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Abstract

We present new numerical and analytic solutions of the two-dimensional
Fokker-Planck equation supplemented by a parallel quasilinear diffusion term. The
results show a large enhancement of the perpendicular temperature of both the
electrons resonant with the applied RF fields and the more energetic electrons in the
tail. Both the RF generated current and power dissipated are substantially increased
by the perpendicular energy broadening in the resonant region. In the presence of a
small DC electric field the RF current generated is very much enhanced, much more
than in a simple additive fashion. In addition we present a relativistic formulation
of the two-dimensional Fokker-Planck quasilinear equation. From conservation
equations, based upon this formulation, we derive the characteristics of RF current
drive with energetic electrons. These show how the RF driven current and its figure
of merit (I/P;) increase with the energy of the current-carrying electrons, and that
their perpendicular, random momentum must also increase.

The results are relevant to recent experiments of lower-hybrid current drive
on Alcator C and PLT in which the applied RF spectra are resonant with very
energetic electrons, and in which large perpendicular temperatures of the energetic
electrons have been observed. It is pointed out that substantial improvements in
the figure of merit, (I/P;), of present experiments may be achieved by current
drive with fast-waves in the lower-hybrid frequency range. The ultimate limitation
in this type of current drive is likely to be the confinement of the very energetic
electrons.
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I. INTRODUCTION

The past year has witnessed major progress in lower-hybrid current drive
experiments on large tokamak plasmas [1,2]. These have demonstrated the
maintenance of considerable currents by the RF in the absence of the ohmic
(DC) electric field. An important feature of these experiments is that the excited
RF spectra have phase velocities that are resonant with very energetic electrons,
fifty to a few hundred times the thermal energy of the bulk plasma which was about
1 keV in both experiments. Both experiments show that the RF generated current
is carried by electrons effectively in the 50-100 keV range and is characterized by

a perpendicular temperature which is of the same order in energy [3,4].

An analysis of RF current drive based upon the Fokker-Planck equation for
treating collisions and quasilinear diffusion was first given by Klima and Sizonenko
[5]; they, however, did not recognize that substantial current can be carried by a
plateau of resonant electrons when the RF power is sufficiently high. Later, in a
one-dimensional Fokker-Planck theory it was pointed out that such a plateau exists
and it may be maintained by an acceptably small power density [6]. A numerical
two-dimensional Fokker-Planck study (7] came to the conclusions that the “figure
of merit” — current density divided by power dissipated - is increased by a factor of
nearly 2, compared to [6] but no change in the current itself was found. Neither the
current generated nor the large perpendicular temperature can be understood or
predicted from any of the available theoretical or numerical works. Finally, none of
the previous theoretical or numerical analyses have addressed in full the relativistic

effects in current drive with energetic electrons.

In this paper we present our recent theoretical and numerical results relevant to
an understanding of these current drive experiments. In section II we present a new
numerical integration of the two-dimensional Fokker-Planck equation supplemented
by a DC electric field term and a quasilinear diffusion term due to the RF. These
results exhibit the large perpendicular temperature enhancement in the resonant
electrons and the more energetic electrons in the tail. The results also show how
this effect varies with the position and width of the applied RF spectrum. An

analytical description of these results, based upon an approximate solution of the




two-dimensional Fokker-Planck plus quasilinear equation, is given in section III.
Here we show that the large enhancement in the perpendicular temperature increases
both the current generated and the power dissipated, and thus their ratio remains
essentially unchanged. Finally, in section IV we give a relativistic formulation of
the two-dimensional Fokker-Planck equation and quasilinear diffusion appropriate
for lower-hybrid current drive. The conservation equations that follow from the
moments of this equation are used to derive the properties of the steady-state RF
current drive for an effective distribution function in two-dimensional momentum
space. A relativistic limit to the figure of merit is derived, and improvement in the
currently achieved figure of merit is suggested through the use of fast waves in the
lower-hybrid range of frequencies for driving current with more energetic electrons.
The derived steady state also shows that with larger parallel momenta there must
be a larger perpendicular, random momentum. Thus lower-hybrid current drive
with energetic electrons will probably be limited by how well such electrons can be

