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- >
It is shown that the ErfxBe drift for resonant electrons in tokamaks

does not cancel and forms an inward flux during rf heating with a travell-
ing wave type spectrum when an exact treatment of Landau damping in the
presence of the magnetic field is performed as an initial value problem,

- >
where Er is rf electric field and B, is poloidal magnetic field. This

f 8
effect could be the basis of the phenomenon that the plasma confinement

is improved during low density lower-hybrid current drive in tokamaks.

& >
Keywords: Erfx B8 Drift, Resonant Electrons, Landan Damping Lower

Hybrid Current Drive, Initial Value
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I. Introduction
The deterioration of the plasma confinement during supplementary heat-

ing in tokamaks is thé most serious problem that must be solved in order to
attain the ignition state of thermonuclear fusion. ¥hen the high addi-
tional heating power,such as the neutral beam injection (NBI) or radio-
frequency (RF),has been injected into the tokamak, the confinement scaling
versus the input power shows a distinct deterioratien (" L mode ™) in almost
all tokamaks. Even the relatively good confinement time of the "H mode"

have only twice that of the "L mode" and it still decreases with the input

' 1
power with the exception of the JT-60 LHCD experiment

It should be noted that the break even éondtion can be attained if only
we Keep the same confinement time during joule heating. Su the confinement
characteristics of the joule heated tokamak is better than that of sup-
plementary heated tokamaks. From this point of view we must reconsider why
tokamaks have so much better confinement characteristics during joule

heating. For the joule heated tokamak, the plasma current generated induc-
tively is <{flowing in the plasma to vield the poloidal field EG for plasma
confinement. Let's remember Ohkawa multipdle experimemt that we, torus

people,were saved by the inner current to escape from the "Purgatory"z?
After that,we have kept the advantage of the poloidal field for plasma
confinement with the tokamak discharge. When the plasma current is flowing
in a material conductor as in the multipole experiment,there’'s no electric

field in the plasma. However,in the'case of the tokamdk discharge, an

inductive electiric {field gg is generated in the plasma and all electirons

feel the force egg. The resulting inward gg X ge drift confines the
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plasma,although microscopic and/or macroscopic fluctuations driven by the

plasma current may cause an anomalous electron thermai . conductivity much

larger than the neonclassical prediction. This centrifugal drift velocity

2
vd(= EQBB/B )} is small because the toroidal magnetic field BZ is large,where

2 172
)

2
B = (BZ+ B8 However,it should be notad that this drift acts on every

electron. S50 the inward flux caused by this EQ X ﬁe drift cannct be

neglected relatively to the outward flux -D3n/3r,even when we take the

anomalous electron diffusion coefficient in tokamaks as the value of D.

_2
In fact,while vd is only of the order of 10 m/sec, the flux nvd is of the

order of lol?m'zsec_l,which is often comparable {o the outward flux -Dan/3ar
at the c¢entral region when the value of D is given by the anomalous diffu-
sion coefficient such as Alcator or Kaye-Goldston scaling,where n is the
plasma density. This should be called to be an initial pinch in joule
heated tokamaks.

[t is strange that the simulation people shouid not include this

initial pinch term in the tokamak code. They introduce the anomalous

inward terms)or Ware pinch term to be differént from the initiat pinch in
order to suppress the density clamping that often occurs at the central
region in the simglation of tokamak codes. What is the physical meaning of
this . anomolous inward term ? Is the Ware pinch really confirmed by the
experiments ? Can this tokamak code including this anomalous inward term
bredict that fhe plasma confinement in the additional heating of tokamaks is
improved by raising the plasma current ¢ If the initial pinch term is

introduced into the tokamak <c¢ode the density clamping is suppressed
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effectiveiy4%nd the importance of the poleoidal field in the magnetic con-
finement 0f tokamaks due to the plasma current is confirmed.

