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Lower hybrid current drive for INTOR high density and high tempera-
ture plasma has been studied. The calculational model based on a
toroidal ray tracing code and 1-D Fokker-Planck code. RF current pro-
files are generally not centrally peaked, but localized near plasma
surface (r/a ™ 0.65 - 1.0) for the parameter range (Ee v~ 7.5 % 10%°
m™® and Te W L0 - 20 keV) calculated. Effects of wave spectra on the
current profile and the current drive efficiency have been studied
systematically using the Gaussian spectra with different centeral values
N/@ and the widths AN/ . The effect of wave launched angle has been
also studied. Wave penetration is shown to be effectively improved for

the top launched case for He =5 x 10*° m™? and Te = 12.5 keV.
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I. Introcduction

Non—inductive current drive would be one indispensible technology to
make the tokamak system a more attractive reactor candidate. Non-inductive
current drive using lower hybrid waves has been intensively studied in many
tokamak experiments. These experiments have demonstrated that plasma cur-—
rent can be maintained by lower hybrid waves alene with high current drive
efficiency in most cases. It has been also demonstrated that the plasma
current can be ramped up or the OH-transformer can be recharging by apply-
ing larger amounts of RF power than necessary for maiﬁtaining a steady
state current. Lower hybrid assisted ramp-up can be reduce the volt-second
requirements, whereas OH recharging enables quasi-steady state operation of
a tokamak reacter. In addition to these small- and medium-sized tokamak
experiments, recent JT-60 lower hvbrid current drive experiments [1,2] baye
demonstrated that lower hybrid current drive is a promissing candidate for
non—inductive current drive for the reactor relevant large tokamaks.

In the present report, we investigate the potentizlity of lower hybrid
current drive for INTOR high density and high temperature operaticn.
Benchmark problem, which is offered in INTOR workshop [3], for high density
and high temperature case has been solved by computer simulation code. The
code is based on a ray tracing code and a 1-D Fokker-Planck code. Effects
of wave spectra on the wave penetration and the RF driven current prefile
have been studied systematically using Gaussian profile with different
central wvalues of refractive index N/b and the width AN/. The effects of
wave launched angle on the RF current profile have been alsc studied.

In sec. 2, a brief discription of the numerical code used to calcu-
late the benchmark problem is given. In sec. 3, main plasma parameters of
INTOR benchmark problem and RF parameters used in the calculation are des-—
cribed. Numerical results and summary of the present study are given in

Sec. 4 and Sec. 5, respectively.
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2. Brief description of the numerical code

The employed model consists of a toroidal ray tracing code and a 1-D
Fokker-Planck code. Toroidal ray trajectories are calculated using the
dispersion relation which 1includes electromagnetic and warm plasma
effects. The input power spectrum for the ray tracing calculations is
specified in two ways;

1) Gaussian distribution,

N~ N//O) 2

P (N, =Pjexp [ - I, (2.1)

2
(A%, /2)
where NﬂO is the center value of the parallel refractive index
N,, 4N, the width of the spectrum. The normalization constant P0

is determined by the condition [P(N,) dN = P where Pr is the

rf’ f

total input of the RF power.
2) Brambilla, spectrum - the spectrum calculated by the Brambilla

theory [4].
The specified spectrum is divided into typically 100 - 200 intervals ANVj
(j=1, 2, ... , 200). A single ray is launched for each N”j intervals,
wieghted to the appropriate power which is included in the interval ANﬁj'
Each ray is followed separately as it propagates into the plasma. The
power absorption by electroﬁs and the resultant RF current are calculated
by 1-D quasilinear Fokker - Planck equation in the steady state, using the

results of the ray tracing calculations.