confined in the plasma.
II. NUMERICAL SOLUTIONS

One method of investigation of the two-dimensional effects of lower-hybrid-
current drive is to solve numerically the relevant Fokker-Planck equation supple-
mented with an appropriate quasilinear diffusion term. The complete nonlinear
Fokker-Planck equation is a rather ambitious and expensive numerical task. We have
chosen an approximation for the Fokker-Planck operator — one more appropriate
to our needs. Following Karney and Fisch [7], we use an operator that is linearized |
because we expect that, even with the largest amplitudes for the drive fields,
the bulk distribution will remain nearly Maxwellian. We also ignore all spatial
gradients - preferring to avoid the complexity and computational expense in order
to understand more completely the behavior of the electron distribution in velocity

space under the influence of the RF diffusion.

The problem we solve numerically here is a linearized Fokker-Planck operator,
valid for v/vinermat 3> 1, due to Gurevich and Lebedev [8], in which we have
added an additional term due to parallel, quasilinear RF diffusion. The form of the

equation is
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and u? = vﬁ + vﬁ_, p=v Ju = cos0; u is the velocity magnitude in spherical
coordinates and 8 is the polar angle with respect to the DC electric and magnetic
fields, both of which are in the same direction (||). Symmetry is assumed in the
azimuthal coordinate. We work with the coordinates (u, u) rather than (vj,v _Lj
but we use the v), representavion to make the physics more transparent. The time |
variable 7 is scaled by the Coulomb collision time and u is normalized to V¢rermai.
Ey is an externally applied DC electric field and D is a RF diffusion amplitude
resulting from the application of external microwave power. Since the coupling of

RF power from the antenna to the inhomogeneous plasmas of interest here are not

yet well understood, we choose a model form

(v — vo)®

D(v)) = Do exp _—(_ZJ);—} (3).

for the diffusion coefficient, which implies that the RF power spectrum inside the
plasma is
l2

1
|B)(w, k)| = : (4).

where k is the wavenumber prrallel to the DC magnetic field. We find it numerically

advantageous to split the distribution function

f(u’ ,u') = fO(u) + fl(us l‘) (5) '

fo(u) = exp(—u?/2) (6)

although there is no requirement that fi be small. We can expect the solution of
Eq. (1) to be useful only for electric fields Ey sufficiently small that the critical

velocity v, =~ Ey 12 i5 well above velocities of interest.




We solve Eq. (1) in the computational region displayed in Fig. 1. The annular
region between —1 < g4 < 1 and Umin < ¥ < Upgy is filled with a uniformly
spaced mesh-typically with 80 points in v and 60 points in u. The boundaries at

# = -£1 are lines of symmetry. On these lines
= —— = (7).

Within the bulk of the plasma (v < um;,), Coulomb collisions are assumed
sufficiently frequent to insure that there will never be any appreciable non-Maxwellian
contribution. This condition is that fi(umin,u) = 0. The boundary at u = gz
is expected to be sufficiently far out in magnitude so that f(umas,n) is negligible;
physically, umaz is chosen large enough so that there are never appreciable particles

to affect the distribution at smaller u.

The flux of particles through the boundaries at 4 = 4-1 is obviously zero. The

flux of particles through the other boundaries at 4, and umqg, given by

1] ®

u du

1

Sy = —
% u2

is not zero; fo gives no contribution to S, but a finite contribution is obtained

from f; which may have arbitrary normal derivative on the two boundaries in |
question. Since we will be interested in the time asymptotic state, we note that the
final state will be one that may exhibit arbitrary flow through the computational
volume so long as all features within the region are time independent. Details of

the computational techniques used are given in the Appendix.

In the initial applications, we considered several cases with finite RF diffusion
and no DC electric field. In Fig. 2a we show a contour plot of the total distribution
function f in which the contours are logarithmically placed starting with 1 X 10~8
on the outside. We have plotted levels 1, 4, and 7 within each decade. The innermost
contour is 0.7 . In this particular case, we have used Dy = 1, vy = 4, Av =1,
and p = 4. The distribution function is obviously elongated in the region in which
the RF spectrum is applied. Several measures may be applied to the steady-state
distributions: the first v moment of the distribution is the parallel current J

produced by this application of RF power. The dependence of J on the parameters




in D(v”) will be presented in section III. In Fig 2b we display the perpendicular
temperature T| given by