_Thus, the initial pinch in tokamaks seems to be one of reasons why joule
heéted tokamaks show better confinement characteristics. We must keep
these better confinement characteristics of the joule tokamak even when the
additional heating power is injected into tokamaks. The initial pinch
may be one of reasons togather with a large minor radius that JET tokamak
should attain the good energy confinement time of 0.9 sec at the piasma

current Ip 0f 5 MA during joule heating and that the energy confinement time

S
g in the additional heating is gradually improved by inereasing of Ip ?

In the <case of travelling wave iype rf heating where the rf electric

field is parallel to the toroidal direction ,resonant particles receive the

momentum and the resultant force gwave from the travelling wave and may feel

, . = . = _ 2
the effective DC field Erf from the wave by Landau damping,where Fwave’EErf’

This f{force 1is in the toroidal direction and resonant electrons form

an inward or outward flux due to the Ewave X ﬁe drift depending on the
direction of Erf' In previous paper,we show that the pinch effect may

occur in the lower hybrid current drive in tokamaks to yield the improvement
4 4
of the particle confinement time.’ However, the physical validity that the

E. x B

rf drift is not really‘cancelled out to bring the inner DC flux in

8

the radial direction is not given in the simulation. As the same manner in

the joule heating case,the DC plasma . current jrf flows in the toroidal
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drection and it 1is probable to yield 'frf X gepinch also in the case of

LHCD. In the method of ray tracing the rf electric field in plasmas is in
the direction of the combination of the toroidal and poloidal magnetic
field. Conversely speaking,it is not necessary to consider the effect of

the magnetic field in the calculation of the rf heating using the parallel
electric field since the Erf b-4 EB seem to canceil out in the radial

direction. However,in the appearance of the current drive the situation
become to be different. The poloidal magnetic field caused by electrons
acceralated due to the rf electric field may be caused in the azimuthal
direction and the magnetic field yvielded by rf always shadows in the perpen-
dicular direction te the rf travelling wave, This situation indicates that
we must reconsider the problem of Landau damping in the presence cof the
magnetic field in the calcuiation of the LHCD in tokamaks.

Recentlvy,¥ia and Wu have pointed out from the calculaticn of the ray

tracing that the average flux due to Ez X Be drift is negligible comparing

with the average flux due to EB X B2 drift,where EZ and E8 are the torotidal

' B
and the poloidal component of rf electric field,respectively. ’ The

prcblem must be set,however,whether the component of rf electiric field of
the travelling wave really forms the DC component of flux by coupling to the
magnetic field when we consider Landau damping of travelling wave in the
presence of the magnetic field. This problem must be never treated since

the energy transfer from waves to particles is only considered in the usual

caleculation of Landan damping.

In this paper,i! is shown that there still remains a part of ﬁrf X ﬁe

that does not cancel out in the LHCD of tokamaks in section 2,and that the
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energy confinement time in the LHCD may bring aut by the pinch effect in

sction 3. Piscussion and conclusion are shown in section 4.

- <
2. Er‘f X B drift in the LHCD

in order to explain whether the quantity of Erf X ﬁé cancell out or

does not cancei out,the following cartesian coordinates are adopted,where x
is the vradial direction ,¥ is the polonidal direction and 2 is the toroidal
direction,which is the directicn of the travelling wave. The ccmponents

[ - 3 F 3 § [ - 3
are E(Excos\kxx wt,,Eycos(kyy wt;,Ezcos.kzz wt)) and B(O,tqa,Bz,,where the
sign t of 88 denotes the direction of the plasma current} The equations of

motion are

mdvxfdt=eEKCQSisz-wt} + eivyBZ -VZBBE {1;
! ~af - Yo i
mdvy/dt eEycos(kyy wir- e vXBZ {(2)
/ = I 1 - M - l e
mdvz.dt enzcosakzz wid evyB9 (3

The zero order solutions for X,y and z on the veleccity and the displacement

are gbtained putting EX=G,Ey=Q,EZ=O ’BB= Q,BZ=O and

X=X, ¥V=¥4,252,4,V oV =Y 0 at t=0 in eqs.(l),(Z) and (3)

=v__,v =v
X Xy Ty )

X= Kot Voot (4}
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energy confinement time in the LHCD may bring out by the pinch effect in

sction 3. Discussion and conclusion are shown in section 4.

