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A fast wave current drive with a high frequency is estimated for a
reactor grade tokamak by the ray tracing and the quasi-linear Fokker-
Planck calculations with an assumption of single path absorption. The
fast wave can drive RF current with the drive efficiency of Tep =
He(lO19 m—S)IRC(A)R(m)/PRF(W)“‘3.0 when the wave frequency is selected
to be f/fci > 7. A sharp wave spectrum and a <uph“>/uTe ~ 3.0 are
required to obtain a good efficiency. A center peaked RF current pro-
file can be formed with an appropriate wave spectrum even in the high

temperature plasma.

Keywords: TFast Wave, High Frequency, Current Drive, Tokamak Reactor



JAERI-M 88-023

N AT ORI B A BRI ERR oM E

AARRT IRRABMFRNER 7 5 X < HEE
HE s - mN B

(19884 1 H2THZHE)

LT 3 X2 A—FAFEOIN 275 A= TCOECEERA R DEFBIC L 2 EHREE %
TR L 7o SR, LA BBEEEEEE T 2 v h =TI 35 FAMG, ¥y SR
WARE Lo BEESE /57 OB, BHEKHE 700 = M (10190173 TrelA) Relm)
R (Wi~ 30 TERAHETE 2. B0 AHD A~ b LEEL, BTHERD 3 {EREDMEE
EOWARHEYT 5 & BOBRIHNRBESND, SVBTEEDT 5 X~viiEB 0 Th, #2755
AR bNEF-LEEAART AL, Bt - 7§ 3R FEHASHEZELC EMT
X3, '

AREIRFFLAT D F311— 01 ZRBHEMMAAIIITE AT 801 —1



WO

=W N e

JAERI-M 88-023

Contents
Introduction ....vvvuonnns B e masaarreseaeer ettty 1
Numerical Model ....... AU e iattar et e eas 2
Numerical Results .....ovnne.n e s 8
SUMMATY o v vt vvtnsneneonsnossonsstonsnsscacsssasasasnesassnenonnass 10
Acknowledgements .......cnieraon-- I 10
References ... vivernncnseraannanencanarenas Crenereaeaan chasaaes 11
Appendix ..ot it i i it r e st 16
H 7
53 O PP 1
L = ol T C T O 9
= = 3= 8
o T T PR 10
6t .2 S P PP U P 10
' LT LT T T P Uy U S PP 1

i



JAERI-M 88-023

1. Introduction

The RF current drive is one of the most promising method to realize
the steady state tokamak reactor. Recent experiments in JT—GO(_D show that
2MA: of the plasma current has been sustained by the lower hybrid wave
and the current drive efficiency has been improved to
ncp=ﬁe(lolgm'3)R€m)IRF(A)/PRF(W)ZLB—B;O from 0.8-15 by the combination of
the lower hybrid current drive(LHCD) and the neutral beam heating in
relatively low density plasma. Furthermore results of the combined neutral
beam heating with the LHCD plasma show RF current drive can improve the
energy confinement time 1in the heam heated plasma(m. it has been
suggested that the flattening of the current profile by the RF current
drive is a key factor to obtain the improvement of energy confinement,
As shown in these results the RF current drive is quite attractive: to
employ the next generation tokamak for the steady state operation and
the control the confinement property.

In the high density and the high temperature plasma such as the
reactor grade tokamak the LHCD has some difficult problems. The first
problem is the density limit of LHCD which is supposed to be caused by
parametric instabilities®”. 1In order to avoid parametric instabilities, a
higher wave frequency may be required. At the same time the high toroidal
magnetic field is required because the accessibility condition becomes a
severe problem in such a high freguency LHCD™. The second problem is
the controllability of the current profile. The LHW may cause a surface
current in a high temperature reactor grade discharge because the
electron damping rate may be quite high in a high temperature peripheral
plasma(s). The fast wave current drive(FWCD) which has a high frequency
may remove such problems. It is supposed that the fast wave does not have
the density limit of the interaction between the wave and the electron

such as the lower hybrid wave when an appropriate wave frequency 1is

_1_
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selected®. The fast wave which has a low n, can penetrate to the high
density plasma. Furthermore the fast wave has a smaller wave electric
field along the magnetic field than that of the lower hybrid wave. This
means that the RF current profile of FWCD does not tend to be a surface
current in the high temperature plasma such as a reactor grade tokamak.
In order to confirm these merits of FWCD in the reactor grade plasma
the numerical estimation of FWCD is examined in this paper. The numerical
model is described in next section. Numerical results are shown in section
2 and section 3 summarizes this study. Finally, FWCD is estimated for

the JT-60 parameters in Appendix.