JAERI-M 88—-006

3, Numerilcal Parameters for INTOR Benchmark Calculations
Typical plasma and device parameters used in the present study for
INTOR are summarized as follows;
Major radius: RO = 4.9 m,
Aspect ratio: A = 4.2,

Toroidal magnetic field: By = 5.5 T,

Total plasma current: Ip = 8 MA
Fuel gas: D2
Effective charge Zeff = 1.5

Profiles of the electron density ne(r), the electron temperature Te(r),

the radial, the poloidal and the toroidal magnetic field Br(r), Be(r) and

B¢(r) are assumed to be given by,

= - 2 =
ne(r) = neO[l (r/a)™] + Mp Pep = 0.05 n_,, (3.1)
- 2 =
Te(r) = Teo[l—(r/a) 1 + Topr Top = 0.05 T s (3.2)
B (r) = 0, (3.3a)
r
uOI 2 2
Be(r) = =2 (1 - L) I, (3.3b)
™ 2 2
2a a
B
Bo(r) = : : (3.3¢)

1 + (r/RO) cos8

The plasma cross section is divided into 30 equally spaced radial zones
and the electron velocity distribution function f, the RF current density
jrf and the absorption power Pobs of electron are calculated at each of
these radial locations.

RF frequency is chosen as f = 4 GHz based on the present data bases

for the density limit of LHCD [5] and the total RF power Prf = 15 MW is

assumed to be injected in the present calculations.
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4, Numerical Results
First we study the effects of wave spectra on the RF current profile
and the current drive efficiency for INTOR high temperature and high

density case. The wave spectra radiated from the launcher is assumed to

be Gaussian distribution and is given by eq. (2.1). Average electron
temperature and density are assumed to be Te = 12.5 keV and ;e = 0.75 x
lOZOm"3, respectively.

Figure 1 shows the radial! profiles of the RF current for different
wave spectra. The center value NUO of the wave spectrum 1s changed from

HUO = 1.5 to 2.5, while the width of the spe:-.c:t:ra.'i‘-N/!,O is fixed to belN,, =

0.5 in all cases. Calcualted current profiles are not centrally peaked,
but localized near plasma surface around r = 0.8 - 1.17 m for all cases,
as shown in Fig, 1. This is partly because the strong localization of
power absorption and partly because the limitation of the wave
accessibility.

For large N, case, the localization of the current profile is mainly

/0
due te the strong localization of power absorption. For small N//0 case,

the wave penetration is slightly improved, but the RF current profile is

still localized near plasma surface. By decreasing NA@’ the absorption
region goes into more interior, However, the limitation of the wave
accessibility becomes more severe. Thus, before reaching such a strong
absorption region, the wave is reflected. As a result, RF current profile
is still localized near plasma peripheral region and the driven current
becomes smaller compared with the case for larger N, _ as shown in Fig. 1.

0

Figure 2 shows the N/

0 dependences of the current drive efficiency

d th ingl th ab £i ere nd

ka and the single pa absorption rate nabs’ wh N @ nabs are
: - = t

defined as N.4 = I.;/Papg and Mg = Paps/Pre and Tog, Popgs Prf are the

total RF current, the absorption power to electrons, and the total RF

ianput power, respectively.
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The input RF power is completely absorbed for the cases NUO > 2 and

v
the single path power absorption rate becomes "bs - l. However, for the
small N i i
o cases (N”O i 2}, Ny decreases with N,o due to the increase of
the linaccessible part of the wave spectrum as mentioned above. The

current drive efficiency ]Ld increases with Nyoe This 1s mainly due to

the local density effect, i1.e., with increasing N#D’ the input RF power is
absorbed more outer region, where the density is smaller, and hence the

efficiency increases. In order to make this effect more clear, here we

loc

define a local average density E; which is given by

— loc rM rM

n, = fne(r)de/ S dvp (4.1)
r r
m n

where ne(r) is given by eq. (3.1) and r,and r, are the minimum and Ethe
maximum radial position for the localized profile of the RF current shown

. . ; .. C — loc _
in Fig. 1. The current drive efficiency multiplied by a, s Mgeal =

atee o
a cd?

