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ABSTRACT

We investigate the ion cyclotron harmonic damping effects on slow and
fast waves in the lower hybrid frequency range for tokamak reactor
parameters. Inclusion of the higher order terms in the hot plasma dielectric
tensor introduces ion cyclotron harmonic damping; these terms also contribute
to the real part of tthe 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 freguency. But
preliminary estimates show that energetic alpha partinles 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 freguency range.
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I. INTRODUCTION

The research effort in lower hybrid waves has, in recent years, shifted
from ion heating to current arive! due to the strong interest in steady-state
tokamaks. Recent impressive success in lower hybrid wave (slow wave)
current-drive experiments?™® 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) 1ls only
marginally acceptable for reactor a.ppucations.g 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 the ion cyclotron
frequency (W/w.; ~ 50) so that ion heating is possible only if kip; is large
enough. k) denotes the wave number perpendicular to the magnetic field, Pi
denotes the ion Larmor radius, ©« and Ly denote the wave frequency and the ion
cyclotron frequency, respectively. lLarge values of k]P; are known to occur
nedar the lower hybrid resonance and it 1s precisely upon this phenomenon 10
that earlier lower hybrid wave heating experiments were based. In this paper
we 1investigate the effect of this sgame mechanism on lower-hybrid current
ir_j;l’E' In order to calculate accurately the effect of large klpi on the fast
or slow wave dispersion relation, one has to keep many terms in the hot plasma
dielectric tensor. In Sec. II of this paper. we present analytic and
numerical linear damping calculations in a Maxwellian plasma. Both wave
polarizations (slow a‘nd fast waves) in the lower hybrid frequency range are

considered. In Sec. III, we estimate the wave absorption by ¢«particles which

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

analysis are: (a) the high order texms 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 freguency, and (c) wave absorption by energetic alpha particles appears
to be a serious problem for both tha slow 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
R . + + > . + - > ;
in a plasma is obtained as n x [n x E] + X * E= D where n = k ¢/Ww i5 the
vector index of reflection and K is the hot plasma Qdielectric tensor. The
determinant associated with the wave eguation gives the local wave dispersion
relatisn D(w, ﬁ) = 0. In order to calculate the spatial damping rate for a
weakly damped wave propagating across the magnetic field, we constrain w and

. s t * .

ky as real quantities while il = Re (k) + i Im (K;} is complex; the
subscripts 1" and "l" denote the components parallel and perpendicular to the

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

Re I.D[ml Re (il)l ku)., =0, (1a)

o Iolw, ko k)]

m (k) =-3 = . {1b)
'3".; {RE lD(mr k_Lr RIJ“'

ky k, = Re (k)

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

1 with finite larmor radius terms is

full electromagnetic dispersion relation
very complicated and usuaily requires numerical treatm nt. 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 wpé << wcg is:
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Subscript & denotes the particle species
T, = temperature of the a-gpecies,
m; = mass of the a-species,

w = plasma frequency of the a-species,

£
1

cyclotron fregquency of the a=-species,
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v = (B
Te m '

2 2 2 2
Ay = ky Py ‘Vm/Z“‘ca '

I, = I {A\g) is the modified bessel function,

n

2 is the plasma dispersion function,

z, =2 [(v+n mcaJ/kHv'ch =z (n:n]
a4z
2 =3 T °
n

For cold ions, W/kyVpj >> 1 and kjpy << 1. We can- then expand I () in a
power series in A, keep terms of order A, i.e., neglect terms containing In(k)
with [n| > 1, and then obtain the cold ion wave dispersion relation. It is
interesting to note that for w »> w_;, the coid ion wave dispersion relation
is the same as that derived from the assumption of unmagnetized ions (P; *
“). Keeping terms of order A2, i,e., neglecting terms containing In(ﬁ) with
ln‘ > 2, yields the first Finite-Larmor-radius correction terms. This warm
ion dispersion relation is generally used in the analysis of Llinear mode
conversion10 as well as in many ray tracing calculations.12'15 In our
previous paper,‘a we kept In(l) terms up to ln! ~ 10 which was sufficiently
accurate for modest values of klpi‘ However, in hot tokamak plasmas, klpi can