Ty(wy) = /Ooo %vﬂ_f (v v )dv (9)

as a function of v). Particularly intriguing is the enhancement of the perpendicular
temperature not only in the region in which the RF spectrum is applied but also
in the region of v well above the spectrum. The temperature apparently rises until
there is no longer sufficient grid resolution to accurately perform the integration.
The temperature enhancement in the RF region is suggested by an analytic solution
presented in section III, but the large T'| for larger v|| is not yet well understood.
Fig. 3a and 3b are a similar set of plots for Dg = 1, vy = 6, Av = 2, and a
reduced power in the exponent p = 2. This is a much broader spectrum centered
at a larger vo. For this set of parameters the distribution function is stretched,
understandably, farther in the positive Y| direction. The enhancement of T ' is
much larger in the RF spectrum range than for the first case shown in Fig. 2 and
T| becomes even larger above the RF range. Lack of resolution is a more severe
problem in this case because the spectrum extends farther out in u. To properly
resolve this case, we have nearly doubled the grid points in u; this solution was
obtained on a 150 X 60 mesh. With the increased resolution, the behavior of T "1 (vp)
for large v) can be more accurately displayed. Apparently, T _J_(v”) does approach

the asymptotic value of 1 for very large Y.

The numerical results presented here clearly point out the large enhancement of
the perpendicular temperature associated with the current carrying electrons within
the RF spectrum, and those in the tail beyond the RF spectrum, for lower-hybrid
current drive. These features are bourne out by recent experiments on lower-hybrid
current drive on PLT [3] and Alcator C [4]. The increase of T in the resonant
domain was pointed out in [7], but its consequences were not fully explored. As we
point out in the next section, this introduces important modifications to both the

current generated and power dissipated in lower-hybrid current drive.

Finally, applications of this numerical procedure with a finite DC electric field

Ey are at this writing just beginning. Our immediate purpose is to consider the




iﬁteraction of the RF current producing spectrum with a finite but small electric
field - a field sufficiently small such that the runaway velocity v, ~ 1/V/Ep is
greater than umg;. Preliminary results indicate that the current that results from
the interaction of RF power and Ey are not additive. For example, with Ey = 0,
Dy = 0.2, vg = 4, p = 4, and Av = 1 we obtain a normalized current of 0.044;
with Do = 0, and E = 0.01, the normalized current is 0.023. If these two current
producing effects are simultaneously applied, the resulting current is 0.0872 - a

value 30%higher than the algebraic sum of the individual effects.

II. THE STEADY STATE SOLUTION OF A TWO-DIMENSIONAL FOKKER-
PLANCK EQUATION WITH STRONG RF DIFFUSION

The conclusions of previous numerical studies 7] were not based on an analytical
solution, and the range of parameters studied was very limited. As shown in section
I, we find numerically that for realistic spectra there is a substantial broadening
of the distribution function in the perpendicular direction. This leads to a large
T| in the resonant domain of velocity space, compared with the bulk electron
temperature Tg. As a result many more particles are carrying the current, since

the number of particles in the plateau scales as T'| /T.

As an intermediate step we use for f the result of the 1D theory f ~ exp (D%!T)’

but with T different from Tg. Consider a model distribution function for the

resonant plateau:

v} 1 )exp(—v?/2)
f= e}ip (— 2T - D‘U”) Vver (10)

where velocities, temperature and diffusion coefficient are normalized to the bulk

quantities. One can readily evaluate the current from

Q0 vz
J =/(; vidv) /1;1 v”dv”f (11)

For D > 1 we find

(12)




But this is exactly the well known one-dimensional current multiplied by T K

Similarly one can write for the power dissipated:

) Vg ’U” + 'U_L 62
Do =/0 v_Ldv_L/ 3 d‘U”D f (13&)

An integration by parts gives

pp = —/ v_l_d’UJ_/1; v”dv”D—-;I-l- | (13b)

and the final result is:

e—vi/2

pp = T In 2 . (14)

Var 1

Again, the power dissipated is enhanced by T| compared with 1D theory; however,
the ratio J/p, is unchanged. This is not surprising, since J/p,, is a very insensitive
quantity and does not represent a good check on either theory or computations.
Obviously it is very important from a practical point of view, however, if J itself

is wrongly estimated the whole energy balance will be misleading.

