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ABSTRACT

This report supplements a previous paper (1), in which we
used a full Fokker-Planck treatment to find the effects of a
relativistic resonance condition on ECRH current drive. We
tabulate current drive efficiencies for the modes and
resonances of interest, in particular for the O-mode at the
fundamental resonance which was not treated in (1). The
results have been compared with a Lorentz gas model which
gives good scaling under certain conditions. A ray tracing
study has shown the size of these effects in present-day

tokamaks.
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i INTRODUCTION

In a previous paper [1] we investigated the effect of the relativistic
correction to the electron mass on ECRH current drive by numerically solving

steady-state electron Fokker-Planck equation with full

the linearised,
That paper was confined to the X-

electron-electron collisions included.
mode and only results for X-mode absorption at the fundamental resonance
were tabulated. In this report we extend the treatment to the 0-mode and
tabulate current drive efficiencies for those modes which might be used for
namely the 0- and X-modes at the fundamental resonance and
This report is only intended as a
the discussion of the

current drive,
the X-mode at the 2nd harmonic resonance.

supplement to [1] and much of the mathematics,
resonance condition and the details of the numerical calculations which are

Tn that paper are not reproduced here. For convenience, we include a
glossary of symbols used in [1], and which are not redefined in the text

(Appendix 1).

2.  THE FOKKER-PLANCK EQUATION

The steady-state electron Fokker-Planck equatfon may be written
schematically as:
of
£ + (=9 (1)
ot collisions ot  ECRH

0=

By assuming that the perturbatfon f. to the electron distribution function
fe fs small and expanding fé in Legendre polynomials, that is
v

' - v [ .
fo "Fne L 2, &) P, () with F__ the background Maxwellian, equation (1)

o .
may be reguced to a series of uncoupled integro-differential equations for
the coefficient functions an(x). By solving the equation for a,(x) we

x2
f a,(x) x3e”" dx. The power absorbed

calculate the current J = - de n
¥ e e

3n f
per unit volume from the wave is found from P = lm [ v2 —) d3v.
ot ECRH

The usual dimensionless current drive efficiency J/P is then calculated by
expressing J and P in the units -nev, and nemevg Yo respectively. The

equation for a,(x) is [1]:-
16
[xI4(x) - l.2xIc(x) - x%(1-1.2x2)
35 3 5

a'* +pP(x)a' +Q(x)a -
1 1 1
(Io(x) - IO(-)I] = R(x) (2)

as defined in [1]. The

with the functfons P, Q and A and the integrals I
L and the right

left hand side of this e?uatfon comes from (5+) co11isions
hand side, R(x), from (at) ECRH"
-1-



The driving term in equation (1) may be written [2]

bfe bfe bfe bfe
(“‘) = (—“‘] * (“') + L“‘J (3)
EcRY ot o ¥t 2?5
with
af v 2(2-1) j
1 » B | w 20 v2 me
(—8) =2 (v} 0. (Jh) (- -E)-v,) b4
at 3 VL bvl L ve J Vo kl kl 2¢c2 | bvl
k v. 2(2-1)
2 2
where D = L2 4 %Qe) |E"
a m2 . ((e-1)1)2
ie
k v 22-1
2 *
b = —== L (%8 Rel€E,)
k m2 2!(2-1)!
ie
and D, = ne? 1 klve o lE |2
2 2Q z!
2 1y2
k:"‘e (2!)
E- = E_ - {fE. with E the wave electric field vector. For the X-mode,
X y &

0_ > D, > D, and only the first term on the right hand side of equation

(3) need be retafned: this is the case considered in [1]. However for the

0- mode all three terms must be retained.

Each of these three terms gives a contributfon to the power absorbed
and to the current driven i.e.

2 2

P=Y P.andd =] J.

j=0 * j=0
(Expressions are given for Py, P, and P, in Appendix 2.) Thus

(5)

‘Olv
s

.2
.~l=): (i]
P J=0 PJ

J,
where Gl) = -1 {s the current drive efficfency due to the jth term of

PJ P ; _
equation (3). JHence to find a net J/P for the O-mode one needs to know

(J/PIJ for j=0, 1, 2 and the power absorbed due to each term.