‘AIn(A) becomes

be quite large and one needs to keep terms of In(l) until e
very small. In particular, for lower hybrid waves near the cold lower hybrid

resonance layer, one should keep the In(kl terms at least up to {ni 2 WL

50. This retention 1s necessary because lower hybrid waves convert into hot



plasma waves and ion Bernstein waves 19416 uith very large k;. Truncating at n
< w/uici__. the jion 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. (1b}.
. 2 2
wlk, ) | Fe (Kzz} - [Re n, )%} Im (xxx) - In,

i - re (x )] wm (x)
Re{ki]

. (3)

2 re (x_) (re n)?

XX)

Ion cyclotron harmonic damping effects show up predominantly in K, while
electron Landau damping appears maiuly in XK,,. The imaginary part of K,
comes from the plasma dispersion Eunction” z (C_n). Since Im (2 (&_,)!}
=77 exp (- C_n2l and (W o/ ky V.mlz *» 1 for ions, the single value of n
vhich is closest to /W, dominates. For the time being let n denote that

particular value so that

-4
2 a 2
w =) i [A J W = pn W
f . .2 pu n: @ - ca
m ik ) =n Y oexp |-( )] . (4a)
*% w ky Vo A k, Vi
Representative parameters for a reactor environment might be ng = 2 x 1(]'|4

em™®, B = S0 kG, and T = 15 keV. Substituting these FED (Fuslon Engineering
Device) parameters13 into Egs. {3) and {4), one finds chat ICHD can be very
strong for the lower hybrid wave even before it converts into an ion Bermstein
wave., Since wcu/kﬂ Voo 22 1, Im (K ) 1ls very gensitive to the value of (W-n
W.y)e The average value of Im (Ky,} can be obtained by integrating over

from (n-1/2) W_, to (n+1/2} W o vwhich yields:

A A3 AR 1 e e s e o 1)1



(4b)

From Eq. (4b), it can be shown that the maximum value ofA(Im {kj)/Re (kj)}> can
be of order unity when w ~ wpa' It should be noted that the above
calculations are only rough estimates on wave damping. We have assumed mpe2
<< wcez so that er does not appear‘in the dispersion relation. We have also
neglected terms which contain dX,, /dk| and dK, /dk). At peak plasma density,
mpez ~ 0.5 mcez and terms containing Ky should be retained. All these
quantitative details are included in our numerical ray tracing code.

To investigate this effect more guantitatively, 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 slectromagnetic
terms as described l:u:eviously.."IB However, in the dispersion relation, we now
19

keep I ()} terms up to |n] = 70 or 100. The Bessel function subroutine'” was

carefully checked for |an| < tao, % < 100. The low-q FED parameters

{(q = 1.8 at the plasma edge) are used as in the previous paper.18 Figure 1

shows the absorption region {s0lid line) of lower hybrid waves at various
frequencies. The lower hybrid resonance layer exists inside the plasma when
f € 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 lon dispersion relation to locate the mnde
conversion layer and then assume total absorption of the wave power by ions at

this layer via ion Landau damping.zo This is because the warm-ion dispersion



relation is still approximately valid for kjpy >> 1 provided that w/k; »>
vTi‘19 At freguencies above 1.7 GHz, electron Landau damping always
dominates. At very high frequencies {(up to 10 GHz), n; increases as the wave
propagates into the plasma and the wave is absorbed by electrons at r > B0 cm
instead of going through a radial reflection as shown in the previous
paper.1B 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(A) terms, the resulting approximate wave
dispersion relation incorrectly allows a Slow wave sclution even when the
plasma density is slightly above the value for lower hybrid resonance.
Inclusion of the high order I {A} terms brings in ion cyclotron damping and
alse 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 {? = 0} of the tokamak. Ray tracing for cther launching angles
{0 = my2, n, 3r/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 (n, = 1014 em™3) and temperature (T, = 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 reguires low density, low temperature, and
high magnetic field (whi:h implies a low B-value}. In order tc design a
steady~state tokamak reactor sustained by lower hybrid waves, a careful
investiqation is necessary to identify a self-consistent set of plasma
parameters which is compatible with all the enyineering 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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l’ll -n 3 g . (K ‘)zlx (8)
1 Xy zz
where
s a 1 ( ) ( )
K ' ==j K e nll -1I° 2 -2 .
®y xy o w kl VTG n=1 n n n

