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ELECTRON CYCLOTRON HEATING OF A TOKAMAK REACTOR

AT DOWN-SHIFTED FREQUENCIES
PPPL--2186

I. Fidone,® 6. Giruzzi,® and E. Mazzucato DE85 007221

Plasma Physics Laboratory, Princeton University

Princevon, NJ 08544
PACS Numbers: 52,55Gb, 52.50Gj)

Abstract

The absorption of electron cyclotron waves in a hot and denge tokamak
plasma is investigated for the case of the extraordinary mode for outgide

launching. :t is shown that, for electron temperatures T, » 5 keV, strong

absorption occurs for obliaue propagation at frequencies significantly below

the electron gyrofrequency at the plasma center. A new density dependence of

the wave absorption is found which is more favorable for plasma heating than

1

the familiar n,~ scaling.
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Recent experimental resnlts obtained in the 7-10" and Doublet Irr?
tokamaks have shown that electron cyclotron resonance heating (ECRH) is a very
efficient method of plasma heating. 8o far, the most attractiwve type of ECRH
for a tokamak reactor has been considered that with an outside launching of
waves in the ordinary mode. However, this method is wery questionable in the
case of dense plasmas in large magnatic flelds because it requires the use of
high frequency microwave sourcas. Por instance, for parameters similar to
those of an INTOR-type tokamak, i.e., toroidal wmagnetic field B(o) = 55 kG,
minor radius a = 120 cm, major radiug R = 500 cm, central electron density
n (o) = 3 x 1014 cm"s, the use of the ordinary mode raquires wave sources at
frequency f close to the central electron gyrofrequency fc(o) = 154 GHz.
Moreover, since the central plasma frequency fp(o) - fc(o), a large part of
the plasma column is not accessible.

In order to overcome these difficulties, ECRH at freguencies f <« fc(a)
with the extraordinary mode launched from the low field =ide haa been
proposed.?’ In this method, bhulk heating is achleved via wave absorption by
the faat electron tail generated during rf current drive in a low temperature
plasma. In this note, we point out that the method is alsc applicable to a
Maxwellian plasma for sufficiently high v.’:lu.es of the electron temperature
Tae At first glance, BCRH by the extraordinary mode in dense plasmas also
1

seems questionable because of the well-knesm n_~

e dependence of the damping

rate. As shown below, this undesirable density scaling is generally wvalid for

wave absorpticn at £ = oo For large down-shift of the resonant frequency,

f.e., for f.:2 - fz 2 £ 2. wave damping for mcderate values of the plasma

density is nearly independent of n,» For the case considered below it is only

for dengities n, > 10'Y ca™? that the n,”! lav holds. The mildly relstivistic
s

dispersion relar.:l.on‘ for oblique propagation is discussed elsewhere™ and we



only present the numerical results,

We consider the following spatiai profiles of the -plauna parameters:
nalr) = ngfo}1-r2/e2), T_(r) = T, loM(1-r?/a?)1+5, B(x) = Blo}/(14x/R). 1n
order to couple the extraordinary rode to the plasea for wave launching from
the low-B side of the torua, the wave frequency must fulfill the accessibility
condition f_(o} < £ < £ (a}, where

az 2tryze 2oy /2
£,(r) = [£_(r}/2] [(3 +——9——2—-> £11 , m

1-“1

and N, is the parallel refractive index. For fP < £, and le << 1, one finds
£_ (o) £ 0.62 £ (o) and f {a) = £ _{o)/{1 + a cos®/R}, where & ia the poloidal
coprdinate. For f (o} = 154 GHz, f_ (o) ¢ 95.5 GHz -and £ (a) » 123.2 GHz,
thus, for £ » 115 GHz the accessibility condition is fulfilled.

We now discuss the case of the extraordinary mode for propagation in the
equatorial piane {0 = 0). We first consider the INTOR case for Talo) =
5 xeV. In Fig. 1, we present ni(x) = 1 -~ exp(-2 I:o k.e ax') versus x for
£ =115 GHz, ngfo) = 10" cn™3, and y = 25° and 30°, where k", is the
imaginary part of the x component of the propagation vector, Nl = siny, and x,
is the initial position at the plasma edge. It appears that appreciable
abgorption in the first transit occure for ¢ 2 25°. The fraction of the wave

energy absorbed between x_ and x is very sensitive to the value of Ny and the

-}
maxirum of the power deposition occurs rnear x ~ 50 cm. As T, increases above
the initial wvalue, the plasma density can be raised further. In Fig, 2, we

-3, and T,{c) = 8 and 10

show n{x) versus x for ¥ = 25°, ne(o) =3 x 10" em
keV. Most of the wave energy is depcaited near r = 2/2. Rote that for wave
absorption midway between the plasma axis and the plasma edge, the relevant

accesgibility condition is8 £ _(x;) < £ < f (a), where x, is defined by




the region of miximum power deposition. 1In the case of T,(o) = B - 10 kev,
x; = 60 cm. This allows a raise in the central density. For T,(c) = 10 keV,
£ = 115 GHz, ¥ = 25°, and p lo) = 5 x 10'4 cn"’, the wvalue of n before the
cut-off peint (x_ = 70 em) is n = 0.4 in the first transit. The reflected
part of the incident wave will cross again the absorption reglon located near
90 ca and it 1s almoat totally abaorbed in the second transit,

We now investigate the density dependence of the wave damping. As known,
several apthors" 8 nave shown that the dawping of the extraordinary wode
dcales as ne"I. This result holds for f =~ f. for which the anti-Hermitian
part of the dislectric tenser 1is predominant in the computaticn of the wave
polarization. For N.z << 1, the wave polarization is approximately given by
(1 - i eyy/€qqy), where e,, and €;, are the components of the plasma

dielectric tensor. For € ~ f_, it is found that |1 ~ i e45/eq] = ne'1,

hence, 'k'e = I‘J - i 212/811l21n €4q¢ = N, 1. For large values of (fc - £),

however, the wave polarlzation tends to that of a cold plasma, i.e.,

2

2 2 2
1t-te /e, "1~ (fc/f)fp e - £ + fp ) .

