

denotes the ion Larmor radius, tn and w . denote the wave frequency and the ion 

cyclotron frequency, respectively. Large values of k^P; are known to occur 

near the lower hybrid resonance and it is precisely upon this phenomenon 

that earlier lower hybrid wave heating experiments were based. In this paper 

we investigate the effect of this same mechanism on lower-hybrid current 

drive. In order to calculate accurately the effect of large k j ^ on the fast 

or slow wave dispersion relation, one has to keep many terras in the hot plasma 

dielectric tensor. In Sec. II of this paper, we present analytic and 

numerical linear damping calculations in a Maxwelllan plasma. Both wave 

polarizations (slow and fast waves) in the lower hybrid frequency range are 

considered. In Sec. Ill, we estimate the wave absorption by a-partlcles which 

have a non-Maxwellian distribution function. The major findings from this 

analysis are: (a) the high order terms in the hot plasma dielectric tensor 
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can be important, (b) ICHD by 15 keV ions can be avoided by proper choice of 

wave frequency, and (c) wave absorption by energetic alpha particles appears 

to be a serious problem for both tha alow and the fast waves in the lower 

hybrid frequency range. 

II. ICHD BY MAXWELLIAN IONS 

Within the range of validity of the WKB approximation, the wave equation 
+ / + + > - + • + + 

in a plasma is obtained as n x [n x Ej + X » E » 0 where n = k c/u in the 

vector index of reflection and K is the hot plasma dielectric tensor. The 

determinant associated with the wave equation gives the local wave dispersion 

relation D(u, k) = 0. In order to calculate the spatial damping rate for a 

weakly damped wave propagating across the magnetic field, we constrain u and 

kj as real quantities while k̂  = Re (Kj.) + i Im (kj.) is complex; the 

subscripts "II" and "1" denote the components parallel and perpendicular to the 

external magnetic field. From perturbation analysis, one can easily obtain 

Re ID(U, Re ( k j , k u JJ = 0 , ( la) 

Ira Ik. J 
Im LD[ID, k ± , k„ 

,J- L. {ne [ D K k i r *,m 
9 * i 

( lb ) 

kL = Re ( k j 

"Re" and "Im" denote the real and imaginary parts of a complex quantity. The 

full electromagnetic dispersion relation with finite larmor radius terms is 

very complicated and usually requires numerical treatment. However, rough 

estimates can be obtained analytically from approximate wave dispersion 

relations. For lower hybrid waves in the electrostatic approximation, the 

wave dispersion relation in a plasma with in * << u>c| is: 



2 ZX. I 2 _ l (2a) 

where 

K = 1 • I J pa e 1 n I (z + Z J , 
KX ~ u k,V__ X ~ n s n - n ' (2b) 

id ' - X 

R = 1 - 1 ~ r e ( l Z • + 

o> U J 4 - n l l S 10 - n U 

I I ( ^ Z ' + — 2 • 
\ n " to n w -n n=1 

(2c) 

Subscript o denotes the particle species 

T a = temperature of the a-species, 

m̂ j = mass of the a-species( 

iô , = plasma frequency of the a-speciea. 

= cyclotron frequency of the o-species. 
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2T a " 2 

a 

A = k, 2 p 2 * V 2 / 2 » i i 

I n = I„ (A a) is the modified Bessel function, 

Z is the plasma dispersion function, 

Z„ = 2 l(« + n ^ J A J V ^ J - Z (CnJ 

dz 
z

n dnr 
n 

For cold ions, ^ A | V T i >> 1 and k^Pj << 1. We can- then expand I n(A) in a 

power series in A, keep terms of order A, i.e., neglect terras containing I^f^l 

with |n| > 1, and then obtain the cold ion wave dispersion relation. It is 

interesting to note that for &> >> "> c i, the cold ion wave dispersion relation 

is the same as that derived from the assumption of unmagnetized ions (P A
 + 

™ ) . Keeping terms of order A 2, i.e., neglecting terms containing I n<A) with 

[n| > 2, yields the first finite-Larmor-radius correction terms. This warm 

ion dispersion relation is generally used in the analysis of linear mode 
10 1?~ 1 ̂  

conversion as well as in many ray tracing calculation.-. In our 

previous paper, we kept I n(^) terms up to |nj ~ 10 which was sufficiently 

accurate for modest values of k^P^. However, in hot tokamak plasmas, k^PA can 

be quite large and one needs to keep terras of I n(A) until e~ I n<*) becomes 

very small. In particular, for lower hybrid waves near the cold lower hybrid 

resonance layer, one should keep the I n(A) terms at least up to jnj t <J/u c i ~ 