The jth term gives a driving function in equation (2) given by

120, 2-1 j+ _ _
(x2-x2) xg x({x2+2-x2+ X ((3+1)x2-(22+3+1)x2)}

3
Ve voA

Rj(x) =

{H(x-a_) - H{x-a )}

where H is the Heaviside function, a« _ = I(I:JI-EUOS)/25|.
- 2 3 w-1Q
Xg = ug + 5x< and we have introduced u, = T8 and

Qv e
€ which were used in [1] to parameterise the absorption. Rj(x)

S =k
k,c?
reduces to the driving term R(x) in [1] for j=0. The value $=0 corresponds

to the non-relativistic resonance condition and thus S gives a measure of
the importance of relativistic effects.

3. RESULTS AND HOW TO USE THEM

We have solved equation (2) both analytically in the Lorentz gas limit
(z >> 1 - see Appendix 3) and numerically with full electron-electron
collisions included. Tables 1 to 6 list the results of our numerical
calculations. We find (cf. [1])that the Lorentz gas model gives good
scaling for high speed resonant electrons (u0 > 2) but overestimates J/P by
a factor (Z + 5)/Z. Allowing for this factor, it underestimates J/P for low

speed resonant electrons (uo <1).

In the tables (J/P). can be either negative or positive. This fs
because for even values of j, J,; can change sign and for odd values of J,
P, can change sign. Note that a negative P, is allowed but P must always be
positive. Around the zeroes of P, the values of J/P in Table 2 get large
and are unrelfable. We also note that (J/P), is independent of j for the
non-relativistic limit S=0. This follows from the form of P, and R.(x) for
$=0. Consequently for reasonably small values of S, Table 1 gives a good
approximation to Tables 2 and 3, but further down the tables, in particular

near where (J/P)J changes sfgn, the approximation is less accurate.

To find the current drive efficiency for the 0O-mode at the fundamental

resonance one needs to combine Tables 1, 2 and 3 by using equation (5). For

example if u, ° -1, S=1 and PO:PI:P2= 1:-2:5 then J/P = 0.64 .



These values of J/P may be converted into more useful quantities by

using the expression

with RO in metres and N in units of 1020m-3,

We have included these results in a ray tracing code to quantify the
effects of the relatfvistic correction in an actual experiment. We used the
tabulated efficiencies for Iuol < 3 and the scaled-down Lorentz results for
,uol > 3. Figures 1 and 2 show the effect of varying the angle of injection
of the waves on the driven current in a tokamak the size of DITE for X-mode
2nd harmonic and O-mode fundamental heating. Both relativistic and non-
relativistic (S=0) curves are shown. The curves deviate substantially at
small angles (for which kI is small and hence S large) and show that in an
experiment to get significant current drive one would need an angle of
injection greater than ~ 10° at Te = ] keY. This angle increases with the

square root of the temperature.

The parameters used in the calculations shown in figs 1 and 2 give
mostly similar power deposition profiles for corresponding angles of
injection. Thus the similarity of the efficiencies shown in figs 1 and
2 suggest that the different velocity dependences of the driving terms
(eq 4) for the '0' mode and X mode do not, per se, have a substantial

impact on the calculations.

Conclusion

We find that, for the O-mode, J/P has three terms compared to one for the
X-mode. However {f relativistic effects are small (small S) all three terms
are approximately equal and only one calculation s required. The Lorentz
model, when scaled by the factor Z/(Z+5) gives good agreement with the full
treatment for resonant electrons with speeds greater than thermal. Ray
tracing calculations show that the relatfvistic correction can be important

at present laboratory temperatures.
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Appenaix I - Glossary of Symbols

magnetic field

electron speed
components of electron velocity parallel to and

< < |m

perpendicular to B
m electron rest mass
T electron temperature

2T
= (a_g]k
e

F electron Maxwellian distribution

E electron charge

n electron density

In A Coulomb logarithm

en 1n .

