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Abstract 

Electron cyclotron resonance current drive in a tokamak plasma 

in the presence of a lower hybrid tail is investigated using a 2D Fokker-

Planck code. For an extraordinary mode at oblique propagation and down-shif

ted frequency it is shown that the efficiency of .electron cyclotron current 

drive becomes, i) substantially greater than the corresponding efficiency of 

a Haxwellian plasma at the same bulk temperature, ii) equal or greater than 

that of the lower hybrid waves, iii) comparable with the efficiency of a 

Maxwellian plasma at much higher temperature. This enhancement results from 

a beneficial cross-effect of the two waves on the formation of the current 

carrying electron tail. jf 
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I - INTRODUCTION 

There is a rapidly increasing interest on rf current drive by 
the combined system of electron cyclotron and lower hybrid waves (ECLH) in 
tokamak devices. This method of current drive was first investigated 
theoretically in Refa. [l-3j and has recently received some experimental 
confirmation [4-5 ] . As known, in spite of several attempts, EC current 
drive in dense plasmas in the absence of an external parallel pusher [6-6] 
has been very disappointing. This negative result is hardly surprising since 
in low temperature plasma the predicted current drive efficiency is very low 
[ 9-10 ] . It is only at very high temperature (T >, 15 keV) that generation 
of electron current by EC waves becomes of practical interest. For T « 1 5 
keV, EC current drive can only be of interest if a mechanism is found for 
which the current drive efficiency is significantly enhanced compared with 
the corresponding one for a Maxwellian target plasma. This mechanism exists 
if the EC waves interact «with the LH sustained tail. One can show that the 
current drive efficiency of EC waves interacting with the LH parallel tail 
can be greater than that of the LH waves and much greater than the 
corresponding efficiency of a Maxwellian target plasma at the same bulk 
temperature* The mechanism of current enhancement is qualitatively explained 
as follows* At first, the application of EC waves decreases the collision 
frequency of the resonant electrons in a given range of the tail dis
tribution. Next, the combined effects of collisional pitch angle scattering 
and reduced resistance to the LH pusher increase the electron population of 
the fast part of the tail. Since most of the current is carried by the far 
end of the tail, the efficiency of the additional current is comparable or 
greater than that of the LH only. In view of the inherent advantages of EC 
waves, the combined system is most suited for optimizing the current 
efficiency and very flexible for current profile control. This paper is 
organized as follows. 

In Sec. II, we present the basic equations for investigating 
current drive by EC wave absorption for resonating electrons with a parallel 
velocity much greater than the thermal speed. In general this occurs in the 
plasma region where the wave frequency differs significantly from the local 
electron gyrofrequeney. 
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In Sec. Ill, we consider the special case of the extraordinary 
node for oblique propagation launched from a top position in the tokamak 
poloidal direction at frequency significantly smaller than the central elec
tron gyrofrequency. This allows a wide range of tokamak magnetic fields for 
a given. wave frequency and is very flexible for selective resonance heating 
L1I-14J . A comparative study is presented for the generated current with 

LH and EC waves separately and for the ECLH combined system. We also briefly 
discuss the power dependence of the electron cyclotron wave damping for the 
ECLH system. In Sec.IV, we consider the role of the current directly induced 
by the EC waves and in Sec. V we give the conclusions. 

II - BASIC EQUATIONS 

Interaction of EC waves with a given group of electrons can 
generate a toroidal current. The velocity of the current carrying electrons 
is determined by the relativistic resonance condition ' ' 

2 1 / 2 

[1 + tp/me) ] - u c/u - Nlf pn /mo = 0, 

where p* is the electron momentum, NEI is the parallel component of the re
fractive index, m is the electron rest mass, c is the speed of light, and 
u and u are the wave and the electron cyclotron frequencies, respectively. 