Wave propagation reguires Re (nf) > 0. For a cold plasma, K, =1 + mi_‘elz/m.‘,:e2

- “’piz/‘”z' Key' = mpez/m Wogr Kpp = 1 = cupez/mz. Substituting these into Eq.

(5), we can easily see that fast waves have to tunmel through an evanescent

layer at the plasma edge. They bhegin ta arapagate when w 2, (nnz - 1) @

pe

w For ngy ~ 1.2, the evanescent layer 1ls thicker than that for slow waves

ce”

which prapagate when upez > u?, aAfter the wave peanetrates into the plasma,

ny' >> ng - X, and one can show that

m (k) mx )+ (k|- (5 xxy'Jz/(ne KzzJZ
Rel®, )

2 2 (6)
2 ln) " - re (k) + (re xxy'l see (v )]
The Im K., term corresponds to ICHD and the Im K,, term again corresponds to
ELD. From Eq-a. (3) and (6}, one can make a comparison of the ICHD rate
between fast and slow waves. For FED parameters, the value of A for fast
waves is typically several times smaller than it is for lower hybrid waves,

which results in a smaller damping rate. Ray tracing calculations show that
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the ion cyclotrun damping rate for fast waves is usually smaller than the
electron Tandau damping rate, but it is not always negligible. Flgure 2
displays the wave absorption region at various freguencies for outside
launching (8 = ¢) and top 1launching (2 = T™/2) for the low-q FED
parameters.13 At high frequencies (f > t.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), East 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
pr:vw.i.cmsly-18 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
In(") retained in the present calculation. Typical features of rast wave
behavior are displayed in Fig. 3. At 1.44 GHz, the fast wave radlal group
velocity is very low at the plasma edge, resulting in rapid oscillations in ny
and k| as shown in Fig. 3a and Fig. 3b. Figure 3c shows trat 60% of the wave
energy is absorbed in this region (r > 80 em) via electron Landau damping—hs.
the wave propagates towards the center, k; increases with the plasma density
and ICHD can become important at the cyeclotron hawymonic layers. Figure 3d
shows the spatial damping rate due to electrons (Im ki,' and ions (Im k;) as
a function of plasma radius. The variation of Im k;  is mainly due to the
change of ny, or more precisely, W/kyVp,. The maxima of Im k;, corresponds to
the maxima of n) while the peaks of Im k); are located where w/w,; is an
integer. Only some of the peaks are shown to illustrate that Im kg ; is
comparable to Im kle at the cyclotron harmonic layers and a small fraction of
wave energy is absorbed by %the ions at each layer. At lower freguencies, the

radial group velocity is higher as displayed in Fig. 4, and the waves can
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penetrate easily into the plasma center. When a 1 GHz fast wave is launched
from the top (8 = 7/2), strong absorption in one transit can be achieved with
a very good absorption profile. Since k; is smaller at lower fraquencies, Im
ki, is always much amaller than Im k), 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 © = 7/2 is a consequance of large n
which reaches 1.6 along ite trajectory. When the wave is launched at 0 = =,
np goes up to 2.0 and the wave is totally absorbed before it reaches the
plasma center. VYave absorption at large ng is not desirable from the
efEiciency point of view becavcse the generated current is carried by the slow
electrong which are more collisional.