50. This retention is necessary because lower hybrid waves convert into hot 



6 

plasma waves and ion Bernstein waves ' with very large k^. Truncating at n 

< w/'ii ., the ion Bernstein wave is excluded from the picture and ion cyclotron 

damping is not properly accounted for. 

Proceeding now to the calculation of wave damping, from Eg. (lb), 

ImtkJ IR* U Z J - (Re n j 2 ] Im U ) - [n/ - He (K )J Im (K ) 
ReUJ 2 Re [x ) (Re n. )' xx J. 

(3) 

Ion cyclotron harmonic dampino effects show up predominantly in K„ while 

electron Landau damping appears mainly in K z z. The imaginary part of K x x 

comes from the plasma dispersion function z (5_ n). Since Im [2 CG_n)J 

= / T exp (- 5_n
2l and tu

cCt/k( V ^ ) 2 >> 1 Cor ions, the single value of n 

which is closest to "V^a dominates. For the time being let n denote that 

particular value so that 

-A 
_<>i e I (l I u - n « 

if Ta o II Ta 

Representative parameters for a reactor environment might be n e = 2 x 10 

cm - 3, B = SO kG, and T = 15 keV. Substituting these FED (Fusion Engineering 

Device) parameters 8 into Bqs. (3) and <4), one finds that ICHD can be very 

strong for the lower hybrid wave even before it converts into an ion Bernstein 

wave. Since ""pa/ku V T C 1 >> 1, Im [K x x) is very sensitive to the value of (u-n 

Mjjul, The average value of Im (K x x) can be obtained by integrating over "> 

from (n-//2) cu^ to (n+1/2> <-"ca which yields; 
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u 2 ^ I (X J 
< Im ( K j > - n 2 , J* jjiL-2- (4b) 

** ca a 

From Eq» (4b), it can be shown that the maximum value of <lm (X^)/Re (k^)> can 

be of order unity when u ~ w^, it should be noted that the above 
2 calculations are only rough estimates on wave damping. We have assumed in 

<< "> c e
Z so that KJJU. does not appear in the dispersion relation. We have also 

neglected terms which contain dK^/dk^ and dKzz/dki. At peak plasma density, 

<»> e ~ 0.5 u> c e
2 and terms containing Kj-, should be retained. All these 

quantitative details are included in our numerical ray tracing code. 

To investigate this effect more quantitatively, we have used a numerical 

ray tracing code to follow the lower hybrid wave in the FED plasma. The ray 

tracing code contains the hot plasma dielectric tensor and the electromagnetic 

terms as described previously. However, in the dispersion relation, we now 

keep In(^> terms up to |n| = 70 or 100. The Bessel function subroutine19 was 

carefully checked for |n| £ 100, A £ 100. The low-q FED parameters 
18 (q = 1.8 at the plasma edge) are used as in the previous paper. ° Figure 1 

shows the absorption region (solid line) of lower hybrid waves at various 

frequencies. The lower hybrid resonance layer exists inside the plasma when 

£ < 1.4 GHz. A fraction of the wave energy can still be absorbed by the ions 

when the wave frequency is only slightly above 1.4 GHz. When f < 1.4 GHz, as 

expected, practically all the wave energy is absorbed by the ions near a 

cyclotron harmonic layer. One would get approximately correct results if one 

simply were to use the warm ion dispersion relation to locate the mode 

conversion layer and then assume total absorption of the wave power by ions at 

this layer via ion landau damping.20 This is because the warm-ion dispersion 



8 

relation is still approximately valid for ItlPi >> 1 provided that u/kL >> 
vTi ftt frequencies above 1.7 GHE, electron Landau damping always 

dominates. At very high frequencies (up to 10 GHz), nj increases as the wave 

propagates into the plasma and the wave is absorbed by electrons at r > 80 cm 

instead of going through a radial reflection as shown in the previous 
IB paper. This change shows that the use of a more accurate wave dispersion 

relation can change the ray trajectories. It is also interesting to note that 

when we drop the high order In(^) termSr the resulting approximate wave 

dispersion relation incorrectly allows a slow wave solution even when the 

plasma density is slightly above the value for lower hybrid resonance. 