c 2 2 
In most cases of interest, P x « P„ and one obtains 

N„(ia M ±(N? - 1 + o . W ) 1 / 2 

p„ = mc 
l - < 

In general optimum 'selective ECRH occurs for conditions for 
which one of the two roots is negligible and for u < <« , the case of 

c 
interest for us, one obtains 

sgn (p ±) = sgn[±(N^ - 1 + » ^ / u
Z ) 1 / 2 ] 

Note that in general p + differs significantly from the corresponding non-re-
lativistic resonance, i.e.,p..R = - ( 01 / « - 1)/N„ . For instance, for 
u c / u> = 1.32, N„ s - 0.21, p = 0.63 mc and Pj_ = 1.5 mc. In this case, 
the non-relativistic theory of wave absorption yields a negligible wave 
damping in contrast with the result obtained below for which strong absorp
tion is found. 



There are in general four mechanisms determining at any instant 
the level of EC current generation, namely, i) the parallel momentum 
transfer, ii) the relativistic mass variation, iii) the induced electric 
field E„ , and iv) the effect of selective reduction of the electron ' 
collision frequency. It. is easy to show that i) and ii) arise from the wave 
non-sero parallel momentum k. = (u/c) H]( and the mass dependence of the _ 
relativistic current, i.e., J a P/Y . Using the EC quasilinear operator 

.(-H">oy -*»«T'"VT/P, » £»cy «T - -£• - Ss£-)tr, 

* 

? P P I /**' 
re - e is the electron charge, Y = (1 + p /m c ) , D = (p /32 w) 

2 "*" - i E •*• N, (ptl/mc) E | , E E and E are the wave field components and y •** *' z x y z s ( u /uy) (a/g p) + (NHP, /myc) (3/3p, ), one obtains [15] c i. •» J. ii 

f 3 J , e_ (fib/mc) - NIIY (P± ) p ( 1 ) 

3 t 'oy " mc . Y 2 { p } cy * x ' 

where J is the power absorption for unit volume. It appears that the 
cy 

effect of the EC wave is the combination of the momentum exchange with 
resonant - electrons and the mass variation due to electron heating. The 

E « 
One obtains 

II 4 * 

where u is the electron plasma frequency, L is the self-inductance, R is 
the major radius of the current channel and Z is the total current generated 
in the plasma. This term is important in the ramp-up phase and will not be 
considered in the present work. The effect of selective reduction of the 
collision frequency is to create an asymmetric resistivity [6] . 

These considerations are valid for arbitrary target plasmas. In 
the following we specifically discuss EC current drive for two related 
plasma systems, namely, the Haxwellian target plasma and the LH sustained 
plasma regime. 



Current drive by superthermal electrons is numerically investi
gated using the quasilinear kinetic equation for the electron distribution f 

9T l ST 'LH + l 3 i 'cy * l 9T 'coll' "' 

where 

4 1/2 3/2 T = u t, « = 2 ire n A /m T , n f i and T are the electron density and 
temperature, respectively, and A is the Coulomb logarithm. 

1 »T LH Su,, H lu, ' 

•*• •*• 1 / 2 

describes the LH parallel diffusion, where u = p/(mTe) ' . In the follo
wing we adopt a very simple model for the LH spectrum, namely, we assume 
that the diffusion coefficient D|( is constant in space and non-zero for 
values of the phase velocities in the range V and V_. 

, 8f . 1 , "c 1 u. 3 . • °>c 3 
1 3T 'cy " u x

_ u >u±
 + ui »u, n« V c j l -o7* 3", 

-*• 2 + " 
where w = eB/mc ,B is the tokamak magnetic field, y a mc /T , 

— )f • 

1/2 n„ = u (y- u c/«0/u | | t' 

2 1/2 and Y - (1 + u /u) . The electron cyclotron diffusion coefficient is given 
for a Gaussian wave-packet i.e., 

d c y = p D x exp [ - <n | r N h)2/(A N„ ) 2 ] exp (- fF2 K". or), 

where N ( | is now the mean value of the wave-packet parallel index, AN„ is 
the half-width of. the parallel spectrum and fc" =ic-"('n(|) the imaginary part 
of the wave vector. For arbitrary f t "k" is known and discussed else
where [ 16] . The factor P takes into account the finite extension of the 

2 wave-packet* We assume that the wave-packet cross-section a «(Sir) r R, 
where r and R are the minor and major radii, respectively, and 
P % < J / O T ) 2 rR . The local values of N(l and T(s) B exp (-fs2k'idr) are 
obtained using r. ray-tracing code, where s is the absissa along the ray 
path. 