X B drift in the LHCD

-3
.

E
rf
In order to explain whether the quantity ef Erf X ﬁe cancell cut or

does not cancel out,the following cartesian coordinates are adopted, where x
is the radial direction ,v is the poinidal direction and z is the toroidal
direction,which is fhe direction of the travelling wave. The cemponents

] ( -wt) r-wt) . F ; -
are E(Excos\kxx wt.,Eycos(kyy ut,,EZcosakZz wt)) and B(O,tBB,BZ),where the
sign = of Be denotes the direction of the plasma current. The eguations of

mation are

mdv_dit=eE _cosik z-wt: + eiv. B -v B.} (1
b4 X X vz z°8

mdv_/dt=eE_cos(k_v-wt)- e v_B (2}
¥ y (Y.f %52 (2

mdvzfdt= eEZcos(kzz~wt} t evyB8 (3

The =zerc order solutions for X,y and z on the velocity and the displacement

are obtained putting EX=O,Ey=D,E2=O ’BB= O,B2=O and

X=Xg Y=Y 0,224,V V=V sV =v20 at t=0 in egs.(12,(2) and (3)

=V
X X Yy ¥y 2

X= X.+ v_ .t {4}
9 xO
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<

H
o1
R

o+ v ot
}g YG

i (6

2T 2yt V_

In the first order solution 3 X ﬁ is neglected and these are obtained sub-

stituting egs.(4) - {62 1into egs.{l} - {3},where we set Vx1=0’vy1=0 and

7
v_.=0 at t=0 since Landau damping is an initial values probiem.

z1
T = in{ Joo= 3 bt [f (-":
Vel eEX[51n.kxxU+aXt; 51nkX_O] me 7
r = ind - V- @ r 1/ (83
Vol eEy[sxn(kyyo+ayt. S1nkyy51 Mot (8
- .. - Voo e . O e
VT enZ[51nakZ¢0+ @t} - sink zgi/ma, (9
and
t
= = - { - Jo_-tsi (102
Xl'JOVxldt (eEX/max){ [cos{k xpta t) costXOJ e t51nkxx0} {10
rt
_ _ - ¢ v - ! _ s - r Y
yl-JOvyldt-(eEy/may){ [cos.kyy0+ayt) COSky}o]'“y t51nky}0} (117
r* .
21=Javzldt=teEZ/maZ){—[cos(kzzn+a2t)—cos kZzD]/az—t51n k_zp) {12}
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where

e,z K.V o~ ¥ (j=x,¥,2) {13)

Substituting x=x,+ vx0t+x1,y=y0+vy0t+yl and z=z g*v ot+z, into the combina-

tion o0f egs.(1),¢2) and <(3),we can obtain the sum of 1st and 2nd order

equation,

2 2 2
d (v, +v, 2/dt +w (v, +v,_, d=ieE w/misin[k X . +x, )+ca t
1y "2x ¢ ity 2%y b4 [ x0T Ty ]

+4 w Iens ¥+t v,0+o tiz( U m} (2,42, 3+ {14)

eEy Cz/m cos[ky Yot ¥4 ayt}+ eE2 cg/Micos[k{z +2,) azt] &Y

h B_/ B./ d ; : : R E 1 14

where,w__= eB_/m ,u _=eB./m an w={ w + w ) . yaticn (14) is a
Yer At It ¢ cz o cB e \ S

nonlinear differential equation, ¥We .can solve this equation using the

following procedure,which is well defined in the derivation of Landau

8
damping ! The R.H.S5. of eq.{l14} can be expanded using the relation

coskjj1=1 and sinkjj1=kjj1 when kjj1<< 1 since j, is an infinitestimal {erm
of the 1si order. Averaging in space ail-terms of eq.{i4) on X,,¥, and z,

we get

2 2 2 2_2 2
d(V1x+V2X> /dt +wc<le+ vgx>xo,yo’zo——(e Exka/Zm )dacosaxt/ax)dax

-

XO ’YU"‘{)