While the model distribution function (10) describes qualitatively the effect
of the broadening in the perpendicular direction it does not satisfy the 2D Fokker-
Planck equation. Now we proceed to solve for the steady state 2D distribution
function in the resonant domain when D » 1. If we assume D = const. for

vy < v < vy the solution is of the form:

f = olo})expl 5 v(up, v L) )

- We substitute (15) in the steady state 2D Fokker-Planck equation 4nd to order D°

we obtain: ..

az¢¢+ 4n

where ¢ = v and ¢’ = %f. Eq. (16) is solved by separating the variables.
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Here 7o is an arbitrary function of z to be determined from the boundary conditions.
An integration of Eq. (17) over v gives:
A

By = n1(z) -+ 4no(z)|In (vn + /v +2z)—

Y
‘/vl?i +z

n1(z) is also a function of z to be found from the boundary conditions.

(19)

We require that the distribution function and the parallel lux S are continuous
at v = v, vp. However, ?%T(v” = v1, v3) will be discontinuous. We assume that for

vy — vi(y) < v1) and vy = va(vy > va), ag;l

= —v) f. This implies that outside
the resonant domain the distribution functon retains its Maxwellian character in
the parallel direction. One should point out that this assumption is verified by the

numerical integration. The expression for the parailel flux is:

oy ek 1 ) ) af

where v = vﬁ + z. For v?, D > 1 we find to order D° with f given by (15):

9y

U n__
S = —73(p —22¢) ©au (21)
The S outside the resonance plateau (D = 0) is given by:
v vy [ v
G = — Mo Il
| =—ple—2)+ 5|5 +ole (22)

To write (22) we ssume that f ~ ¢ and gvi" =~ —uvp for v = v, v3. Thus we
have incorporated the condition of continuity of the distribution function at the

boundary and the assumption of a Maxwellian derivative in the parallel direction.

From (21) and (22) we obtain:




- 4+ :z) for vy = v1, vy (23)

With the expression of %’% from Eq. (19) we determine ng(z) and 71(z). The result
for no(z) is substituted in Eq.(18) and we are left with a linear second order
differential equation to solve. The numerical integration will be reported elsewhere.

Here we would like to point out that for z < v?, ng(z) takes the particularly simple

form.
1 vd—ol
nf{z) =(1+2z)a, a= (24)
, 4In %f— viv
From Eq. (18) it. is easy to verify by direct substitution that approximately
@ 2
p =~ exp(—az — —z*). (25)

4

Eq. (25) together with the expressions for ng, 71, from (19) and (23) determine
completely the distribution function in the resonant domain. Note that the
assumption of the 1D theory [6] was ¢ = exp(—%). It fails to exhibit the important

scaling of o with the position and width of the spectrum.

The current becomes

—vi/2 2 __ .2 poo
J=e\/_l_ N 4”1/0 pdz (26)
2T

With ¢ given by Eq. (25) we find

—v2/2 2 2
e~/ v3— vy

VY ¢ 4

where ¢ is the error function. In all realistic spectra o « 1 and (27) can be

J = \/—;’Fe“ [1 + ¢(va) (27)

simplified.

J = e"“l)?/? 'U% —_ U% 1': (28)
- /27'. 4 a '




This formula is tested numerically and the results are compared with the 1D theory
in Table L. It is clear that for a wide range of parameters the agreement with
our theoretical result (28) is good, while the 1D theory predicts considerably less

current. We calculate the power dissipated:

—v}/2 poo v vl v 2
pD=e : / vy dv dv” ! 5 _Lgoa'f (29)
Var " %
From Eq. (16) we obtain
il PRy (. (30
Pp = — z V|——=——\P T 2P
var o T T AT
After an integration by parts we find:
—vi/2 poo v2
Po= - /o dz/u vﬁdv””&% 2 - 3/2 (31)
2\/2_7F ! ('U“ + x) /

For z < v? the expression can be simplified to:

—v}/2
Pp = ¢ In kA (32)

2v/2r UWya

Note that again the power dissipated is increased by o~ 1/2, which reflects the

broadened distribution function.