,_3f_i Y<Z+1) l_ e.„ f l Sf A _2 a , y3 3f 2 _ 



is the relativistie Fokker-Planck collision operator for u » 1 and equal 

ion and electron temperatures. We keep the bulk temperature constant in 

time. This model is than legitimate if an unspecified thermal loss maintains 

the bulk temperature constant during the time interval in which the electron 

tail attains the "steady-state. In the following we assume Z = 1. 

Using a convenient variable time step AT and a 128 x 32 grid in 

the (u,e) space, f is computed as a function of T in~the range o < u 4 15. 

We consider the following plasma and wave parameters 

R • 2.25 m, a - 0.7 m, B(o) = 45 kG, f = u /2n = 100 GHz , 

n e (r) = 0.5 x 1 0 1 4 (1 - r 2/a 2)cm~ 3, T^tr) = 3 (1 - r 2 / a 2 ) 3 / 2 keV, 

D„. 0.8, v 1 =3.5 <T e(o)An)
1 / 2 X 0-25 c, v 2 = 7 (T e<o)/m)

1 / 2 ^ 0.5 c . 

The extraordinary mode is launched from a top location in the 

poloidal section. The launching direction is determined by the projections 

of the wave vector over the normal to B and the inner normal in the poloidal 

section, or by the angles i|> and A9 , respectively. Note that H ( | = sin * . 

We consider two cases, i.e., .(> = - 45° (Ae = 15°) and + = - 15° Ue= -

15°). In both cases 4N||= 0.12 (A<I = 7°), and the wave power is W = 2 MW. 

Ill - CURRENT GENERATION BY LH AND EC WAVES 

We first solve Eq. (2) for the LH waves only, i.e., (sf/at )„„ 

cy 
= 0. At * = 0, f i s a Maxwellian distribution at T (o) = 3 keV. Thesteajy-

e • 

state is attained Bt i ; 150 and the LH tall is established. A current 

• channel with a bell-shape profile is generated with the total current I,„ 

» 500 kA for a power absorbed of « ^ = 2.8 MW, thus, V^/l^ = 5.6 (W/A). 

Next we apply the EC waves and a new steady-state is established (T £ 600) 

in which the total current I > I_„. The modification of the current profile 

is maximum in the region of maximum power deposition. In Fig.l we show the 

projections of the ray paths in the poloidal (a) and toroidal (b) sections 

for ii = - 45° { àb » 15°) and i> m - 15» Ue = - 15°). The ray path is a cold 

plasma rosult. The values of u and N„ vary along the trajectory. It appears 

that u /in for v a - 15° is significantly greater than the corresponding 

values for i>= - 45°. Using the relevant resonance condition 
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Pj/mc » (N„<u eAO + («Î - 1 + ù. a/l. Z) 1 / a] /(l - Nfl), (3) 

one finds that the values of p H /mc for v - - 15° are much greater than 

that for • « - 45°, i.e., the EC wave-packet launched with • « - 15° will 

interact with the far end of the tail. The power deposition in the presen

ce of the LH tail and for the conditions of Fig.l is presented in Fig.2 

(full curve). We show the fraction of the wave power deposited between 

r = a and r, i.e., n (r) - 1 - T(s(r)). For comparison, we also present 

n(r) In the absence of LH tail (dotted curve). It appears that for* = - 45° 

the maximum of power deposition (proportional to dn /dr) occurs at 

r % 30 cm and that near total absorption is achieved in the first transit. 