Inclusion of the high order I n(M terms brings in ion cyclotron damping and 

also corrects the real part of the dispersion relation at the same time. 

The results shown in Fig. 1 were obtained for waves launched from the 

low field side {U = 0) of the tokamak. Hay tracing for other launching angles 

(0 = TT/2, n, 311/2) was also carried out for 1.4 GHz, 1.7 GHz, and 2.6 GHz 

waves and reveal no significant improvement. Good wave penetration occurs for 

lower plasma density (nQ = 10 cm - 3) and temperature <TQ = 10 keV) as shown 

by the dotted line in Fig. 1. Of course, with these parameters, the fusion 

power output will be substantially reduced. Generally speaking, good 

penetration for lower hybrid waves requires low density, low temperature, and 

high magnetic field (whiî h implies a low B-value). In order to design a 

steady-state tokaroak reactor sustained by lower hybrid waves, a careful 

investigation is necessary to identify a self-consistent set of plasma 

parameters which is compatible with all the engineering requirements and 

permits good wave penetration at the same time. 

The fast wave dispersion relation in the lower hybrid frequency range 

can be approximated by the following: 
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n , » — „ • • • *i = ( S ) 
n, 2 - K * U <)Z/K I xx xy ' ' zz 

where 

J * a I TOI ii" 1 

Wave propagation requires Re (nj) > 0. For a cold plasma, x ^ = 1 + M
p e

2 / w c e 

- ^pi 2/ 1" 2. \ y ' - &> 2/ta ""ce' **! " 1 " upe2''11'2" Substituting these into Bq. 

(5), we can easily see that East waves have to tunnel through an evanescent 

layer at the plasma edge. They begin to propagate when ^.g * <nn - 1) ** 

">ce. For nj ~ 1.2, the evanescent layer is thicker than that for slow waves 

which propagate when ^ * * *• • After the wave penetrates into the plasma, 

X^ ' » ng - Hxx and one can show that 

im (*,_] In (K^J + im (K^J * (» K^'jV* K^J2 

^ a l»,2 - «• CO + t* O ^ * 8 tOl (6) 

The Im K x x term corresponds to ICHD and the Im Kjjr term again corresponds to 

ELD, From Eqs. (3) and (6), one can aake a comparison o£ the ICHD rate 

between fast and slow waves. For FED parameters, the value of \ for fast 

waves is typically several tines smaller than it is for lower hybrid waves, 

which results in a smaller damping rate. Kay tracing calculations show that 
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the ion cyclotron damping rate for fast waves is usually smaller than the 

electron Landau damping rate, but it is not always negligible, Figure 2 

displays the wave absorption region at various frequencies for outside 

launching (9 « 0) and top launching (9 » V2) for the low-q FED 
ID 

parameters. At high frequencies (f > 1.5 GHz), fast waves are absorbed at 

the plasma edge via electron Landau damping* Such behavior is quite similar 

to the slow wave. At low frequencies (f < 1 GHz), fast waves can reach the 

plasma center, undergo a radial reflection and propagate back out with 

negligible absorption. This is qualitatively the same result as published 

previously. However, there is one important difference: there is a narrow 

frequency window in which strong absorption in a single pass, with good 

penetration, is possible. This difference is due to the high order terms 

ln(*) retained in the present calculation. Typical features of rast wave 

behavior are displayed in Fig. 3. At 1.44 GHz, the fast wave radial group 

velocity is very low at the plasma edge, resulting in rapid oscillations in n.| 

and k| as shown in Fig. 3a and Fig. 3b. Figure 3c shows that 60% of the wave 

energy is absorbed in this region (r > 80 cmj via electron Landau damping-- —fts-