For fc2 - g2 2 fpz, {1 - 1 512/511) decreasea slower than n. ! for increasing

(-]
values of n,« Since Im €44 = Ngr wE Find that k'e is nearly independent of n,

<«< t'pz. (1 - i gys/ey,) i similar

to the case £ » f . and thermal zifects are important. In this case, k“e =«

for moderate values of n,s For fcz -

"e-ll' This qualitative arqument is illustrated in Fig. 3 where we ghow k.e

versns x for Tofo) = 5 keV, ¥ = 25°, £ = 115 GHz, and ng(o) = 3 x 10'3, 10'%,

and 3 x 10“ en3. The same pattern is obtained for T, (o) > 5 kev. It

- 13 -3 14
appears that k - is nearly independent of n, for 3Ix 10 cm < ne(o) < 10

cn™? where fcz - £ 2 fpz and decreases approximately as ne-1 for ne(o) >



10'% cor”3, The maximum value of Ik"e for n,lo} = 3 x 10'% cn3 ig

3

approximately 1/3 of the value for n_{o} = 3 x 1073 cm - rather than 1710 as

predicted by the ne'1 dependence.
It is of intereat to determine the range of welocities of the abzrorbing
electrons. This is obtained using the relativistic resonance condition

v

2
2 2,
p,/foe = N (£ /6) & (N2 -1+ £ 6% o -

. (2%

where m is the electron rest mass, ¢ is the speed of light, and p, is tte
electron parallel momentum. For the case of Te(o) = 8 keV, ne(o) =- 3 x 1014
cm'a, and ¢ = 25° (Fig. 2}, the maximum power deposition occura near x = 70 cm
where f_/f = 1.17 and N, = 0.42. Using Eg. (2) with minus aign (the other
root is irrelevant), we obtain pllmc = ~ 0.30, i.e., 1pl| = 3,3 (m’l‘e)Uz.
This value of Py lies in the low welocity part of the electron tall for which
the density of the absorbing electrons is high enot;qh' for appreciable wave
damping and Coulomb collisions with the electron body are sgufficiently
fregquent to achieve thermalization in a time less than the enargy confinement
time. As shown in Figs. 1 and 2 and by Eq. (2), electron heating takes place
via superthermal electrons in the mome.ntum gpace and away from the plaama
axis. This calls for two comments. First of all, for large wave powers the
relatively weakly collisicnal electrons may experience gquasilinear effects
which in principle tend to reduce the damping rate. A guantitative anawer to
this problem requireas a Fokker-Planck kinetlc code. However, we expect that
the power depeadence of k-e is rather weak sincez the wave energy is deposited
over magnetic surfaces of large radius. Secondly, as shown by e:-:pez'i.rnen'cs1

for noncentral ECRH, the global energy confinement time is not worse than that ]

obtained for power deposition near the piasma axis. Furthermore, for electron



heating far away from the plasma axis, the possibility of suppressing the m =
2 mode has been dJdemonstrated. Note also that numerical simlations® of the
ignitien experiment in the INTOR tokamak point out the advantage of noncentral
heating. The results presented in Pigs. 7, 2, and 31 are obtained using a alab
model and are valid for propagation in the equatorial plane, We hawve checked
that in this case 2 ray tracing code yields the same results. Plasma heating
for lower values of B{c) and £ 18 poasible in present day large tckamak
devices. For instance, using the TFTR parameters, a = 80 cm, R = 250 cm, B(o)
= 30 kG, £ = 60 GHz, § = 45°, n,(o) = 5 x 10’3 cu™3, ana T (o) = 4 kev, we
find that more than 90% of the extraordinary mode is a.bsorbed in the first
trangit, and that half of the energy is absorbed in the regions with r < 40 cm
and ¥ ¢ 55 cm, when the wawve i{s launched from the high field side and the low
field =ide, respectively. Most of the wave energy is depoaited in the
vicinity of 45 cm and 55 e¢m, respectively. The investigaticn of wave
absorption for large down-shifted frequencies for T (o) = 1-2 keV is also
possible if the electron tail is activated hy an external pusher. This occurs
in a low density chmic plaama or in the lower hybrid current drive regime. In
both cases, the eleckron distribution possesses a mildly relativistic tail
which can be used to investicate the properties of electron cyclotron wave

3 1 addition, an interesting by-product of

absorption by energetic electrons.
wave absorption for dJdown-shifted freguencies is the generacion of an
additional current and, therefore, the method can be used for optimization of
current drive.'?

In concluaion, we have ghown that the two major difficulties of ECRH,
namely, the development of high frequency gyrotrons and the cut-off density of
the ordinary mode can in principle be overcome by using the extraordinary mode

for external launching at down-shifted frequencies. We have also shown that



-

far wave absorption far Away from the region where £ = fc’ the damping of the
extraordinary mode is weakly dependent on the plasma density. This contrasts
with the density dependence for wave absorption near f = fc. Since, in high
temperature plasmas, wmost of the wave energy is absorbed far away from the
region where £ ~ £, the limitation due to density raising is less severe than
generally expected. Finally, in most cases considered in this work, the

ordinary mode damping is found to be negligible.
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