It is of interest to note that for • = - 45" wave deposition in the presen

ce of the LH tail is about the same as for a Haxwellian target plasma 

at T (o) m 3 keV. This clearly indicates that the EC wave is absorbed 

by the near tail of the electron distribution. Using Eq. (3) in the region 

where the power deposition is maximum we find p /me ** 0.23. For wave laun

ching at <> = - .15° there is no appreciable absorption in th» «bsence of 

the LH tail. The LH tail is responsible of 65 % absorption in the first 

transit. The region of maximum absorption occurs at r « 15 cm on the high 

field side and from Eq. (3) one obtains p (/me % 0*63. 

The two launching conditions generate additional currents with 

different locations and efficiencies. In Fig. 3, we present J(r) versus r 

for the LH waves (dashed curve) and for "he ECLH system (full curve). As 

expected r the modifications due to EC waves are localized near r = 30 cm and 

r => 15 cm for * • - 45° and • = - 15°, respectively. The additional current 

due to EC waves is nearly 300 and 400 kA respectively, but in the case of 

v = - 15» this is generated by (0.85 x. a). NU . 1.7 MW and the efficiency is 

better than for • » - 45°. We find V /I _ 6.7 and 4 (W/A) for the two 

values . of <J . In the absence of • LH waves and ii » - 45°, the EC waves 

generates some current in the vicinity of r = 30 cm ( % 100 kA) with W /I 

= 21 (W/Al Since the resonant velocities arid ttie power deposition are nearly the sans as in tie 

presence of the LH wave, the change in the efficiency is clearly due to the 

effective velocity of the current carrying electrons. This is understood 

from Fig. 4 (a> where we show F (u u) = 2^ f"iux u x f at steady- state 

versus u„ at r - 30 cm and t » - 45° for the0 LH waves (dashed curve) and 

for the ECRH system (full curve). It appears that although the EC wave 

energy 13 transferred to low velocity electrons (p % 0.23 mc) the final 
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result is a raise of the high velocity population* This is the effect of the 
LH parallel diffusion on electrons with reduced resistance in the low part 
of the tail. Since the predominant part of the current is carried by the 
high velocity side of the tail the efficiency of the additional current is 
close to that of the LH waves. In the case of a Maxwellian target plasma at 
T (o) = 3 keV, the modification of the electron tail remains in the vicinity 
of p n % 0.23 mc (Fig. 4(b)) and the efficiency is lower than that of the ECLH 
combined system. The case of v • - 15° is presented in Fig. 4(c). Now the 
resonant velocity lies in the far end of the tail (p.. £ 0.63 mc) and the 
result of the cross-effect between the two waves is to flatten and extend 
further the energetic part of the preexisting LH tail. The additional 
current is now carried by electrons with velocity v„ > v„ and the efficiency 
is better than that of the LH only. 

It is of interest to compute the efficiency of EC current drive 
for a Maxwellian target plasma at T (o) *= 15 keV and i> = - 15°. In this 
case total absorption occurs in the first transit. The power deposition and 
the current generated are maximum near r = 25 cm and for the current drive 
efficiency we find W /I £ 4 (tf/A). Using the local values of T tf..»nd cy cy e *• 
<•> /M we obtain p n /roc % 0.63. It appears that, as far as EC current 
generation is concerned, the thermal plasma at T to) = 15 keV is equivalent 
to that at T(o) s 3 keV with an appropriate LH tail. 

Since the direct effect of EC heating is an increase of the 
perpendicular temperature of the superthermal electrons, we present in Fig. 
S (a) and Fig. S (b) T, (uh ) * T e 2 v/""Suj. (u^ /2) f/F (u n) versus u„ for 
the conditions of Figs. 4 (a,c), respectively. The change of T x (u(|) due to 
£' waves is different for the two launching angles. This should be manifest 
in the emitted and transmitted radiation at high harmonics, which offers in 
principle a natural diagnostic method for testing the theory of the tail 
formation and the current generation by superthermal electrons. 