the wave propagates towards the center, kj increases with the plasma density 

and ICHD can become important at the cyclotron harmonic layers. Figure 3d 

shows the spatial damping rate due to electrons (Im k^e; and ions (Im k[^) as 

a function of plasma radius. The variation of In kj_e is mainly due to the 

change of nj, or more precisely, u/]c|Vj,e. The maxima of Im k^e corresponds to 

the maxima of nj while the peaks of Im k ^ are located where u )/ ( u
c i is an 

integer. Only none of the peaks are shown to illustrate that Im kj^ is 
comparable to Im k at the cyclotron harmonic layers and a small fraction of l e 

wave energy is absorbed by the ions at each layer. At lower frequencies, the 

radial group velocity i3 higher as displayed in Fig, 4, and the waves can 
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penetrate easily into the plasma center. When a 1 GHi fast wave is launched 

from the top (9 - */2), strong absorption in one transit can be achieved with 

a very good absorption profile. Since k^ is smaller at lower frequencies, Im 

kx L is always much smaller than Im k.̂ e as shown in Fig. 5d. Therefore, ion 

absorption is negligible in this case- It should be pointed out that the 

strong absorption for waves launched at 6 » "/2 is a consequence of large ng 

which reaches 1.6 along its trajectory. When the wave is launched at G = n, 

nn goes up to 2.0 and the wave is totally absorbed before it reaches the 

plasma center. Wave absorption at large ng is not desirable from the 

efficiency point of view because the generated current is carried by the slow 

electrons which are more collisions!.. 

As mentioned earlier, we observe rays with a good absorption profile 

only when we use the more accurate dispersion relation in which high order 

terms of I„{*) are retained. Figure 6 shows the calculated absorption region 

Cor 1 GHz fast waves when different orders of ln(^J are kept in the hot plasma 

dielectric tensor. It is apparent that the truncation point N can be 

important. When K is large enough, e~ I n(M becomes very small for n > N, 

terms of order n > N are unimportant, and the computed result becomes 

independent of N. As displayed in Fig. 6, the absorption region for N = 70 is 

identical to that for N = 100; the computed values for all the quantities 

agree within three digits at least. When we truncate at N £ 10, the results 

are significantly different. This shows that the high order terms of ln(*) 

can make a significant contribution to the wave dispersion .elation. 

III. ALPHA-PARTICLE DAMPING 

In the previous section, we analyzed ICHD of slow and fast waves due to 

15 keV Maxwellian deuterium and tritium ions. Strong damping can occur when X 
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» kx 2 P^2 is large. The alpha particles produced at an energy of E Q = 3.5 MeV 

have a much larger Larmor radius which may result in strong wave damping. In 

order to calculate the damping rate, we need to know the a-particle 

distribution function f a(v). The1 initial a-particle velocity is v 0 = 1.3 * 

10 9 cm/sec. Since v T e >> v Q >> v T i , they are mainly slowed down by the 

electron drag, and the slowing down time T is not sensitive to the a-particle 

energy until its energy drops down to a value E^ comparable to the ion 

temperature. Wave damping is mainly due to the energetic particles with 

energy above E^. For unpolarized ions, the a-particles are created 

isotropically in velocity space and remain isotropic as they slow down. From 

particle conservation, we get: 

-t/T -t/T 
E ' n a (E| c = (E + AE) • n a (E + AE) e 

A [E • n a (E)| = 0 , 

A n 
n a (E) = - ^ 

2 
where %(£) is the n-partlcle density at energy E = 1/2 n^ v , n e is the 

electron density, and A is a constant which depends on the fusion cross 

section. The a-particle density with energy between E 1 and E Q is: 
E0 A n E 

n„ = J — ~ d E = A n in [^-) " 5 A n -(XT _, £ e E, e E 1 
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It is apparent that n„ T is not too sensitive to E 1 because of the logorithm: 

we have put E 1 ~ 30 keV. Let 0 denote the fusion cross section, n D and n T 

denote the deuterium and tritium density, and the a-particle production rate 

per unit volume is <°v> n D n T. At steady state. 

d "CT •r- n = 0 • <<Jv> n„ n - ~— , dt ai D T X s 

which yields 

<ov> n t 

and 

A n 
(v., v„) = — „ e . .., . (8) 2ulv i + v„' 