A e = collision frequency

4xe2v3m?
oee

wave angular frequency
component of wave vector parallel to B

component of wave vector perpendicular to 8
harmonic number

elg]
electron rest gyrofrequency =

speed of 1ight
major radius

€

e

P OD e



Appendix 2 - Expressions for P_j

P., the power absorbed due to the jth term in equation (3), is given

by 4
5 bfe ,
Py=hm, [ v (F)J.dv (A2.1)
afe
with (—) given by equation (4).
ot Jj

By writing A2.1 in the variables x = v/ve and £ = vI/v and

integrating over £ one gets
4D.n m
Po= L8 E 4

— % where
J (= ve) P

= (% x3 (x2x2)%1 I (y2op2- _ 38 (242107 %
Ip fa:- x3 (x2-x2) xy [x2-x2Z-2 + 22x S X, (x xol}g dx
i = 2
with Xog = Uy ¥ Sx4.

It s convenient to express Ip in terms of the integrals Kn where

-~
N

= b y"e¥dy, a = «2 and b = «2 and then use the recurrence relation
a - +

n_-a n -b
n l'l’(n_-l*'ae -be.

-~
n



We give Ip_for the four cases of interest:-

=L, §=0
Iy =% [-5%K, + (1-2u S + 252) K,
- (1 +uZ-2u8)K)]
2=1, j=1
I, =% [-S%, * S(1-3u s + 352)K,
*ug - 25 - 3uls + 6u S2K,
- u (ug +1-3su )K,]
=1, j=2
I = (-8 + S2(1-4u S + 4s2)K,
+ S(2uy - 35 - 6uZs + 12u S2)K,
*uy (ug - 4s - 4us +'12u052)1<2
- ul (W2 +1 - 4u SK]
2=2, =0

= - 2
Iy =% [S'g - 252 (1-2u S + 252)K,
2 3
* (1-4u s + 652 + 6uls? - 12u S?)K,
- 25 - 2yd 2g2
2 (1 +ug du S - 2us + 6ugs®IK,

2 2 _
*ug (2 +uZ - au sk, ]



Appendix 3 - Lorentz Gas Results

In the Lorentz gas limit (Z >> 1) equation (2) reduces to

-Rj(x)h(x)

a,(x) = =

-60, .
_d (y2-x2)%"1, 3 x[x2+8 - x2 + S ((§+41)x2 - (214j+1)x2)}
W3y 7 ) 0 ) X, 0
“e’o

for the jth term. The current can be expressed in terms of al(x) as

(=9
n

48 el 3 -Xz -
nv [ a(x)x3e " dx, which becomes
ee’o

3u!.'i
BDjnee
’ ( xvivZ ) IJ
eo
%+ 2-1_§+1 4 S Fia ; -x2
where I, = £ (x2-x2) xg x“{x§+1-x2+;; ((3+1)x2-(22+j+1)x2Z) }e = dx
We give [J for the 4 cases of interest in terms of the integrals Kn

defined in Appendix 2.



=1, j=0

Iy =% {u (2 +1 - 3Bu,) Ky * [3u; § ='u, ® 28 = 6ugSIKs,,
5 1345 - 1 - 352) R, + 5T K, |
=1, j=1
I, =% {uf; (US *1-4usS)Ky,, +u (- Uy + 4uis + 45 - 12u052)K5,2
+S (Gugs + 35 - Zuo - 12u052) K7/2
+ 52 (4uos -1 - 452) Kg o * 5Ky ,0l
=1, j=2
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+ (30u§ $3 + 6u§$ + 35 - IOU;Sz - 18u §2 - uy) K7,
+S (20uS? + 6uyS - 10ugs? - 852 - 1) Ky,

+ 53 (ssz + 2 - SUOS) Kllfz
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TABLE 1 J/P for 4=0 , 1=1 and Z=1