"
[
(41
Ly

2 2 2 2
_; . . _ fas PN
(E_w mczkyz’QB }d(smtxyt/ay .Jday,.(Esz wCBkZ /2B )d\smrxzt, (xz,daz

“ N
(@ I

First term in R.H.S. of eq. (15} is the 2nd order perturbat;on of EX com-

ponent and second term is due to Ey X B2 drift and third term is due to Ez
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x B drift . Using the relation as a means of the time average,llm
tow

8

sin(kv-w)t/(kv-wi=né{v-w/k)/k,where §{x} 1is Dirac's delta function,and

multiplying a distribution function f(?) and integrating on 3 (=vxvyvz)

2

d Q + > f:3d3-+2 <V, +V, 0 f'idg
dt2J Vit Vex' v, vg.2y Yol Mix Ve’ x, ,yp,z, 0
=E’u__w /2B wv,)/ : ®1/2B Kk )df (v )/d o
—khywczwcﬂ 2B ky)df\vy) dv, ) —(E2 W, qu T Z) (v, 2/dv, i {16)
v =w/kK v_=w/K
¥ ¥ 2 2
l. 44
where we set Vio to vj and j ffvj)dvj=1. [t is noted that Ex term in
-0 N
eq.(15) is cancelled out since the integrant is odd function. Equation

(167 is no longer nonlinear and we get as the flux term in the radial

direction.
g H
[ > £(T)dT=A sin(w t+8)+(E w__n/2B k Ydf(v_)/dv
r * 7 = + ) s
Jf;lx VZX XO’YO’ZO [V v 151n(mc YwCZH Y) { y ’ :w/k
y ¥
‘.2 2 \dfr /d s og .
;LEchen/zB k )dfdv,)/dv, . (172
vz—w/kz

First term in R.H.S.is only a cyclotron motion in the total magnetic field
which becomes zero after the time arevaging and second and third term are
drift = term,that is,the DC flux in the radial direction still remind. In

the lower hybrid current drive,Ey is not initially excited and even if this
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component may be excited in the plasma the second term in eg.{(17) can be

nglected since E yis very small and Kk vis large. Third term in R.H.S.

of egq.(17} {forms a inward drift flux rpi in the LHCD in tokamaks,which

nch

becomes,

2 2
rpinchz?(HEEz Be/zmeB )df(vz)/dvz ‘ 18>
vz:w/kz

where the sign of [R.H.5. 1is depending on the direction ¢f the plasma

: : AL
current. This estimation differs by only 2/7 from our first prediction .

It is noted that the DC drift is ouiward at the anti-direction palsma cur-

rent as shown in the sign of eq.(17}.

3. Improvement of the plasma confinement due to pinch effect
3.1 Procedure of forﬁatiqn

Since it is shown that the DC inward fiux cccurs in the LHCD ,we want
to consider the behaviour of energy confinement time in the fo}]owing. Ye
consider that the particle flux is reduced by the inward flux of eq.{(18) to

form the effective flux in the following

-Dan,/or - T

- ~ P
p1nch-_Deff°n2/ar ‘19?

where the notation of n, means the densiiy before the pinch effect occurs
and n, 1is after the pinch occurs. The electiron thermal conductivity e

can be connected to the particle diffusion
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component may be excited in the plasma the second term in eq.{17) can be

nglected since E yis very small and Kk Yis large. Third term in R.H.S.
of eq.(17) forms a inward drift flux rpinchin the LHCD in tokamaks,which

becomes,

2 2

| =z{neE_ B./Zmk_B Ydfi{v_)/dv (18)
-r

pinch z B z z Vz=w/kz

where the sign o¢f R.H.S5. 1is depending on the direction o¢f the plasma

\
]

current, This estimation differs by only 2/m from'our firét prediction .
It is noted that the DC drift is ouiward at the anti-direction palsma cur-

rent as shown in the sign of eq.{177).