We would like to stress the fact that Bq. (B) is a valid approximation only 

for the energetic tail oE the ot-particle distribution function where T S is 

independent of E, but this is the part that is vital to wave damping. For n 

= 2 x 10 1 4 cm"3, T e = T ± = 15 (teV, we have * s ~ 1.3 sec, n a T ~ 3 x 10 1 2 cm"3, 

and the average kinetic energy of the a-particle isj T a = 0.33 MeV. The 

contribution of these a-particles to K^ is' : 
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f 1 1 2H pa v f r • i v i 
( K J a " IT" - S 2 - ^ / * ! J a v l — 

OT ca n L o 

2 3 
2v, n u „ 

, * I V I | 9 f a , , V l h k l v l 3 E a , 

k » v H + n V 111 

( 9 ) 

Integrate over vp along the Landau contour to get the imaginary pari: of 

Eq. (9): 

F 1 
TitTl "> a . 2 J 5/2 
| ' | ca n k^ o „ tu - n w_„_2_ [v2

 + I- ca ) ] 
(10) 

When U) = n u
c a » we get 21 

kl Vl 
re J Ir; J vi d vi 
0 0 II U> 1 1 
r ca 
o 2 

M - n w 
[v ±

2+ ( k
 c a ) J 

5/2 

-i k i v i 
^- 2 (l 1 ^ n vi>) 

- T " d vi 

r ,4) r (iSii.) 
*» 2 4 r (|J r (JEiS) r (|) 

Substitute this into Eq. (10) and get 
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2 

This is the maximum value evaluated at w » n t o
c a ' The average value 

<In> (^xxla* obtained numerically is lower by a factor of 2 to 4, depending on 

the values of n,kj and k|. The damping rate for lower hybrid waves due to the 

energetic a-particles is; 

ki W K
Z a ) " ("* "i^ < I m ^xjet* 

2 Re (xl ) (Re n ^ 
Im (k. J ~ .-'-I---; ~= • • (12) 

l 

For F E D parameters with k^ ~ 20 cm" 1, f ~ 1.7 GH Z, nj ~ 1.4, 

Im [kla] ~ 10~ k ± ~ 0.2 cm" , 

and the absorption length is: 

"a Im(k i ( j) *" 5 cm 

The damping rate for fast waves due to the energetic a-particles is; 
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k, < Im(K 1 > i xx a 
Im (k|_a) ~ 5 = • (13) 

2 [n. - Re(K ) + (RB K ') /RefK )] L I xx' v xy l zz 

For FED parameters with ki ~ 10 c m , f ~ 1.2 GH Z, nj ~ 1-4, 

Im fk l o) ~ 1.2 x 102 kĵ  - 0.12 cm"1 

and the absorption length 1̂ , i s : 

L „ ~ -^TiZ T ~ 8 cm 
l m < k i a ) 

It should be noted here that the above calculation assumes a uniform 

magnetic field, i.e., we assume that the unperturbed oe-particle orbit is a 

helix. For a 300 keV a-particle in a 50 kG magnetic field, the Larmor radius 

is about 2 cm which is comparable to the distance between neighboring 

cyclotron harmonic layers in FED. Therefore, the uni£o-m field assumption may 

not be a very good approximation. We can also estimate "s,x)cx ^y assuming 
nn 

unmagnetized "-particles and get: 

w 2 dF(u) 

k L 
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where F(u) = / f a (v) M « £—) <*v 

use Eq. (8) for fa(v) to obtain F(u) = (5 u ) ~ 1 ana 

0) 2 

to.-5-n- • MS, W - x x ' « - 5 u 2 

If we assume rig., = 3 x 10 cm -', k ~ 20 cm"' for 1.7 GHz lower hybrid waves, 

we get lm{k^a) ~ 0.6 cm"'. The same value of Im{k^a) is obtained for a 1.2 

GHz fast wave with k ~ 10 cm" • The temporal damping rate Y can be estimated 

from y = "> Im kĵ /Re kj. > u a which justifies the assumption of straight ot-

particle orbits.*2 These values are comparable to the previous estimates 

based on helical a-particle orbits. It should be pointed out that the alpha 

particle density n ^ is calculated from the peak plasma density and 

temperature. Yet the damping is so strong that even if we Lower n a T by a 

factor of ten, they can still be a major obstacle for rf current drive in the 

lower hybrid frequency range. This problem is similar to that recently 

predicted for low frequency (much lower than lower hybrid frequency) fast wave 
23 

c u r r e n t d r i v e v i a e l e c t r o n t r a n s i t - t i m e - m a g n e t i c - p u m p i n g . 