17
(=

. =3.0 -2.5 -2.0 -1.5 -1.0 -0.5 -0.3 =-0.1 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0
0.00 -5.24 -3.92 -2.87 -2.08 -1.45 -0.B2 -0.52 -0.18 0.18 0.52 0.82 1.45 2.08 2.87 3.92 5.24%
0.02 - 24,71 -3.59 -2.68 =-1.96 -1.37 -0.76 -0.46 -0.12 0.24 0.58 0.B9 1,54 2.20 3.09 4.32 5.94
0.0U -4.29 -3,32 -2.51 =-1.86 -1.29 -0.69 -0.40 -0.06 .30 0.65 0.96 1.62 2.33 3.36 k.86 6.9
0.06 -3.95 -3,09 -2.36 -1.76 =1.22 =-0.63 =-0.33 0.004 0.36 0.71 1,02 1.70 2.49 3.70 5.64 B.64
0.08 -3.66 -2.88 -2.22 =-1.66 =1,14 -0.56 -0.27 0.0 0.43 0.77 1.09 1.79 2.66 4.7 6.98 13.51
0.10 -3,40 -2.70 -2.10 =-1.57 =-1.07 =-0.50 =-0.21 0.12 0.49 0.B4 1.15 1,88 2.87 4.9 - -
0.12 -3.,18 -2.54 =-1.98 -1.48 -1.00 -0.43 =-0.15 0.18 0.55 0,90 1.22 1.98 3.14  6.66 - -
0.14 -2.97 -2.39 =-1.87 -1.39 -0.93 -0.37 =-0.09 0.24 0.61 0.96 1.29 2.0T 3.53 - - -
0.16 -2.80 -2.25 =-1.76 =-1.31 -0.86 -0.31 =-0.03 0.30 0.66 1.02 1.35 2.18 4.28 - - -
0.18 -2.63 -2.12 -1.66 -1.23 =0.79 =0.25 0.03 0.36 0.72 1.08 1.41  2.29 - - - -
0.20 -2.48 -2.00 =-1.57 =1.16 =0.73 -0.19 0.08 0.41 0.78 1.14 1,48 2.1 - - - -
0.24 -2.21 -1.79 =1.39 =-1.01 -0.60 -0.08 0.19 0.52 0.88 1.25 1.59 2.66 - - - -
0.3 -1,86 -1,50 -1.15 -0.81 -0.43 0.08 0.34 0.66 1.02  1.39 1.73 - - - - -
0.U -1.39 -1.10 -0.82 -0.52 -0.17 0.29 0.53 0.83 1.18 1.53 1.84 - - - - -
0.6 -0.74 -0.54 -0.34 -0.12 0.15 0.51 0.72 0.98 1.31  1.68 - - - - - -
1.0 -0,16 =-0.06 0.05 0.17 0.34 0.60 0.78 1.03 1.42 - - - - - - -
1.5 0.04 ©0.10 0.16 ©0.25 0.37 0.60 0.75 1.01 1.43 - - - - - - -
2.0 0.10 0.14 0.20 ©0.27 0.37 0.57 0.T1 0.95 1.32 - - = = & g =
2.5 0.13 0.16 0.21 0.2T 0.36 0.54 0.67 0.88 - - - - - - - -

TABLE 2 J/P for j=1 , 1l=1 and Z=1
s U, 3.0 -2.5 -2.0 -1.5 ~-1.0 -0.5 =0.3 =0.1 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0