We have also calculated the efficiency for the case of almost uniform

is shown in Fig. 3. decreases with NUO'

n1ocal

density profile. 1In this case, the density and temperature profiles are

assumed to be given as follows;

2
-r

/a5% 1t 4 0.05n (4.2)
el

+ O.OSTEO’ (4.3)

ne(r) n (1

e

T (r) = Teo(l-rz/az)o'l

The results for the current drive efficiency are shown in Fig. 3 for the
18

case He = 5.0 x 10 n 2 and Té = 10 keV. Comparison is also given with
the results obtained from the simple analytic expression by Fisch and
Karney [6.7].
= 20 -3 2
= = >
ncd Irf/Pabs U/ne(lo m )R(m)<Nﬂ, , (4,4)
/<N, = 0,508, /N, )2 11/8%, 1a(N, /N,,) and U= 31.2/(Z fe+2)x
where " . w1! N2 w1ty 1/ 8y @ . eff

1aA.
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To obtain this expression, uniform current density and power absorptioun
profiles and a wave spectrum of rectangular shape with the upper and lower

bounds Nﬁl and NUZ have been assumed. The correction factor from the 2-D

Fokker-Planck calculation has not been taken into accouant in eq. (4.4).

To calculate the value of eq. (4.4), we put N, .t AN,/2.  With

N =

71,2 #0-

these assumptions, the calculational results and theoretical results agree
within a factor of 2 as shown in Fig. 4. The difference is considered to

be mainly due to the difference of the shape of assumed wave spectrum.

Especially, for small NHO - spectrum, launched spectrum is significantly

changed in the plasma due to the coustraint of the accessibility condition
mentioned above.

Figure 5 shows the dependence of " and Nps ©° the spectrum width

d bs

In these cases, N is fixed and N = 1,75, while AN/O is changed

%00 o 70 4

from 0.5 to 2.5. The efficiency increases with AN,. By increasing AN,
large N, part of the spectrum increases. The power absorption begins more
external low temperature region, as shown in Fig. 6. In such a low
temperature region, the density is also smaller, and then the efficiency
ingreases.

Dependences of the cﬁrrent drive efficiency and the RF current
profile on the average electron temperature have been also studied using
the fixed temperature profile given by eg. (3.2). Gaussian spectrum with
Nyg = 2.0 and N//.O = 0.5 has been used in all cases. The average electron
density is assumed to be Eé = 0.75 x lOzOm_3. The results for the current

drive efficiency n. and RF current profile are shown in Fig. 7 and Fig.

d
8, respectively. The higher the temperature is, the more external are the
absorption and the resultant RF current profile, where the density 1s

smaller. Hence the efficiency becomes larger.

Figure 9 shows the Eé dependences of Ned and Nabs for Ta 10 keV and

.m.ﬁ—
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Ee = 20 keV. The density and temperature profiles are fixed and given by
eqs.(3.1) and (3.2). Gaussian spectrum with N/,,0 = 1.75 and ANHO = 0.5 has

been used in the calculation. decreases with increasing the density

Nabs
because of the increase of the inaccessible part of the spectrum,
especially, for the low temperature case. In this case the strong
absorption reéion is further interior to the point where the main part of
the spectrum can not be accessible, as seen from the comparison of the
results for the RF current profiles shown in Fig. 10.

Finally, the effects of the launched angle einj in the poloidal
direction on the RF current profile have been studied. Figure 11 shows
the radial profile of the RF current for einj = 0° (usual horizontal

launch). 1Im Fig. 11, (a) and (b) correspond to the cases for N,y = 2.0

and NHO = 1.8, respectively. In the present calculation, the launched
spectra have been given by more realistic way, 1i.e., the spectra are
specified by the Brambiila theory [1]. The total RF power Prf = |5 MW is
injected via 8 waveguide arrays with 4 horizontal rows. The peak value of

the spectrum N is. varied by changing the width of the waveguide,

70
according to the relatiom, NHO = [c/f-(bp+dp)]- A¢/2mw , where ¢ is the
velocity of light and bp+dp i1s the width of the waveguide. The relative
width AN,/N,, is almost unchanged and AN”/N”O v 1 for all cases,

