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In athermonuclear plasma, lower hybrid waves are absorbed near the plasma boundary. Cohen
et a. [1] proposed the use of atrain of high power RF pulses, which could penetrate to the
plasma core. When the RF pulseis switched on, the fast resonant electrons are accel erated and
the RF driven current of density j, arises. Simultaneously, due to the Faraday’s law, an electric
field drives the backward Ohmic current of density j.. The purpose of the present contribution
isto give acomprehensive theory of the backward current, viz., to deriveitsrolein theresulting
current drive efficiency.

The total current density j; + j. parald to the magnetic field satisfies the skin effect
equation . .
po 20 1010y )
wheren isplasmaresistivity. The characteristic timeof current density diffusionisthe skintime
Tsk
Tk ~2 M0a2/777 (2)

a being the plasmaminor radius. Notethat 7., > 10s for present large tokamaksand 7., ~ 10%s
for areactor. Assume a steady periodic regime of current generation by atrain of RF pulses of
length 7, and repetition period 7,.. For the case in question [1], 7, and 7, are several orders of
magnitude less than 7. Consequently, with great accuracy, the total current density is constant
and equal s the current density j, in the time between the RF pul ses,

jd + je = jO- (3)

Considering the motion of bulk electronsin the induction electric field £/, we obtain
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where 7, isthe plasmaresistivity with respect to the backward current during 7,.. In the theory
of ramp up the poloidal magnetic field, severe restrictions arise due to the runaway electrons
accelerated by £ [2,3]. Numerical estimatesimply that, in our case, 7, < 10~*s isfar too short
for the electrons to be accelerated significantly.

The net energy density 17/, pumped during 7, to the poloidal magnetic field is, according
to (3) and (4),

T

Wpot = —/0 pjoEdt = jo/O p77p (ja — Jo)dt. (5)
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The energy density W,,,; isequal to the energy density dissipated during the time without RF. If
the integrand in (5) does not change much, we have

JopTp(Ja — Jo) = 1030 (Tr — Tp), (6)
where ), isthe longitudinal (|| B) Spitzer resistivity. Consequently, for 7,, >> 7,,,

. . NoTr
Ja = Jo(1+ : 7
(14 2 )

Equation (7) implies that enhanced resistivity 7, improves the current drive efficiency, cf. [2].
The new point hereisthat, for short powerful RF pulses considered in[1], the value of j./(en.)
can approach vr., the electron thermal velocity. Consequently, the backward current may be
unstable, leading to anomalous resistivity 1,. Owing to the slow but non-zero current density
diffusion, the actua profile jy(r) can somewhat differ from that one given by the present theory.

The energy density 1V, dissipated by the backward current is calculated similarly to Egs.
(5) and (6). Then, using (7), we obtain

W, = M (8)

MpTp
arelation needed bel ow.

Let us consider the fast electrons absorbing the RF energy. Suppose that the interval of
their velocity components v, parallel to the magnetic field is very narrow, v, ~ const.. The
absorbed RF power density P, can then be expressed as

Pa = nava(Fcoll - BE), (9)

where n,, isthe concentration of the electronsin question and F.,.,; isthe corresponding friction
force due to collisions with other particles. We neglect the transient dissipation needed for
establishing the nonlinear and collisona deformation of the electron distribution function
[1]. The power density (—eEn,v,) obvioudy equals (W, + W,y)/7,. Introducing ¢pc =
—el [ Foou, using (5), (8) and (9), we obtain

PaSOEC . Tr o Tr
= Jomo—(1+——).

10
I+ vrc Tp NpTp (10)

Notethat ¢ ¢ isessentialy theratio of the energies lossed by the resonant electrons due to the
induction electric field and due to the collisional drag, respectively (cf. P.;/(P;, — P.) in[2]).
Therefore, the term with 2 in Eq.. (4) can be omitted and

YEC = e(jd - jO)np/Fcoll- (11)

Thecollisontime 7.(v,) intherelation F,; = —muv,/7.(v,) IS, a conditionsconsidered in [1],
not much lessthan 7., viz., 7, << 7.(v,) < 7. Itisnot known, what happens with the electron
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distribution function under the action of the train of powerful RF pulses and what will be the
actual value of 7.(v,). Therefore, the following considerations are rather estimates.