0.00 -5.24 -3.92 -2.87 -2.08 -1.45 -0.82 -0.52 -0.18 0.18 ©0.52 0.82 1.45 2.08 2.87 3.92 5.24
0.02 -4.71 -3.59 -2.68 =1.96 -1.38 =0.77 =-0.47  -0.15 0.24 0.58 0.88 1.53 2.21 3.10 4.33 5.94
0.04 -4,29 =3.32 -2.51 =-1.86 -1.30 =-0.72 -0.44 -0.37 0.31 0.65 0.95 1.62 2.34 3.37 4.87 6.9Y
0.06 -3.95 =-3.08 -2.36 ~-1.76 -1.24 -0.68 -0.43 0.62 0.39 0.7 1.02 1.T1 2.50 3.72 5.65 B.56
0.08 -3.65 -2.88 =-2.23 ~-1.67 -1.17 -0.65 =-0.47 0.M1 0.47 0.79 1.09 1.80 2.68 4.19 7.00 11.5
0.10 -3.40 -2.71 =2.11 -1.59 =1.12 -0.65 =-0.63 0.43 0.55 0.B6 1.17 1.90 2.90 4.93 - -
0.12 -3.18 =-2.55 -2.00 =1.52 =1.08 -0.68 ~-1.13 0.49 0.63 ©0.94 1.2 2.00 3.17 6.69 - -
0.1k -2.99 -2.41 -1.90 =1.45 =1.04 -0.75 -5.04 0.56 0.71 1.01 1.32  2.11  3.57 - - -
0.16 -2.82 -2.28 -1.81 =1.39 =-1.02 -0.91 3.29 0.63 0.79 1.08 1.39 2.22 4.32 - - -
0.18 -2,67 =-2.17 =-1.73 =1.34 -1.00 -1.23 1.64 0.70 0.87 1.16 1.47  2.34 - - - -
0.20 -2.53 -2.07 =-1.66 =-1.30 -1.00 =-1.99 1.29 0.77 0.94 1.23 1.54 2.u6 - - - -

0.24 -2,29 -1.89 =-1,54 =-1.24 -1.07 46.2 1.13 0.9 1.08  1.36 1.67 2.68 - - - -
0.3 -2.02 =1.70 =-1.43 -1.24 =-1.44 2,27 1.6 1.08 1.25 1.51  1.80 - - - =
0.4 -1.75 =-1.56 =-1.45 -1.62 =-5.86 1.58 1.26 1.25 1,40  1.62 1.87 - - - -
0.6 -1.91 -2.11 =-2.95 =-14.6 2.97 1.42 1.30 1.31 1.45  1.70 - = - - - -
1.0 -T.48 -55.7 7.39 3.04 1.81 1.34 1.28 1.3 1.50 - = - - - - -
1.5 9.85 5.19 3.30 2.29 1.70 1.35 1.28 1.30 1.50 - = - - -
2.0 5,20 3.78 2.85 2.20 1.72 1.38 1.29 1.26 1.37 - - - - - -
2.5 §.33 3.44 2,76 2.22 1.78 141 1.29  1.21 - - - - - - -

TABLE 3 J/P for j§=2 , l=1 and 2=1
5 u, -3.0 -2.5 =-2.0 ~-1.5 -1.0 -0.5 =0.3 -0.1 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0

0.00 -5.24 -3.92 -2.87 -2.08 -1.45 -0.82 -0.52 -0.18 .0.18 0.52 0.82 1.45 2.08 2.87 3.92 5.2%
0.02 -4,71 -3,59 -2.68 =1.96 -1.38 =-0.78 -0.49 -0.17 0.24 0.58 0.88 1.53 2.21 3.10 4.33 5.94
0.04 -4.29 -3.31 -2.51 =1.86 -1.31 =-0.T4 -0.47 -0.02 0.33 0.64 0.95 1.62 2.35 3.38 4.B8 6.95
0.06 -3.94 -3.08 -2.36 -1.77 =-1.25 -0.72 -0.46 0.24 0.43 0.72 1.02 1.71  2.51  3.73 5.6T7 8.56
0.08 -3.65 -2.88 -2.23 -1.69 -1.21 -0.70 -0.41 0.40 0.54 0.81 1.11  1.81  2.70 4,21 7.00 1.2
0.10 -3.,80 =-2.71 =2.12 -1.61 -1.16 -0.68 -0.27 0.52 0.65 0.90 1.19 1.92 2.92 4.96 -