We now discuss the power dependence of the EC wave damping. 
Figure 2 shows wave absorption of the central part of the EC wave-packet 
interacting with the LH tail. In the combined system at steady-state the 
momentum distribution is different than that of the LH only (Figs. 4 and 5). 
The actual EC wave damping is then modified self-consistently. For the wave 
power used in the present calculation (W m 2 MW), we find that for « « 
- 45° the power dependence of the wave damping can be neglected. For 



-2 —1 instance, at r » 30 cm the final value of V is 8.7 X 10 cm to be 
-2 —1 compared with the initial value of 6.2 x 10 cm . In this case, the power 

deposition presented in Fig.2 for * - - 45° will be nearly the same as that 
obtained with the final distribution for the ECLH system at steady- state. 
For* =. - 15°. the change between the initial damping given in Fig.2 and the 

. actual one obtained with the final electron distribution is appreciable. At 
- 2 - 1 - 2 1 r = 15 cm we find 1.2 x 10 cm and2.2 x. 10._cm for the two situations. 

However, since k " « 1 the overall power deposition will be approximately 
the same as in Fig.2, the only appreciable change being the fraction of the 
wave energy absorbed in one transit which increases by a factor 1.3, i.e., 
85 % of the wave energy is absorbed in one transit. This brief discussion 
on the power dependence of the EC wave damping shows that for increasing 
powers the overall wave absorption may increase significantly ri 7J * This 
favourable circumstance is very useful in the case in which the initial 
first transit absorption is not sufficiently strong to make the plasma 
a blackbody. 

IV - ROLE OF THE WAVE INDUCED CURRENT 

It is of interest to discuss the role of (3J/8t)„ on the final 
ey 

level of the generated current. We first consider the case of a Maxwellian 
target plasma at T (o) • 3 keV. As shown in Fig. 4(b), the resonant paral
lel momentum p > 0, thus, the final current J < 0. Mow, for p > 0 
and from Boo. (1) and (3) one obtains 

a j . 0 1 . - 1 + M ; > 2 ) i / 2 

'-TT-'cy 2 — Pcy * ° <*> 
met (p ) 

Equation (4) show» that the effects of momentum transfer and 
relativistie mass variation are comparable and that 4-J > 0, i.e.. oppo-

cy r r 

site to J. This of course indicates that at steady-state the effect of pitch 
angle scattering is predominant and the final current is mainly determined 
by perpendicular h. ing of the resonant electrons. An approximated estimate 
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of the relative Importance of the two contributions is obtained as follows. 

We have found that p % 0.23 i»o at r • 30 cm where u /u = 1.24 and 

N„ J - 0.75, thus (N 2 - 1 + u 2/u 2 ) 1 / 2 / Y 2 * 1 and 

W Ï ( 9 0 / R ) " (A/W)' 
where R is in meters. We find that the randomizing effect of Coulomb colli

sions is effective in a time interval oi a-r % 1.5 i.e., at £ 5 x 10~ 5 

sec. .For » = 2 MW, R = 2.25 m, we obtain (41) £ 4 kA to be compared 

with the steady-state current, i.e., I »100 kA. By computing the time 

variation of the electron parallel energy, it is easy to show that the 

positive value of UJ)„„ is related to selective parallel cooling induced cy 
by the EC wave. We obtain 

- Î T " ( ne J"* ~ 4 r f > * " ^ Pcy " E ± m ^ W~ < V . ^ «°* «*" 1 ! f > ' 

Since p N..< 0, one obtains parallel cooling in the vicinity 

of p . A similar computation can be made for the combined system. For 
+ -3 

instance, in the case of Fig.4 (c) one obtains it J 1.3 x 10 sec and 
41 /V % 3.2 10" (A/W) to be compared with the steady-state result 
I /w = 1/4 (A/W), i.e., A I /I a 1.3 x 10' 1. These estimates show cy cy cy cy 
that the part of the current induced by the wave is negligible compared 

with that due to the combination of selective perpendicular heating and 

collisional pitch angle scattering. 