¢. Improvement of the plasmaconfinement due to pinch effect
3.1 Procedure of forﬁatiqn |

Since it is shown that the DC inward fiux occcurs in the LHCD ,we want
to consider the behaviour of energy confinement time in the foi]owing. Ye
consider that the particie flux is reduced by the inward flux of eq.{18) to

form the effective flux in the following

-Dan,/dr - T

plnch=-Deff°n2/ar (19}

where the notation of n, means the density before the pinch effect occurs
and n, 1is after the pinch occurs. The eleciron thermal conductivity Ao

can be connecied to the particle diffusion
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Vo= ; NG
=80, /A _
,where B is a constant and q is safety factor. The energy confinement time
of electron is
z/w ' (21)
TEe'a ‘o (21)

9
According toc EKadomtsev 3 The can be related with the gross energy
confinement time g during supplementary heating by

173 2/3 =273 1/3 -1 .
i Ay

e{1+1 n IP N (21

TE=2TE

This relatien 1is based on the fact that the ion thermal conductivity Ki i3

neoclassical and oniy ie ig anomalous, where the plasma density n is in

' 132 -3
units of 12 cm LR is the major radius in meters,Ip is the piasma current

is the supplementary heating power in MW and v is a constant. In

in MA,PIN

the calculation ¢&n get Erf in eq.(18),the rf power PRF in the radial
1)

direction 1is essential , that is,the local rf power PPF(r,nZ) of the slow

wave propagating‘ in the = r direction is exXpressed in one dimensional WEB

approximation,as

dP (r,nz)

= —ZKQLPRF(r,nZ) {23)

RF
dr
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10
here k QLiS quasi-linear damping rate ? We assume the Gausstian as the

nz spectrum of the slow wave,and the accessibility condition n2 > nza

. , 2 lj2 D : )
'(1+‘wpe/wce’ ) + wpi/wCi should be satisfied for r < a. The integra

tion on n, mast be performed at each point in solving eq.{(23}: Prfo =

a0 o
J_:rfadnzat r=a,PRF= In PRF(r,nz)dn2 at r ¢ a. It is noted that the

Za

spatial damping of DQL which must be included in kQL is considered. The

stalionary quasi-linear distribution function is used for f in eq.(18). A
slab model is used in this calculation including a simple toroidal correc-
, . - - (R+a)/ (R+13 L
tion to n, given by nz nzc‘R a)/ (B+rj,where nZC 16 injected n2 at the
10
launcher

Since TE is gross energy confinement time,we calculate the radial

profile of Prf at first and then we get a spalial average of Deff ,ke and

2
Th- The density profile of n, is assumed to be {I-(r/a) )%t and n, is {1-

2 11
ir/a) )%, We get D corresponding to Kaye—Goldston scaling )using D
2 _
=a /BTEe by substituting the value of g in Kaye-Goldston scaling (K-G

Scaling) into eq.(22). The physical basis in this simulation is how Xe in

Kaye-Goldsten scaling is improved through the particle diffusion D.
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2.2 Simulation results

, T_..n_ and Pr as shown in

The value of 1 el' e 0

.is calculated against n2

E c

Figs.1,2,3 and 4,respectively,where TeO is the central electron tempera-

ture,ﬁe average plasma density and the temperature profiies are paraboloic

2 2
{(l-t(r/a) ) . The parameters of the simulation is taken JT-60 LHCD case.
Figure ! shows that g is improved at a certain value of Teo and with inc-
rease of nzc the optimum value of TE increases and shifts to the lower

temperature side. As the same manner in Fig.l, the optimum g is improved

at a certain value of nZC and with increase of TeO the optimum value of TE

decreases and shifts to the lower nZC side as shown in Fig.2. Figure 3

shows that t. has aiso a optimum value on ﬁe and 1 has gentle peak on ﬁe.