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 In(A) are retained. Figure 6 shows the calculated absorption region
Eor 1! GHz fast waves when different orders of In(AJ are kept in the hot plasma
dielectric tensor. It is apparent that the truncation point N can be
important. When N is large erough, e'AIn(X] becomes very small for n > N,
terms of order n > N are unimportant, and the computed result becones
independent of N. As displayed in Fig. 6, the absorption reqion for N = 70 is
identical to that for N = 100; the ccmputed -ralues 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 In(lJ

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 A
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= klz Piz is large. The alpha particles produced at an energy of Eo = 3.5 MeV
have a much larger Larmor radius which may tvesult in strong wave damping. In
order to calculate the damping rate, we need to know the da-particle
distribution function fu(z). The' initial @-particle velocity is Vo = 1.3 %
109 cm/sec. Since Ve > Yo >> vy they are mainly slowed down by the
electron drag, and the slowing down time Tg is not sensitive to the a-particle
energy until its energy drops down to a value Ey comparable to the ion
temperature. Wave damping is mainly due to the energetic particles with
energy above Eg. 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/ts

E* n, (E) e S=(E+AE)'nu(E+AE)e .

where ng{E) is the G-particle density at energy E = 1/2 m, vz. ng, is the
electron density, and A is a constant which depends on the fusion cross

section. The G-particle density with energy between E, and E, is:

n =‘L edEs,Ane!-n[E%_JﬂvsAne.



It is apparent that By is not too sensitive to Eq because of the logorithm:
we have put E, ~ 30 kev, Let U denote the fusion cross section, np and ng
denote the deuterium and tritium density, and the a=-particle production rate

per unit volume is <9v> np np. At steady state,

n
d aT
— 1 l = {Oy> - ——
at "ar © M T T

which yields

v> n_ T
e

s
20 (7

A=

and

A ne
£ (vll V“) = - (8)
o zﬂlvlz . v“2J3/2
'

We would like to stress the fact that Eq. (B) is a valid approximation only
” for the energetic tail of the G-particle distribution function where T is

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

= 2x 101 73, Tg = Ty = 15 keV, we have T ~ 1.3 sec, ngp ~ 3 % 1012 cm-3,

and the average kinetic energy of the ®&-particle is; Tg = 0.33 MeV. The

contribution of chese G-particles to K., is1h:
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Integrate over vy

Eq. (9}:
k, v
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Substitute this into Eq. (10) and get

(9}

along the Landau contour to get the imaginary par: of

(10)

el
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2
w k
2 pa L
m (k) = - . . (1
*x’ o 5n2 wu Ik.l
This is the maximum value evaluated at w = nb,. The average value

<Im {Ky,)g> obtained numerically is lower by a factor of 2 to 4, depending on
the values of n,ky and k). The damping rate for lower hybrid waves due to the

energetic G=-particles ia:

k, [re(x,) - (re n,)?] <in (;“Ju>
2 ne (qx) (ke n,)2

I

m (k) ~ . (12)

For FED parameters with k; ~ 20 em™', £ ~ 1.7 GHy, ny ~ 1.4,

m (k) ~ 1072 %, ~02en”',

and the absorption length is:

~ 1 ~
La Im(kla) 5cm .

The damping rate for fast waves due to the energetic c-particles is:
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K < Im[Kxx]a >
m (k) ~ . {13)

2 [n'2 - Re(xxx) + (Re xx;’)z/ne[xzz]]

1

For FED parameters with kj ~ 10 em™', £ ~ 1.2 Gli,, np ~ 1.4,

-2 -
Im (kyg) ~ 1.2 % 197k ~ 0,92 em”

and the absorption length Ly is:

O TY PR

It should be noted here that the above calculation assumes a uniform
magnetic field, i.e., we asgssume that the unperturbed G-particle orbit is a
helix. For a 300 kev ¢-particle in a 50 kG magnetic field, the Larmor radius
is about 2 cm which is comparable to the distance bhetween neighboring
cyclotron harmonic layers in FED. Therefore, the unifo-m field assumption may
not be a very good approximation. We can also estimate (Kxx)u by assuming

unmagnetizedZD C=particles and gei:

w 2 dF{u)
] dan
(kda -5 [ gTomae o (14)
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ko v)
* v
- ) av

where Flu) = [ £, (¥) 6 (u-

Use Eq. (B) for fu(.\:) to obtain F(u) = (5 W)~ ana

m (g ) =-"_,;—93— . (15)