Therefore the often cited ratio J/p, remains unchanged:

’v2 b ‘!I2
J|pp = 23 33
[Po 21In 32 (33)

The model distribution function (10) is justified by the correct 2D solution only in
the sense that it shows the role a broadening in the perpendicular direction plays
for determining J and p,. Finally, we point out that recently atterﬁpts have been
made to explain the discrepancy between the current estimated from 1D theory
with a Brambilla-type calculation of the excited spectrum and the current observed

in experiment by an upshift of the spectrum; the latter possibly due to toroidal

10




N vy J1 Ja Jnum

3 5 3.55X107% 1.68x 10! 8.11x 102
3 6 5.98X10™% 3.06 x 107! 1.87 x 10~}
4 6 1.34‘>< 103 8.11 X 1073 2,87 x 103
3 7 887X 1072 480 x10~! 3.34x 10!
4 7 221X107% 143X 107% 1.55% 10~2
5 7 178 X 1075 131 x10~* 559 X 10~5
3 | 8 122x107! 6.92x 10! 6.11 x 107!
4 8 321Xx107% 219x10~% 1.98x 102
5 8 290X 107% 226x10~* 248 x10~*
6 8 851X10~% 7.34%x10~7 7.77 X 107

TABLE I

v1(vg) are the low (high) velocity boundaries of the resonant region. From 1D theory

2 2 V2 :

v¥/2 2

- —v2
Jy = v—ﬁ-ﬁgﬁ, and from 2D theory J; = =1

the result of numerical integration.

V2
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effects, parametric processes, etc. With the present 2D results one needs much less

of an upshift than previously thought.
IV. RELATIVISTIC THEORY FOR LOWER-HYBRID CURRENT DRIVE

As pointed out in section I, the recently successful and significant experiments
on lower-hybrid current drive use RF spectra that are resonant with very energetic
electrons. Hence, we now turn to an evaluation of such RF current drive based
upon the relativistic Fokker-Planck equation with parallel diffusion due to the RF
fields. Previous analysis of relativistic effects [9] was based upon a different model

of current generation.
(a) The Relativistic Fokker-Planck Equation

For the collisional model we use the Lorentz limit of the relativistic Balescu-

Lenard collision operator [10-11]. The collisional flux in momentum space is given

(- % - 1olpe) )

where the labels o and § refer to the test and the field species respectively, and
the vector § is the relativistic beta: g = 1= % with m,~,? and P being the
rest mass, the relativistic gamma: v = (1 + p?/m2c?)!/2, velocity and momentum,
respectively. Furthermore q is the charge and ng the density of the field species.
It can be easily shown [12] that for non-relativistic field species the collisional flux

S'Qﬂ reduces to,

0
Bus = — [ (9 = o5 )1pu) o ()
where the tensor 7, is defined as

[P — B|*T — (Ba — 3)(Ta — Tp) 92 .
|9 — 93 = A G002 2l (%6)

Tap = Aap
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with
Agp = 27rqiq?,np InAgp . (37)
InAgyp is the Coulomb logarithm which corresponds to a relativistic particle (a)

colliding with a non-relativistic one (8). For fast electron-electron or fast electron-

heavy ion interaction it is given in [13].

The collisional flux given by Eq.(35) can also be written in the following form,
e + F aﬁf a (38)

where the collisional diffusion tensor ﬁ,p and frictional force vector Fap are defined

by,

Dap = _/d PpTap , Fap = —/dspﬁfﬁ%, Tap (39)
with %pa is the gradient operator a—g—p. As long as one considers fast test particles
interacting with a thermal background of field particles the magnitude of the
relative velocity ¥, — D can be expanded around v, = |Bal:

vy %y,

Vg —Ug| vy —7 -———-l— 40
[Oa — Bg| = vo — T - 213/36%6% (40)

where we dropped terms of order (vg/vs)? and higher. Introducing the notation
<> for averaging over the field particle distribution (< ... >= [...fzd%pg) and
assuming that the thermal background does not carry a current (i.e. < 95 >=0)
yields for the diffusion tensor,