E
Many data that the confinement is improved at the low density region are

included in this simulation. Figure 4 shows that TE does not deterioraie

even when PrfO increases if Teﬂ has a certain value. The value of TE is

improved even when the density profile is peaking as shown in eq,(19%3,which
corresponds to the case at «, < o, as shown in the padestal of 35 in Figs.2

oo -3 0 33
and 3. Peaking parameter o, and «, are as follows] o= o+ 1 x 10 Pr%

a4
It is already shown that the density profile is peaking during LHCD !
This parameter is based on the simulation. The pinch effect in LHCD cceurs

when the large plasma current flows in plasmas and the strong poloidal field

by rf causes. Tt should be noted as the case of curreni drive that the
optimum value of 1. is obtained when the values of n__,T and n take a
E zc' el e

certain value,respectively. The most interesting calculation is the power
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dependence, that is,rE does not deteriorate against the input power in a
certain parameters although g is still in "L mode" 0f the scaling when the

parameters are not optimized.

3.3 Simulation in the simultaneous injection of LHCD and NBI of JT-60
Since the simulation results in the previous section indicates that the

value of nZC and TeO are very critical parameters we can find out the prob-

able parameters that can explain the results of the simultanecus injection
of LHCD and NBI in JT-60. Using the data of additional heating case,we can

i)

get the emprical scaling of leﬁ and TiO in JT-60 case,that is, TeO = (4.6 Py

B+ 23.3)/(3 ne + 14) and TiO= (9 PNB +153/(3.5 R, +17.5},where Te,;| and the

central ion temperature TiO are in keV,the NBI powver PNB in MW and Ee in

125
cmoo. These are based on the experiments in JT-60. °~ The simulaiion result

in the case that g does nnt detericrate against the rf power and the

average density are shewn in Figs.5 and 6,respectively. The values of P\EB

ne and n7C are the Kkey parameters in order to get the optimum TE'

Simulation resulis show that the improved g can be obtained even for high

- 13 -3
density ( ne=l x 10 cm jand high current {Ipz 2.7 MA) case with high

heating power (PRF:S M¥ and PNB=12 - 15 MW) as shown in Fig.7. As shown in
Fig.1,when nZC is fixed TeD is more sensitive to T so that TE can meet an

from the way to increasing P . This is

through P NB

pptimum value on TeO

NB

because Teo increases with PNB‘ It should be noted that we must find out
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T P and»PN and so on if we want to

te optimum parameters of eO’ne’ RF

ze B

improve the confinement,

4. Discussion and conclusion
The wvalidity of the pinch effect in the travelling wave type current
drive 1is estimated by the exact treatment of Landau damping in the presence

of the magnetic field. ¥We can also derived the same result as eg. {18

133
using a simple consideraticn as treaied by Spitzer. © These are showp in

gppendix I. The essential point ian the calculation of the pinch effect in

the current drive tckamaks is. that the wave 1g travelling. I{ the wave
=
is only oscillating without moving, the Erf X ﬁ drift is cancelled out after

time averaging -as the same manner in the estimation of Landau damping.
Since it has been already confirmed that the lower hybrid wave really drives

14,
the plasma current, it is probable that the momentum 15 iransfered to

-
eE_, from

..3
elecirons from wave and in resconant elecirons receive force Fwavez g
=0 L

e d = = )
wave to form a DC jr X Be pinch as ‘the same manner in joule heating [, X B

{ 8

pincn.