0.12 -3.19 -2.56 -2.01 -1.55 =1.13 -0.64 -0.02 O.6% 0.75 0.99 1.28 2,03 3.21 6.M - -
0.14 -3,00 -2.47 =-1.92 -1.49 -1,10 -0.55 0.26 0.T5 0.86 1.09 1.37 2.15 3.61 - - -
0.16 -2.84 -2.31 -1.84 -1.44 <1,07 =-0.39 0.51 0.85 0.96 1.18 1.46 2,27 4.35 - - -
0.18 -2.69 -2.20 -1.7T =-1.39 -1.04 -0.16 0.70 0.95 1.06 1.28 1.55 2.40 - - - -
0.20 -2.56 -2.11 =-1.71 -1.35 =-0.99 0.09 0.86 1.05 1.16 1.37 1.64 2.53 - - - -
0.24 -2.34 -1.95 -1.60 =-1.27 -0.85 0.58 1.11 1.23 1.33  1.53 1.78 2.70 - - -

0.3 -2.08 =1.75 -1.45 =1.11 =0.43 1.09 1.36 1.43 1.52 1.69 1.90 - - - - -
0.4 -1.75 =1.4% -1.12 =-0.58 0.48 1.44 1.53 1.56 1.61  1.73  1.89 - - - - -
0.6 -1.00 -0.61 =-0.09 0.55 1.16 1.45 1.48 1.50 1.58 . 1.72 - - - - - -
1.0 0.18 0.43 0.69 0.9% 1.17 1.33 1.38 1.44 1.56 - - - - - - -
1.5 0.50 0.63 ©0.77 0.93 1,10 1.28 1.35 1.43 1.55 = - - - - - -
2.0 0.56 0.66 ©0.7T 0.90 1,06 1.25 1.33 1.39 1.1 - - - - - - -
2.5 0.58 0.66 ©0.75 ©0.87 1.03 1.22 1.30 V.34 - - . - - i =