Dap  To2 —0,0, < V§> Tl — 30,0,

= —_ 41
s 3 % R (41)

and the frictional force vector,

F
af = —2%, 1

. 42
af mgvd (42

P

Expressing now the velocities of the test particles in terms of their momenta in

Eqgs.(41) and (42) yields for the collisional flux Sy,

13




(43)
< miv} > )
""(1 - 7?1——'—§2ﬂ—)paﬁa] fa 7aﬁafa}
This expression coincides with the one derived in [12] in the limit < v} >— 0.
(b) Moments of the Fokker-Planck Equation

The continuity equation in momentum space, if only collisions are taken into

account, is simply
Ofa :
(5).,+ S % Sus =0 (44)

The kinetic energy mqc*(ya — 1), momentum (B,) and velocity (%,) moments of

Eq.(44) are,

3 _ 3 fa & < vﬂ >
/d pa_-mac ( —_— 1) = -——zﬂ:Z'maAaﬂ/d pa;’:(mp Ya — c2 ) (45)

/dsp aaf;a Z2maAaﬁ/d3Pafa (_;'Ya + l)pa (46)

"~ and

O, o o <UE>
/dspa"é‘ft— a = —Z2Aaﬂ/dspaf ( Ta 4 ) (47)

maYa c?

where one can drop < v% > /c? since the field particles have already been taken
as non-relativistic. In our case the field species consists of thermal electrons and
thermal ions of densities n, and n; respectively. To the extent that the energetic
species (the relativistically treated test electrons, €/) is a minority species, i.e.

ng & ne, the quasineutrality condition is

Ne = ZiNg (48)

14




where Z; is the ionic charge number. Therefore in our case Egs. (45), (46) and (47)

take the relatively simpler form,

& —
d° — aZ +1+’7 .
and
de _ 04141/
= <B>=—u T 1B) (51)

where the angular brackets denote integration over the energetic electron distribution
function, and the operator % is defined as %% <. ..o=/.. ( ) d3p. The energetic
electron subscript has been suppressed. Furthermore, the quantities v, and a are

defined as follows,

4mein, In Ay, In Ay
— e = Lt 52
ve m2c8 ™ Ace ( )

For moderately relativistic electrons and Z ~ 1 the parameter a can be approximated

by unity. In all other cases the Coulomb logarithms are given by, [12]

2 2 9 2
A, — In| ADemec® <7 >< B> ] lnA,/,'=ln(>\D°m°c <y>< B> \/5)

2(< ¥ > F1)1/2e2 2Z;e?
(53)
where Ap, is the electron-Devye length.

(c) Fokker-Planck and Quasilinear Evolution, and Steady State

In the presence of an externally imposed driving mechanism (RF waves in

particular) the evolution equations Eqgs.(49) to (51) take the form,

d _ (T
@ <7v>= VC<(72__1)1/2)+P¢1 (54)

15




i < 7ﬂ >S= _.Vc(_Z_’il_-l_l 23 (55)

dt (P —12
and
d _Zit141/y
E<B> (ﬁ” 1B) + A4 (56)

where we set a = 1. The quantities Py, F and Ay are defined as the input of RF
power (Py) and the macroscopic manifestation of the force and the acceleration
(Fg, Ag) associated with the wave-particle interactions. They are normalized to

veme?, veme and vec respectively.

The simplest evaluation of Eqs. (54)-(56) is for an effective distribution function

f(py,p_) given by,

8(py —P)é(pL —P,)
27l'_p-_L

floppL) = (57)

where B and P correspond to the average, effective values of the parallel and

perpendicular momenta. Omitting the overbars for simplicity one now has,

dy g
E == ——ch + Po (58)
d i+1+4
=(18) = —v 62———)57} 78y + Fo (59)
dp Zi+1+1 -
@ c—z?:"?)';]él%@” + Ao (60)

where the Py, Fp and A refer to the RF quantities Py, Fy and Ay, respectively, for
the distribution function of Eq. (57). Consistency of these three equations, namely
Eq.(59) being derivable from Egs.(58) and (60), implies that,

Ag = — — ﬂu—— (61)

16




Solution of Egs. (58)-(60) in the stéady state, in the sense of £ < ¥y >= £ <
18] >= § < v >=0, finally yields,

v
Py = W (62)
_ 72 —1 1/2
A [7(2 e 1)] (63)
and
%=% (64)

The first equation Eq. (62) provides the relationship between the RF power input
and the average energy ¢ (in normalized units e = v — 1) of the energetic electrons.
Equation (63), on the other hand, gives the current these electrons are carrying.
Finally Eq. (64) is the macroscopic manifestation of the relationship between power
dissipated (normalized to v.mc?) and force dissipated (normalized to v.mc)in the

case of resonant diffusion induced by a unidirectional RF wave [14].