In this paper,three componenis of Erf are all reminded,however,the ¥

component of the rf electiric field can be neglected in the derivation ef

eq.{17} since Ey becomes only oscillating term in LHCD case if we consider

the propagating of the lower hybrid wave on the standpoint of the the dis-
persion relation.- These are shown in Appendix II. In such three
dimensional analysis 1like this the coupling theory indicates that the dis-

placement in the ¥y direction can be neglected (3/9y=0) and the fast wave
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te optimum parameters of nzc’TeO’ne'PRF and-PNB and so on if we want to

improve the confinement.

4, Discussion and conclusion
The wvalidity of the pinch effect in the travelling wave type current
drive is estimated by the exact treatment of Landau damping in the presence

nf the magnetic field. ¥We can also derived the same result as eq.(1§)

13
using a simple consideration as treated by Spitzer. ) These are shown in

Appendix 1. The essential point in the calculation of the pinch effect in

the current drive tokamaks is that the wave is travelling. I{f the wave
is only oscillating without moving, the grf X § drift is cancelled cut after

time averaging as the same manner in the estimation ¢f Landau damping.

Since it has been already confirmed that the lower hybrid wave really drives

143 L .
the plasma current, it 1is probable tithat the momentum is iransfered to

X 2 >
electrons from wave and in rescnant elecirons receive force Fyave™CEq; from

- = =
wave to form a DC jrf X BB pinch as ‘the same manner in joule heating jp X BB

pincn;
In this paper,three components of Erf are all reminded,however, the v

component of the rf eleciric field can be neglected in the derivation of

eq.{17) since Ey becomes only oscillating term in LHCD case if we consider

the propagating of the lower hybrid wave on the standpoint of the the dis-
persion relation.- These are shown in Appendix [1. In such three
dimensional analysis like this the coupling theory indicates that the dis-

placement in the y direction can be neglected (5/9y=0) and the fast wave
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component (Ey) is small in the usual lower hybrid wave current drive. It
i shown in Table 1 of ref. 6) that the value of ky becomes large . It may

correspond to the flux control discussed by Itoh that the second term in

eq.(17) becomes to be effective,however,this drift is not generated because

15
no momentum input of the poloidal direction is in the LHCD case. ) It is
interested to make a poloidal phase difference in the case of fast wave

heating. In this case the pinch effect may be further enhanced by the Ey X
BZ drift togather with E2 X B8 drift since the second term of R.H.S. in

eq.i17) reminds. Recently,MIT group reports that Tp is not improved at

169
the anti-current drive case ° ,which seems to be supported by this pinch

effect as shown in the sign of the second term of R.H.S. in eqg. (18},

The ©physicai backgreund that Tx is improved at the low density region

is a feature of the quasi-linear effect,that is,this is the same physics as
the fact that the driving rf current increases with decrease of the average

plasma density,which comes from the fact that Erf and DQL decreases with

increasing the density due to strong Landau damping at the main plasma

region.

The radial profile of the rf electric field,that is,the calculation of
Erf in eq.{18}) is impartant. At first,the rf power in the radial direction
is obtained by the quasi-linear damping method,and the variation of nZC is
simple toroidal effect due tc small single path damping,which may be almost
correct when the density is lower.. The value of TE in K-G 5caling is gross

confinement time,which is defined as,TE=Jn(Te+ Ti)dV/PIN,however,in the

simulation it is represented by the spatial average in each point. 1t is
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natural that Tk is improved at a certain parameter of nzc and TeO when we

consider the feature of the quasi~linear theory,which is coming from the
effect of the penetration of the rf electric field in the radial direction

that 1is most sensitive to the value of v /v ,where v is the electron
7" " the the

thermal velocity. General featrure of the calculation indicates that the
better confinement 1is obtained when the current drive occurs effec-

tively,that 1is ,the peak point of g corresponds to the case when the

largest plasma current flows by LHCD. Simulation in this paper is per-
formed what wvalues of the parameters are  the best {fitting to the
experiment,however, the wvalidity o¢f the decision of them musi be further
considered.