2. Numerical model

The employed model consists of a ray tracing code and a Fokker—Planck
code. This model estimates the absorption power and the RF current in
the single ray path. The ray tracing code calculates the wave propagation
and the power deposition te the ion by the ion cyclotron harmonic damping.
The RF current and the wave damping through the electron absorption are
calculated by the quasi-linear Fokker-Planck calculation using results
of the ray tracing ccde.
2.1 Ray tracing code

A dispersion relation of the cold plasma is employed for the
calculation of ray trajectories. This assumption is supported by one
dimensional kinetic code'”. The dispersion relation of the cold plasma

is described by

C=Ak'+BiZ+C=0, . (2-1)
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where

A=(c/)*8
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and wpe/2T, Wpi/ 2%, Wee/ 2T, wei/2% and w/21 are the electron.the ion plasma
fréque'nc‘y, the electfon, the. ion cyclotron frequency and the wave
f‘requency, respectively.' The refractive index along the magnetic field

ny, the parallel and the perpendicular wave number k,k. are described as

_ck
=g
k= Fsinp+LcosB (2-3)

=K% + (-?%cosﬁ——%sinﬂ)z.

vhere R=Ro+rcose,B=tan“1(Be/Bg), kr,n,m are the radial wave number.,
the poloidal and the toroidal mode number. Bs and B, are the poloidal

and the toroidal magnetic field.

Ray trajectories are calculated by solving the following ray equations.
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From a symmetry of the toroidal direction the toroidal.mode number n
is conserved. As the initial condition, the wave number is set so that
the dispersion of the fast wave is satisfied. The calculation of ray path
is ended when the ray reaches the minimal radius.
| In order to estimate the power depositicn to the ion the linear ion

cyclotron harmonic damping is assumed. The damping rate is described by

¢4
vi= -2 Incs)
W
2
n(S) = 12 = n@exs| 1 - P | 2-5)
1=| C:.) @
wvhere
s @
A kyur
=20 (2-6)
A= klvn
2\-'-]c1



and I;(4;) is the modified Bessel function of lth order.
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2.2 Quasi-linear Fokker-Planck calculation

The RF current and the power absorption to the electron are calculated

by one—dimensional quasi-linear Fokker-Planck equationm

where

aiw[(DqH’Dc)%{%' + ])(‘Un) h F] =0

De = vav(uy)

v(u)=vog(g)

1

Loty u2
(=) + ————
(2 ) 327 +luid

w5
Glx) = ﬁexp(:c)[l + ¢(~/f}](l+2:c)—-2«/‘f

_ Gfe InA

27:1121)2

(2-7)

(2-8)

and v§=Te/me,¢(:r) 1s the error function, E:(ks) and InA are the wave

electric field along the magnetic field and the Coulomb logarithm.

The

electron velocity distribution function F, the RF current jgr and the

absorption power of electrons pés are described as following equations
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'3 d
Flu) =C exp(j; 1”+ gw)
JRF = enevef uFdu. - . (2-9)
PSbs = MeNeUV0 f g(wud-22_Fay
- 1+Dm

where u = v,/ V.C = l/f Fdu, and D, = D,/D-..
The RF electric field along the magnetic field E,(v,) is calculated from

the magnetic surface averaged wave energy density W,

P{n) B
IUgr(m,ﬂZR’RoERT‘ : (2 10)

with a correction of TTMP term described as

B2 = ;21 — k202 + 2@%%{1111@;@) ; "C"‘—Cf“—ﬁ:‘;} @2-11)

where

-

-
~1[B"B g oK ¢
Wo = 2[2uo + PES E]

(2-12)

Loy
I
v
X
e B

and K is the dielectric tensor of the cold plasma, P(nu.) is the wave power
having the parallel refractive index of nu, vg(ng) is the radial group

velocity, and p. is the larmor radius of the electron.
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2.3 Parameter profiles

Profiles of the electron density n.(r), the electron temperature T.(r),
the ion  temperature T{r), the radial, the poloidal and the toroidal

magnetic field B;(r).Bs(r) and B,{(r) are assumed as

ne(r) = (0 A= (L2 + Cp

To(r) =T @] A=(L)2% + Cr.