IV. SUMMARY 

In this paper we calculate analytically as well as numerically the 

effect of ICHD on slow and fast waves used for current drive near the lower 

hybrid frequency. As expected, one has to use slow waves above the lower 

hybrid resonance frequency to avoid ion absorption- We cannot find a lower 
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hybrid wave that can reach the plasma center with the low-q FED parameters. 

ICHO is usually much weaker for fast waves because k| is smaller. For fast 

waves in the FED parameters! kj_ can reach 20 cm at frequencies above 1.2 GHz 

and ICHD can be comparable to electron Landau damping near a cyclotron 

harmonic layer. However, the majority of the wave energy still goes into 

electrons. It is important to note that the high order terms of In(A) in the 

dielectric tensor can make a significant contribution to the real part of the 

wave dispersion relation. By keeping terms up to n £ &>/<j)ĉ , the consequent 

ray trajectories can be quite different from calculations which truncate at n 

< u)/u .. Calculated wave penetration becomes worse for slow waves and better 

for fast waves when higher order terns are retained. Single-pass absorption 

near the plasma center becomes possible for fast waves in the frequency range 

of 1 - 1.4 GHz. These waves look very promising for current drive in tokamak 

reactors until we consider the O-particle effects. Analytic estimates 

indicate that both the fast and the slow waves will be absorbed by the a-

particles. In order to sustain a steady-state tokamak with waves in the lower 

hybrid frequency range, one may have to remove the energetic alpha particles 

before they thermalx2e with the plasma and rely on the input wave power to 

maintain the plasma temperature after ignition. If the alpha particle problem 

cannot be overcome, then the application of lower hybrid wave current drive 

will be limited to current ramp-up before ignition. 
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FIGURE CAPTIONS 

FIG. 1 Absorption region of lower hybrid waves with the low-q FBD 

parameters. The dotted line shows the absorption region at lower 

density (n0 = 10 1 4 cm - 3) and lower temperature (TQ « 10 keV). The 

waves are launched at r Q - 120 cm, & Q - a (outside launching) with 

n T = 1.2 - n|. n t is the index of refraction in the toroidal 

direction. 
f 

FIG. 2 Absorption region of fast waves with the low-q FED parameters. The 

waves are launched at r 0 = 116 cm (to avoid the evanescent layer at 

the surface) with nfc » 1.2. (a) outside launching, 0 Q = 0. (b) top 

launching, 8 0 = V 2 . The number at the reflection point represents 

the fraction of power remained in the wave when it undergoes 

reflection. 

FIG. 3 Characteristics of 1.44 GHz fast waves launched at r Q = 116 cm, BQ = 

0 with n t • 1.2. (a) Variation of n ( with radial location. The 

dotted lines define the range within which ng oscillates. (b) 

Variation of k^ with radial location. kĵ  oscillates between the 

dotted lines near the surface (r > 90 cm). (c) Power absorption 

profile. (d) Spatial damping rates by electrons (dotted curve) and 

ions (solid curve). 

FIG. 4 Variation of radial group velocity with radial location for fast 

waves at different frequencies. The waves are Launched at r„ = 

116 cm, 9 C » 0 with n t « 1.2. The shaded area represents the region 

in which the group velocity oC the 1.44 GHz fast wave oscillates. 
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PIG. 5 Characteristics of 1.0 GHz fast waves launched at r Q « 116 <:•/ 

B Q - w/2 with nfc - 1.2. (a) Variation of n| with radial location, 

(b) variation of ki with radial location. (c) Power absorption 

profile. (d) Spatial daaping rates by electrons (dotted line) and 

iona (solid curve). 

FIG. 6 Effects of high order Bessel functions in the dispersion relation on 

the characteristics of the fast wave launched at r Q = TT6 cm with 

nfc = 1.2. (a) f - 1.0 GHz, B Q - 0, (b) f - 1.0 GHZ, 6 Q - V 2 . The 

absorption region depends on the truncation point. 
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