In conclusion,we must not deteriorate the confinement time below the
value for the joule heated plasma when additional heating power is injected
inte tokamaks. The rf heating due to electron Landau damping with travell-

ing waves may enhance the geod confinement characteristics ¢f the

centrifugal ﬁ b4 ﬁ drift that the joule heated tokamak has for all charged

particles by replacing EQ with Erf for rescnant elecrons, resulting in the

improvement of the plasma confinement in the slow wave current drive, It
has been said for a long time that the anomalous diffusion of eleciren
determines the gross confinement in tokamaks. The theoretical understand-
ing of this is not given vet in satisfacliory and the scolution how suppress
the anomalous diffusion is not also given yet,however,on the appearance of
the current drive by the travelling wave we may be able to find oui the

suppression method of the ancmalous diffusion of electren te confine plasmas

in tokamaks
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Appendix [
In this appendix,we want to derive eq.(18) by using a simple considera-

tion as treated by Spitzer. The potential of wave is

W=y, cos(kz-wt) (A-1)

On the coordinate moving with the phase velocity V=w/k, the displacement of

electirons is

z =2-Vi (A4=2)
and eq.(A-1) hecomes
1
==Y, coske {A-3)
which is an elecirostatic potential. From the conservation taw of energy,

1 12 1 t2 . .
z My o+ el =zmvg, (A-4)

L

'

where v, is the velocity at =0 and particles satisfying the condition
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t

Vo ¢ v, =V2edy/m {A-3)

are trapped by the wave. Since the rf field applies to this trapped par-

ticles as an effective DC electric field ,there exist an innward drift whose

velocity is

Z?
VDzErfBG/B (A-5)
vhere Erf= -av/3z . Trapped electrons move in the potential trough and are
reflected at the potential wall. ¥hen trapped electron is reflected at the

t t

wall the velocity of electrons changes as v @ ~v ,where v = -{v-V)+V on the
laboratory coordinate ,that is,the increment of the velacity is fAv=2(v-Vi=-
2v . The time interval of the collision to the potential wall is
A2lv 1=n/kiv |[,wvhere X is wave length of the wave. The force acting on

the particles is F=miv/At=-2mkv v |/n,which corresponds to eE}f.

Substituting Erf into eq.(A—S),vD becomes

9
=..1.I_n_kv [v l-—-— {A-7)
N e

Multiplying the distribution function f(v) and integrates on v we can get

the inward flux [ . When ¥, and v, are small, f(Vev j=f(V)+v 9f/dv _, and
the integration 1is performed {rom -vC to + v _ . The integration of }
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[ sz ' 1 v
v |v ldv is =zero since the integrand is odd function and JC v v |dv =2JC
' - 0
Ve
t3 ' 4 z 2 2
v dv =VCX2=2e Y,/ m . Finally, the average flux I’ becomes
s 2
r = 43‘}{%’\ BB af P
=T 3w K 32 v (A8
B v=w/k

which is almost coincide to eq.(18) since KU;=E ..

Appendix I

For simplicity,we consider the uniform plasma surrounded by a cylindri-
cal wave guide. ¥We assume that the majority of the speciral energy.of ¥ is

in the region kz »» w/c,s0 that an electrostatic approximation is valid.

From cold plasma theory,¥ is determined as the solution to

divig + g,V & = 0 (A=)
where € and € are
2 2
pi e
su= 1 2oL (A-10)
w w
ce

and
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2
w
- e §
g,= 1 - —£% {(A-11)

in the frequency range of the lower hybrid wave,respectively.

solve the eq.(A-9) by the c¢ylindrical coordinate,we get

-i(kzz-wt)
o= A Jn{pr)cesne e (A-12)

2 L2
where Jn denotes the modified Bessel function and p = -(EﬁfﬁL)kz.

When we

Thus, z

direction 1is travelling wave,however,8 direction is only the oscillating

compenent