Ti(r) = T A=+ cn | (2-13)
B.(r)=0
2
Bo(r) = Hele - L) I
a
’ 1+-}%cose

The radiated wave power spectrum from the launcher is assumed to be

Gaussian profile as

_ 2
S(nu)=-exp|:— { robe } :I—Const. (2-14)

where n,(0),an, are the center value of n; the width of the spectrum.
The power spectrum is divided into typically fifty elements and for each

element the wave trajectory is calculated.
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3. Numerical results

The fast wave current drive in the parameters of the reactor grade
tokamak is estimated in this section. Typical plasma parameters in this
case are summarized iﬁ Table 1.

Figure 1 shows frequency dependences of the current drive
efficiencies 7e.nT and the single path absorption rate 7us where
Ne = Igr/PeriT = Inp/(Pe+P;) and P..P,P,, are the absorption power to
electrons,ions; the input power. Typical plasma parameters except with
the frequency are in Table 1. At the low frequency regime the ion damping
cannot be ignored so that the total drive efficiency nr is low. When the
freqﬁericy f is larger than 0.3GHz, this frequency corresponds to f/fa>T7,
the ion damping becomes small. Efficiencies n. and nr increase with the
frequency f, while the single path absorption rate nes = (Pe+P:i)/Pin becomes
small. This is caused by the change of n, with the wave propagation. At
a higher frequency, the parallel refractive index n, tends to decrease
and the wave phase velocity vpn increases. The ratio of vpm to the thermal
velocity shifts to larger region where the ngp is highwx

The current drive efficiency ne=Ipr/P. and P./Pin are plotted in Fig.

2 as a function of the central electron temperature T.(0) where n, =1~2
and f=0.4GHz. The efficiency 1. increases almost iinearly with T.(0). At
T.(0) = 40keV, B80% of the input power is absorbed by electrons and
ne=0.08A/W can be expected. This value corresponds to the usually
normalized current drive efficiency ncg:ﬁe(lolgm'S)R(m)IRF(A)/PRF(W)~3.0.
Fast wave. may drive the RF current with enough efficlency, and the
estimated efficiency is comparable to that of the lower hybrid wave.

The density dependence of the efficiency nr. Pus=P.+P: and nelgr/Pabs
are shown in Fig.3 where f=0.4GHz, T.(0)=T:(0)=30keV. The efficiency nt
is roughly proportional to 1/m. and so Telrr/Pabs is almost constant.

Figure 4 shows the efficiency nr and the single path absorption rate
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niabs as a function of the widih of wave phase velocity normalized the
mean phase velocity where mn,{(0)=1.5,f=0.4GHz, T.(0)=30keV and m.=7x10°n>,
The sharp spectrum leads to a good current drive efficiency. The low
phase velocity component in the wave spectrum damps and drives the
current in the relatively low temperature region where the collisional
dissipation is large.

Figure 5 shows the mean phaée velocity dependence of the 7. and 7Nabs
for the wide spectrum case (an,=1.0) and for the narrow case (an,=0.2)
where <uvpm> =¢/ ). The efficiency nr increases with the phase velocity
while the Single absorption rate decreases. When <uypn>/ure > 3.0 the
electron absorption power is so small that the ion damping cannot be
negligible. Therefore the total current drive efficiency is decreases in
such region. It should be noted that if the ion damping is neglected the
efficiency increases with <Uﬁm>/LWJm. There is no large difference on
nr and nes in the low phase velocity between the wide spectrum case and
the narrow case, while in the high phase velocity the efficiency nr of
the wide spectrum is lower than that of the narrow one as menticned before.

The RF current profiles for various n,(0) are shown in Fig. 6 vhere
an,=1.0 and the input power is adjusted so that the RF éurrent becomes
8MA. The RF current profile tends to be broad when the launched spectrum
has a large n{0). In the case of the fast wave curfent drive, the
center—peaked current profile can be expected even in the reactor grade
high electron temperature as shown in this figure ( in this case
T.(0)=30keV). The parallel electric field of the fast wave 1s smaller
than that of the lower hybrid wave. This leads that the fast wave current
drive does not tend to form the surface current as compared with LHCD.
Figure 6 shows that the fast wave current drive has the capability to
control the plasma current profile even in the reactor grade high

temperature plasma.
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4, Summary