In Figure 4 ﬁ” and the normalized figure of merit, namely the ratio ﬂ” /P, are
plotted as functions of € and for Z; = 1'; for a given density ne at an energy ¢ the
current density is IJ“l = encf|. For € 2> 1, both B and the ratio B))/ Po approach
unity. We note that

Al _ (e+12—1 _
Eu_&+ﬂmk+2+zwz=ﬂ°&) (65)
gives
J
P> m:uc /e 2) (66)

Thus the figure of merit is found to be

Wati




vlvhere Ry, is the major radius of the tokamak in meters and ngg is the plasma
density in units of 10%0/m3. In the nonrelativistic limit, ¢ € 1, f ~ ¢ and the
figure of merit increases for current carried by more energetic electrons. In the
ultrarelativistic limit, ¢ 3> 1, f — 1 and Eq.(67) gives an upper bound on the
figure of merit. Recent experiments on PLT and Alcator C can be considered to
be effectively in the range € & 0.1 — 0.2. Considerable improvement in the figure
of merit is therefore possible by RF current drive with more energetic electrons.
This should be possible with the use of the fast wave in the lower-hybrid range of
frequencies. The limit will most likely be dictated by how well energetic electrons

can be confined in the plasma.

Finally, taking into account Eq. (63) and the identity 42 = 1+ qﬁ + q'j_, with
g) and g being the normalized parallel and perpendicular momentum respectively

(note that q) = 18y), yields for Z; =1,

a1 [@ + (@' +16% +16)/2]

9= 5 (68)

In Fig. (5) qi_, which is a measure of the perpendicular, randomly oriented
momentum of the fast electrons in the steady state operation, is plotted as a
function of the normalized parallel momentum g- We thus note that in the steady-
state larger parallel momenta must have associated larger, random perpendicular
| momenta. This is in concert with the enhanced perpendicular temperature effect
described by the nonrelativistic numerical and theoretical results of sections II
and III. We are currently in the process of generating numerical solutions of the
relativistic Fokker-Planck eciﬁation with quasilinear diffusion as formulated in this

section.
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APPENDIX 1

The important detail of the solution process resides in the numerical -
implementation of the algorithm taking the initial f; to the time asymptotic
state. The usual approach is to simply finite difference the terms in Eq. (1), select a
time step At small enough for stability, and time integrate the initial distribution
to the final configuration. This is a straightforward procedure although it frequently
becomes quite expensive computationally if a fully explicit time advance is used.
We have achieved a quite significant reduction in the computer time required to

get to the asymptotic state by employing two additional techniques.

Firstly, the maximum At that can be used in a stable integration scheme -
which is proportional to the minimum grid resolution length squared for explicit.
schemes - is considerably increased by using a alternating-direction-implicit (ADI)
procedure for the time advance [15]. Secondly, it is reasonable to assume that
during the integration from the initial to the asymptotic state there will be periods
for which is desirable (indeed necessary for stability) to take small At s. Similarly
there are also periods during which not much change in f is occurring and much
CPU time can be saved by increasing the A¢. What we have implemented for this
work is an adaptive At selection procedure which, for reason that will become

apparent, we call Aggressive ADI (AADI).