We use (7) in (11) and express the longitudinal resistivity 7, in terms of the collision time
7¢/" used in the kinetic theory (e.g. [4]). Inthe steady state, 2 — D model [5] gives 7. (v, ) about
afactor 2.5 larger than the 1 — D moddl (7. ~ 1/(2 + Z;), eg. [6]). Itisnot clear in what
degree the 2 — D effects depending on effective ion charge Z; will develop under conditions
considered. We introduce afactor a,,(Z;) ~ 2for 1 < Z; < 1.5 and obtain

0.4Z 7 1 wa .,

ay(Z;) T enevre U,

vEc = byjo; by (12)

)

where n. is the concentration of electrons. According to (7) and (12), the explicit dependence
of ppc onmn,is

Ty ap(Zi) 7p V7, encure
Assume for a moment that ¢ << 1 and n, = ny; Egs. (10) and (13) then lead to known
results, cf. Ref. [2], Eq. (3.7) or Egs. (2.31) and the text below them.

7707})_1 04Z; T, ’Ug Jd

ppo~ (1+ (13)

In general, Egs. (10) and (12) imply the following relation between j, and the averaged
RF power density absorbed, < P, >,= P,7,/7,:

1 1 < P, >,

“ap, (14 DTry-prz, (14)

402 Mo NpTp

Jo =~

Considering the case of ITER-like parametersin [1], we assumethat n, = 7 x 10¥m =3, T, =
30keV, Ny = 1.8, Z; = 1.5, m, = no = 2.74 x 1071°Qm, R = 8m and the cross-section S, of
thetoroidal current Jy = 5y Sy, Sy = 10m?. The corresponding volume V, = 27 RS, ~ 500m?.
Following [1], we suppose that VP, = 9GW and V, < P, >,= 100MW. Consequently,
we have 7. /7, = 90, vy, = 7.26 x 10"ms™!, v,/vre = 2.3 and, from (12) with a(Z;) = 2,
by ~ 1.7 x 1077 (inm?A~! units). Using (14), we obtain jo ~ 1.1 x 10 Am™2, Jy ~ 11M A,
and prc = b,jo ~ 0.2. The conventional efficiency is

nep = ne(10°m=>)RJy/ (Vo < P, >,) ~ 0.6. (15)

Both the inhomogeneity of the RF power absorption found in [1] and the results in [7] show
that the absorbed RF power density in some region of the plasma torus can be considerably
higher than its average over the plasma cross-section. Therefore, we choose three times larger
< P, >,= 6x 10°Wm~3. Retaining all the above parameters, wefind j, ~ 2.8 x 10°Am~2 and
vrc ~ 0.5. Note that the mean drift velocity of bulk electrons creating the backward current j.
is about vr. /3, approaching the threshold of Buneman’sinstability. Assume for amoment that,
in the case considered, the resistivity for the backward current is anomalous, viz., 7, ~ 10 7.
Using again Eq.(14), we have

Jo~1.2x10"Am™2, ¢pe ~ 2. (16)
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The unnecessarily high j, can be reduced, e.g., by diminishing the RF pulse length 7,,. Note

that, for opc >> 1, Eq. (10) implies

T2y Tz (1
o NpTp

In this case, dmost al the RF power is dissipated by the backward current, P, ~ j2n,.

Nevertheless, the corresponding value of n.(10%°)j,/(2r < P, >,) can be quite high. The

guestion is, whether such high value of ¢z can be reached in a fusion relevant experiment.

Jo =~ |

According to theinequality (18) in Ref. [6], the distribution function of resonant electrons
is stable with respect to the Parail - Pogutse instability in the case of parameters cosidered here.

Conclusions

The lower hybrid current drive by means of short pulses of high RF power is interesting not
only for the wave penetration, but also for the efficiency. Although aconsiderable part of the RF
power isdissipated viathe backward current Joule heating, the resulting current drive efficiency
isquite good. The reasons are:

e The higher the pulsed RF power, the stronger is the induction electric field and the less
is the role of the collisional dissipation (of resonant electrons) in the absorption of RF
power;

e the energy pumped during the RF pulse to the magnetic field isused for extremly efficient
Ohmic current drive in the time between the RF pul ses.

At high anomalous resistance and a small tokamak, 7., may be lessthan 7,,. If the well-known
L/R time of the tokamak is much larger than 7., the above considerations can be repeated
mutatis mutandis for the plasmatorus as awhole.
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