The FWCD is examined for a reactor grade tokamak plasma by using
the ray tracing code and the quasi-linear Fokker-Planck code. When the
wave -frequency is selected to f/f.>7 with an appropriate wave spectrum,
the ion:--cyclotron damping can be neglected and the normalized current
drive efficiency nCD=Ee(1OIQm_3)IRF(A)R(IT])/PRF(W)~3.O can be expected in a
high density (n.=7x10®m™>) and high temperature (T.=40keV) plasma. The
FWCD has the capability to control the current profile even in the reactor
grade high temperature plasma,

The electron damping rate for the fast wave is weak even in high
temperature plasma, for example, Puas/Pin~0.6 at T.,=40keV. The RF power
which is not absorbed in single path propagation also contribute to drive
RE current. We have to introduce the multiple—path effect” in order to

more precise efficiency and RF current profile.
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Table 1 Typical plasma parameters

Major Radius R, ( m )
Minor Radius @, ( m )
Plasma Current I, { MA )
Toroidal Field Br ( T )
Parameter Profile

Line density 7. ( 1093 )

Temperature T.(0)=T;(0) ( keV )

Frequency f ( GHz )
Zett

Gas

i {0)

ATy

4.9
1.15
8.0
5.5
Parabolic
7.0
30
0.4
1.5
D
1.5

1.0
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Fig. 5 nT':IRF/PabS and ﬂabszpabs/Pin against the
mean phase velocity normalized by the
thermal velocity <u,py>/Ve. £=0.4GHz,

P 19_-3 :
T, (0)=T;(0)=30keV, ny=7*10""m ". Solid
line is the case of An“=0.2 and dotted
line is Anﬂ=1.0.

2
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Fig. 6 The RF current profile for various nH(O).
[=0.4GHz, T_(0)=T, (0)=30keV, £e=7x101”m‘3

AnH=1.O
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Appendix

Numerical calculations of FWCD in JT-60 parameters (hydrogen plasma,
Rp=3.15 m , ap=085 m , [,=2.0MA, Br=4.0T, T.(0)=T;(0)=10keV) are shown in
this appendix. In order to avoid the ion cyclotron damping, the wave
frequency of f>06GHz(f/f.>7) must be selected as mentioned in section
3. The comparison between the current drive efficiency of FWCD and LHCD
is shown in Fig Al, where f=0.9GHz with nu:0.5_—2.8 for FWCD(sclid line)
and f=3.8GHz with n,=1.0-2.3 for LHCD(shadow region). At n.>6x10°m™ the
efficiency for FWCD is higher than that of LHCD. The degradation of
efficiency for LHCD at high density comes from the accessibility condition
of slow wave. The accessibility condition for a slow wave with 3.8GHz
becomes Ni°°>1.6 in this condition. The FWCD is promisihg to drive RF
current in a relatively high density plasma comparing with the LHCD.
The normélized current drive efficiency for FWCD of
nca=ﬁe(1019m'3}IRF(A)R(m)/PRF(W)=1.1—2.0 can be expected in JT-80 parameters
vith 0.9GHz at M.<10"m™.

It is possible to test FWCD experimentally in JT-80 by using 0.12MHz
ICRF heating system which can excite a travelling fast wave with <n,>~3
and an,~8 when the tcoroidal phasing of 2x2 loop antenna is set to be
90°. The RF current of 41kA can be numerically expected with the
absorption power of about IMW at W.=2x10"m™Br=2.0T, T.(0)=5keV and
hydrogen plasma, which corresponds to nep=nelgrR(m)/Prr=0.24%10mMA,/MV.
The efficiency is poor in this case because it is difficult to optimize
the launched spectrum by the 2x2 loop antenna. However, when F¥W is
applied to the LH heated or current driven plasma where high energy
electrons up to several hundred keV exist, FW may enhance the RF current
and high energy electrons. A principle proof of FWCD in a large tokamak

may be demonstrated in such experiments.

— 16__.
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Fig. Al Comparison of the density dependence of the
current drive efficiency in JT-60 parameters
for FWCD(0.9GHz, solid line) and LHCD(3.8GHz,
shadow region) with the almost the same
launched spectrum. Hydrogen plasma, R,=3.15m,
ap=0.85m, I,=2.0MA, Br=4.0T, Te(O)=Ti(8)=
10keV).