If we assume ngg = 3 X 10'2 on™3, k ~ 20 cm~? for 1.7 GHz lower hybrid waves,

we get Im(kjgq) ~ 0.6 cm” !, The same value of Im{kyy) is obtained for a 1.2

GHz fast wave with k ~ 10 cm"- The temporal dawmping rate Y can be estimated
from Y = © Im kj/Re k| > W.y which justifies tre assumption of straight a-

22  fThese values are comparable to the previous estimates

particle orbits.
based on helical a-particle orbits. It should be pointed out that the alpha
particle density ngp 1is calculated from the peak plasma density and
temperature. Yet the damping is so strong that even if we lower ngp 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 sSimilar to that recently
predicted for low freguency (much lower than lower hybrid freguency) fast wave

current drive via electron t:rans:‘.t:-time-mac_;ne|:is-,--;_:uu'|ping.23

iv. SUMMARY

In this paper we calculate analytically as well as numerically the
effect of ICHD on glow 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 Ereqguency to avoid ion absorption. We cannot find a lower



18

hybrid wave that can reach the plasma center with the low-qgq FEP parameters.
ICHD is usually much weaker for fast waves because k) is smaller. For fast

1ae frequencies above 1.2 GHz

waves in the FED parameters, k; can reach 20 cm”
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 I, () in the
dielectric tensor can make a significant contribution to the real part of the
wave dispersion relation. By keeping terms up to n 2 W/uw_;, the consequent
ray trajectories can be quite different from calculatione which truncate at n
< w/wci. Calculated wave penetration becomes worse for slow waves and better
for fast waves when higher order terms are retained. Single-pass absorption
near the plasma center becomes possible for fast waves in the frequency range
of ¥ - 1.4 GHz. These waves look very promising for current drive in tokamak
reactors until we consider the a-particle effects. Analytic estimates
indicate that both the fast and the slow waves will be absorbed by the a-
particles. 1In 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 thermalize with the plasma and rely on the input wave power to
maintain the plasma temperature after ignition. If the alpha particle preblem
cannct 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

Absorption region of lower hybrid waves with the low-g FED
parameters. The dJdotted line shows the absorption region at lower
density (n, = 1014 cm_3) and lower temperature (T, = 10 keV). The
waves are launched at r, = 120 cm, 8, = D (outside launching) with
np = 1.2 = ny. n, is the index of refraction in the toroidal

direction.

Absorption region of Eastvuaves with the low~g FED parameters. The
waves are launched at r, = 116 cm (to avold the evanescent layer at
the surface} with ng = 1.2. (a) outside launching, 0, = 0. (b) top

launching, BD = /2. The number at the reflection point represents
the fraction of power remained in the wave when it undergoes

reflection.

Characteristics of 71.44 GHz fast waves launched at o = 116 cm, Bo =
0 with n, = 1.2. (a) variation of nj with radial location. The
dotted lines define the range within which ny oscillates. (b}
Variation of k| with radial location. k| oscillates between the
dotted lines near the surface (r > 90 cm). {¢) Power absorption

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

ions (solid curve).

Variation of radial group velocity with radial location for fast
waves at different frequencies. The waves are launched at | P
116 cm, 90 = 0 with ne = 1.2. The ahaded area represents the region

in which the group velocity -7 the t.44 GHz fast wave oscillates.
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FIG. 5 Characteristics of 1.0 GHz fast waves launched at r, = 116 om,
8, = m/2 with ny = 1.2. {(a) Variation of n, with radial location.
(b) Variation of k] with radial locationm. {c} Power absorption
profile. (d) Spatial damping 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 rg = 116 cm with
ng = 1.2. (a) £ = 1.0 GHz, O, = 0, (b) £ = 1.0 GHz, O, = 7/2. ‘The

absorption region depends on the truncation point.
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