TABLE 4 J/P for §=0 , 1=1 AND 2:=2

v, =-3.0 -2.5 -2.0 =-1.5 =-1.0 -0.5 =-0.3 -0.1 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0
0.00 -4,42 -3.,27 -2.35 =1.65 =1.10 =0.58 =0.36 =0.12 0.12 0.3 0.58 1.10 1.65 2.35 3.27 L.u2
0.02 -3,96 -2.99 =-2,19 =-1.55 =-1.03 =0,53 =0.31 =0.07 0.17 0.40 0.63 1.16 1.76 2.55 3.62 5.02
0.04 -3.60 -2.75 -2.04 -1.46 -0.97 -0.48 -0.26 =-0.03 0.21 0.45 0.68 1.23 1.87 2.78 4,09 5.89
0.06 -3.30 =2.55 =-1.91 =-1.38 -0.91 -0.43 -0.22 0,02 0.26 0.50 0,73 1.30 2.00 3.08 4.76 T.34
0.08 -3.05 =2,37 =-1.79 -1.30 -0.85 -0.38 -0.17 0.06 0,30 0.54 0.78 1,37 2.15 3.8 5.92 11.53
0.10 -2.83 -2.22 -1.69 =-1.22 -0.78 -0.33 -0.12 0.11 0.34 0.59 0.83 1.45 2.33 b4.12 - -
0.12 -2.,64 -2.08 -1.58 =-1.15 -0.74 =-0.29 =-0.08 0.15 0.39 0.63 0.88 1.53 2.57 5.64 - -
0.14 -2.47 -1.95 -1.49 -1.08 -0.68 -0.24 -0.03 0.19 0.43 0.68 0.93 1.61 2.91 - - -
0.16 =2.31 -1.83 -1.%0 -1.01 =0.63 =0.19 0.01 0.23 0.47 0.72 0.968 1.70 3.57 - = -
0.18 =2.17 =1.72 -1.32 -0.94 -0.57 -0.i5 0.05 0.28 ‘0.51  0.7T  1.02  1.79 = - = =
0.20 =2,04 -1.62 -1.24 -0.88 -0.52 -0.10 0.10 0.32 0.55 0.81 1.07 1.90 - - - -
0.24 =-1,80 -1.44 -1.09 -0.76 -0.¥2 -0.02 0.18 0.39 0.63 0.88 '1.15 2.1 - - - -
3 -1.51 =-1.19 -0.90 -0.60 -0.28 0.10 ©0.28 ©0.49 0.72 0.98 1.24 - - - - - -
y -1.11 -0.86 -0.62 -0.37 -0.09 0.25 0.42 0.61 0.82 1.04 -1.28 - - - - -
6 -0.57 -0.40 -0.23 -0.06 0.15 0.40 0.52 0.67 0.83 1.02 - - - - - &
0 -0.10 =-0,02 0.06 0.15 0.27 0.42 0.50 0.60 0.72 - - - - - = =
5 0.05 0.09 0.14 0.19 0.27 0.37 0.43 0.49 0.54 - - - - - - -
0 0.09 0.12 0.15 0.19 0.25 0.33 0.37 0.40 0.37 - - - - - - -
5 0.10 0.12 0.15 0.18 0.23 0.29 0.31 0.33 - - - = - - - -
TABLE 5 J/P for j=0 , 1=2 and Z=1
s U, -3.0 -2.5 -2.0 -1.5 ~-1.0 0.5 -0.3 -0.1 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0
0.0 -5.44 -4,08 -2.99 -2.12 -1.41 -0.T4 -0.45 -D.15 0.15 0.45 0.74 1.81 2,12 2.99 4.08 5.44
0.02 -4.86 =-3.7T1 -2.75 =-1.97 =-1.30 -0.65 =-0.36 =-0.07 0.24 0.54 0.83 1.53 2.28 3.25 4.54 6.19
0.04 -4, 40 -3,39 -2.54 -1.82 -1.19 -0.56 -0.28 0.02 0.33 0.63 0.93 1.64 2,46 3.57 5.13 17.25
0.06 -4.01 =-3.12 -2.35 -1.69 -1.09 -0.46 -0.19 0.11 0.41 0.72 1.02 1.76 2.65 3.96 5.98 9.07
0.08 -3.68 -2.88 -2.17 -1.56 -0.98 -0.37 -0.10 0.19 0.50 0.81 1.11 1.B8 2,86 4.48 T7.32 14.25
0.10 -3.38 -2.66 -2.01 -1.43 -0.88 -0.29 -0.02 0.27 0.58 0.89 1.20 2.00 3.11 5.26 - -
0.12 -3.12 -2.,46 -1.86 =-1.31 -0.78 -0.20 0.06 0.35 0.66 0.97 1.29 2.12 3.41 6.96 - -
0.14 -2.88 -2.27 -1.72 -1.20 -0.69 ~0.12 0.14 0.43 0.74  1.05 1,37 2.24 3.B1 - - -
0.16 -2.67 =-2.10 =-1.58 -1.09 =-0.60 -0.04 0.22 0.51 0.1 1.13 1.45 2.36 4.49 - - -
0.18 -2.47 -1.94 -1.45 -0.99 =-0.51 0.04 0.30 0.58 0.89 1.20 1.53 2.u48 - - - -
0.20 -2.29 =1.79 =1.33 -0.89 -0.42 0.11 0.37 0.65 0.95 1.27 1.60 2.58 - - - -
0.24% -1,96 =-1.,52 =1.11 =-0.70 =-0.27 0.25 0.49 0.77 1.0T  1.38  1.71  2.72 - - - -