In the procedure we now outline, the guiding principle is that we want to
achieve the asymptotic state as fast as possible. This goal is achieved by using
as few time steps as possible consistent with stability of the solution. We are not
particularly concerned with the details of the time evolution providing we can
convince ourselves that the final state is independent of its evolution. We define
the residue € as

E_—_

or maz

- 9f -

where the subscript maz refers to the maximum absolute value across the entire
u, 4 mesh. The concept is simple; we increase the At on successive time steps until
the € increases. As long as € decreases, the solution is considered acceptable up

to that "time” level and € is saved for future comparison. For an operator which
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is dominated by the diffusive terms (from velocity and pitch angle scattering), an
increasing ¢ indicates the onset of instability. At is gradually increased until € no
longer decreases. We follow this last time step, which is on the verge of instability,
by a smaller At which is intended to allow the solution to stabilize itself. If a
reevaluation of € confirms that the solution is again stable (¢ is again decreasing),
the new solution is accepted, and another time step is taken with the same time
step size that is near the stability limit at this time in the integration. If the small
step does not stabilize the solution, a second small step is taken in a final attempt
to stabilize the solution. Should it succeed, we are making optimal progress toward
the asymptotic limit; should it fail, the last big step and these two small steps are
discarded, the solution is restoréd at the last acceptable configuration, and At is

reduced substantially before an tempt is made to continue the solution.

This procedure provides for aggressive increases in At to the stability limit
during periods of inactivity in the time dependence of f;. Should the activity
increase, a rapid retrenchment is triggered which is very protective of the solution.
If a situation is encountered in which the only solution requires an increase in e,
this algorithm will fail. The signature of such a mode is that no further time steps
are "acceptable” and At is reduced to a very small number. This mode is never

observed in the present application to Eq. 1.

There are obviously several adjustable parameters which must be selected to
optimize this procedure; the most important are the ratio of the stabilizing step
size to the large step size and the factor which multiplies At when the solution
cannot be stabilized, typically .5 and .1 respectively, for this particular operator on
our 80 by 60 mesh. Typically 500 time steps are required to obtain a solution fy
which no longer changes in any significant way. These runs require no more than

60 CPU seconds on a CRAY 1 for Dy less than one.
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Figure 1

Figure 2

Figure 3

FIGURE CAPTIONS

The computational region is an anular region. In spherical coordinates the
velocity magnitude u ranges from Um;s t0 Umqez; the polar angle 6 is expressed
by 4 = cos 0 and u varies between -1 and 1. The solution is found on a uniform

orthoganal mesh in the u, u space within this region.

(a) Logrithmic contours of the distribution function f for RF spectrum
parameters: Do = 1.0, vg = 4.0, Av = 1.0, and p = 4. The contour values
begin with 1 X 10~8 on the outermost contour and increase monotoﬁically to
0.7 on the intermost contour. Contour values of 1, 4, and 7 are plotted for each
decade. (Eight decades are shown.) Salient features include the stretching of f
in the v)| direction in the region containing appreciable D(v”) and an enhanced
temperature in both T') and T}, due to this stretching.

(b) The perpendicular temperature T (vj) for the distribution function shown
in (a). The temperature of the inner core distribution is unity. 7| increases
rapidly to nearly 4 as v moves through the rf spectrum. For v > 6 the applied
rf rapidly diminishes but the perpendicular temperature continues to rise. In
this particular case, the mesh only extended to umqz = 12. Consequently, as V|
approaches uy,q,z, the information available (ne;vzrby' grid points) to perform an
accurate integration over v | rapidly shrinks to zero; and the precise behavior

of T is suspect for v > 10.

(a) In this plot are displayed logrithmic contours of f similar to those in Fig. 2a
with different parameters in D(v)|). Compared to Fig. 2, this spectrum, while
still having the same amplitude, Dy = 1.0, has been broadened Av = 2.0,
has been made less abrupt, p = 2, and has been centered at a larger velocity
vo = 6.0.

(b) The perpendicular temperature T’ (v)) for the distribution function shown
in a). Since Umgy is much larger in this case than in Fig. 2, much more
confidence can be given to the behavior of T for v above the rf spectrum.
As explained in Sec. Ill, the 7| within the spectrum is larger than in Fig. 2
because vy is larger. In the external region, T| continues to rise as in Fig. 2.

However in this case, enough grid resolution is available to indicate that T i
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does approach the asymptotic value of 1 for very large v||.

Figure 4 The normalized parallel current ﬂ“ and the normalized figure of merit ﬂ“ /Po
(the dashed line is the nonrelativistic limit) are plotted as functions of the

normalized kinetic energy e = v — 1 for Z; = 1.

Figure 5 qu is plotted as a function of the normalized parallel momentum q = B), for
Zi =1,
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