V - CONCLUSIONS 

In this paper, we have carried a comparative study of EC current 

generation for two different plasma regimes, namely, a Haxwellian isotropic 

target plasma and one possessing a LH tail. Using the extraordinary mode 

launched from a top position, we transfer the EC wave energy to any desired 

velocity range of the electron distribution. The principal reBult of our 

study is that the EC current drive efficiency improves sigrificantly in the 

presence of LH waves compared to the case of a pure Haxwellian distribution 

at the same bulk temperature. For the parameters considered, we find that 

the efficiency of EC current drive in a plasma at T (o) = 3 keV in the 
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presence of a LH tail is nearly the same as that of the LH waves only or 
better for wave absorption by the far end of the tail. Thi's fact has a first 
interesting consequence. As known, there are a number of unsolved problems 
concerning the LH waves as, for instance, the effective wave spectrum in the 
plasma region generated by a given LH antenna radiation pattern or the role 
of strong Landau damping in hot plasmas'. Now, these probljre are crucial in 
some important applications of LH current drive as the spatial profile 
control of the plasma current for MHD mode stabilization. On the other hand, 
spatial wave deposition of EC wave3 is better understood and therefore ECRH 
becomes the ideal partner of LH waves for remote control of the current 
profile. We have also found that the ECR current drive efficiency of a 
Maxwellian plasma at T (o) « 15 keV is the same as that of a low temperature 
(T (o) = 3 keV) plasma with a LH tail. This suggests the following scenario 
for the reactor operation. In the low and moderate temperature phases, the 
tokamak current is sustained by the combination of LH and EC waves. In this 
regime, the accessibility of LH waves should experience no severe 
limitations due to strong Landau damping and the presence of a-particles. At 
the same time, the value of B(o) and the launching angle will be adapted for 
optimum EC current drive. As the temperature increases, the lower hybrid 
sustained tail will naturally become the Maxwellian tail with the same 
momentum distribution. The EC wave system may then operate withouth the LH 
support if this is reduced by strong Landau damping and the increased level 
of or-particles. 
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FIGURE CAPTIOUS 

Fig.l Ray paths in the poloidal section (a) and toroidal direction (b) 

for * = - 45» (46 « 15), and * - - IS» fee = - 15°). 

Fig.2 n (r) vs r for a ray path with Ng- sin (i and i> = - 45°, - 15°, 

in a target plasma with (full curves) and without (dotted cur

ves) LH tail at T e(o) = 3 keV. 

Fig.3 J(r) va r for LH waves (dashed curve) and for LH and EC waves 

for * = - 45° and * - 15°. 

2 
Fig.4 ^ uii Ï v s ull a * steady-state for LH waves (dashed curve) and a) 

LH and EC waves for • = - 45° at r = 30 cm, b) EC for T (o) = 3 

kev, and c) LH and EC waves for •> = - 15° at r = 15 cm. The 

dashed curve in b) is the initial Haxwellian. 

Fig.5 Tj_'ull' v s u|l a t steady-state for LH waves (dashed curve) and . 

LH and EC wavecfor a) ip = - 45° at r = 30 cm and b) + = - 15° 

at r = 15 cm. 



y (cm) ' i 

50 
• 

0 -

-50 -

• 

-50 0 
Fig. 1(a) 

50 x (cmf 



60 r (cm) 80 



M J (kA.cnf2) 

40 r (cm) 

Fiq. 3 



-In F ( U / / )A 

-50 0 50 

Fig. Ma) 

100 sgn [u//] uL// 



sgn {U//1 u// 

Fig. 4(b) 



-In Flu//) 

20 

100 sgn (u//) u>/ 

Fig. Mc) 



10 u// 
Fig. 5(a) 



T.(keV) h ' J . 

/ 
30 - / 

/ / 
/ s "*• > . I / / u s / ' ' 
f \ / / 

20 \ 

I 
\ 

/ / 
1 ' 
/ / 
1/ ' l / / 

/ / 
11 // 

10 l.l / / 
\ \ / / 

1 

o i i i . . . i fc 

0 -5 0 5 10 U / / 

Fig. 5(b) 