0.3 -1.55 =-1,18 -0.82 -0.4 -0.06 0.42 0.65 0.91 1.20 1.50 1.80 - - - - -
0.4 -1.01 -0.72 -0.44 -0.14 0.19 0.60 0.80 1.03 1.30  1.58 1.85 - - - - -
0.6 -0.36 -0.19 -0.01 0.19 0.41 0.72 0.88 1.09 1.35 1.68 - - - - - -
1.0 0.06 0.14 0.23 0.34 0.48 0.72 0.87 1.09 1.43 - - - - - -
1.5 0.16 0.21 0.27 0.35 0.4 0.67 0.82 1.04 1.04 - - - - - - -
2.0 0.18 ~ 0.22 0.27 0.33 0.43 0.62 0.76 0.97 1.35 - - - - - - -
2.5 0.18 ©0.22 0.26 0.32 0.4 0.58 0.70 0.89 - - - = = -
TABLE 6 J/P for j=0 , 1=2 and 2=2
v, =-3.0 -2.5 =-2.0 =~1.5 =-1.0 =-0.5 -0.3 =~0.1 0.1 0.3 0.5 1.0 1.5 2.0 2.5 3.0
0.00 =4.60 -3.42 -2.47 -1.72 -1.11 -0.56 =-0.34 -0.11 0.11 0.3% 0.5 1.11 1.72 2.47 3.42 L.60
0.02 =8,10 =3.11 =2.27 =1.59 =1.02 =0.49 =-0.27 -0.05 0.18 0.41 0.63 1.20 1.85 2.70 3.82 5.24
0.04 -3.70 -2.83 -2,09 =1.47 =0.93 -0.41 -0.20 0.02 0.25 0.48 0.70 1.29 2.00 2.96 4.32 6.14
0.06 -3.37 -2.60 -1.93 -1.35 -0.84 -0.34 -0.13 0.09 0.31 0.54 0.78 1.39 2.16 3.31 5.05 7.37
0.08 -3.08 -2.39 -1.78 -1.24 -0.76 =0.27 -0.06 0.15 0.38 0.61 0.85 1.48 2.34 3.75 6.21 12,07
0.10 -2.83 -2.20 -1.64 -1.14 -0.68 -0.20 0.002 0.22 o.44 0.68 0.92 1.58 2.55 (4.43 - -
0.12 -2.60 -2.03 -1.51 -1.04 =-0.60 -0.14 0.07 0.28 0.51 0.74 0.98 1.68 2.81 5.90 - -
0.14 -2.40 -1,87 =-1.39 -0.95 =-0.52 =-0.07 0.13 0.3% 0.56 0.80 1,05 1.78 3.16 - - -
0.16 -2.22 -1.73 =-1.28 -0.86 -0.45 =-0.01 0.19 0.40 0.62 0.86 1.11 1.B8 3.75 - - -
0.18 =2.05 =1.59 =1.17 =0.77 =0.38 0.05 0.24 0.45 0.67 0.91 1.17 1.98 - - =
0.20 -1.89 -1.47 =-1.07 -0.69 -0.31 0.11 0.30 0.50 0.72 0.96 1.22 2.06 - - - -
0.24 -1.61 =-1.24 -0.88 -0.54 -0.18 0.21 0.39 0.59 0.81 1.04 1.29 2.16 - - - B
0.3 -1.26 -0.95 -0.64 -0.34% =-0.02 0.34% 0.51 0.69 0.89 1.11  1.34 - - - = =
0.4 -0.81 -0.57 =-0.33 =-0.09 0.17 0.47 0.61 0.76 .93 1.11  1.30 - - - = =
0.6 -0.27 -0.13 0.02 0.17 0.33 0.53 0.63 0.T4 0.88 1.04 - - - - - -
1.0 0.06 0.12 0.19 0.26 0.35 0,48 0.55 0.63 0.T4 - - - - - - -
1.5 0.13 0.17 0.21 0.25 0.31 0.40 0.45 0.51 0.54 - - - - - - -
2.0 0.1% 0.17° 0.19 0.23 0.28 0.3% 0.38 0.40 0.33 - - - - - = =
2.5 0.14 0.16 0.18 0.21 0.25 0,30 0.32 0.33 - - - - - - -
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Fig.1 Variation of driven current with angle of injection to the major radius ¥, for O-mode functional
ECRH launched from the outside of a tokamak the size of DITE (a = 26¢cm, R, = 117¢m). The ECRH
grequency is 60GHZ and the central magnetic field is 21.4kG. The density and temperature profiles are
parabolic with central values of 2 x 10'"® m™3 and 2keV respectively. Both non-relativistic and relativistic
calculations are shown. Note that the latter give a sharp drop in current for small { (large S).
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Fig.2 AsFig.1 but for X-mode second harmonic heating with central field 10.7kG, central density
1 x 10" m™? and central temperature 1keV. Note the similarity to Fig. 1.
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