The RF current profiles for (a) and (b) in Fig. 11 are not centrally
praked, but localized near plasma boundary as in the case of Gaussian
spectra shown above. 1In Fig. ll, broken line shows the current density
j;}(r) which is opposite direction to j;;(r) driven by the main robe (N,
>1) of the spectrum. This is due to the existence of the negative part of

the spectrum (N, <-1) of the launched spectrum. Since the absolute value

WN;l for the negative part of the spectrum is larger than NﬂO and electron

temperature is relatively low in the plasma edge region, j;}(r) is
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localized further outer region compared with j;;(r) as shown in Fig. 11.
L . - . o
Inaddition to the case of the horizontal wave injectilon (einj = 0)

shown above, the calculations are carried out for the case of vertical

wave injection with the injection angle 8. 90°(top launch). The

results are shown in Fig. 12. Figures 12(a) and (b) correspond to the
cases of (a) N, = 2.0 and (b) NHO = 1.8, respectively, in the same way as
in Fig. 11. The wave penetration is improved effectively by changing the
injection angle from 0., = 0° (horizoatal launch) to einj = 90° (top

launch), especially in the case (b},

The improvement of the wave penetration is explained as follow. The
change in parallel refractive indiex N” along the way trajectory is shown
in Fig, 13 for the case (a) horizontal launch (einj = 0% and (b) top
launch ( einj = 90%), respectively. For the top launched case, N,
initially décreases, while N, increases for the horizontal launched case.
Thus the parallel phase velocity of the injected waves increases for the
case einj = 90° in outer region, where plasma electron Ctemperature is
relatively low. These high phase velocity waves are not able to iateract

with the plasma electrecn in such a low temperature region. Thus the wave

energy 1s not damped and penetrate futher interior in the plasma.
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5. Summary
Potentiality of lower hybrid current drive for INTOR steady state

20 -3

operation in high density and high temperature (ﬁe v 0, 75x10 m -, T "

e

10-20 keV) plasmas has been studied. The calculational model consists of
three coupled numerical codes;

1) code based on the Brambilla theory for wave spectra and coupling

2) toroidal ray tracing code for wave propagation

3) 1-D Fokker-Planck code for power absorption
The model estimates the absorption power and RF currents along the single
ray path for given density and temperature profiles. Wave frequency was
chosen as f = 4 GHz based on the present data bases for the density limit
for LHCD.

Calculated current profiles were generally not centrally peaked, but
localized near plasma surface (r~0.8-1.1 m).

Effects of wave spectra For the current profile and current drive
efficiency have been studied systematically by assuming the wave spectra

to be Gaussian profile with the different central wvalue N/ and the

70

spectrum width &Ny,

For large N (n2,0-2,5) case, the localization of the current

/10

profile is mainly due to the strong localization of power absorptiom. By

decreasing N the absorption region goes into more interior. However,

"
the limitation of the wave accessibility becomes more severe. Thus,
before reaching such a strong absorption region, the wave is reflected.

As a result, RF current profile 1is slightly improved, but is still

localized near plasma peripheral regiom and the driven current becomes

smaller compared with the case for larger NUO'
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We also investigated the effect of the wave launched angle for Eé =

20 -3

0.5x10 m and fe = 12,5 keV, Wave penetration was shown to be

effectively improved for Ginj = 90° {top launch)} with compared to the case

einj = 0° (horizontal launch).
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Fig. 2 Dependences of the current drive efficiency nca and the

single path absorption rate nabs on N/O'
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density and temperature profiles [eqs. (4.2) and (4.3)].
The result obtained from the simple analytic expression

by Fisch and Karney is also shown in the figure.
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Fig. 8 Radial profile of the RF current for different average

electron temperature; a) Te =
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Average electron

density is assumed to be constant (Ee = 0.75%x10%° m_a).
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Fig. 10 Radial profiles of the RF current for different average
density ﬁe; a) Ee = 2.5%10%% m™?, b) Ee = 5.0%10*% m™?
and c) Ee = 7.5%x10%% n" %, Average electron temperature

Te is assumed to be constant (Ee = 10 keV).
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11 RF current profile for hérizontal launched case (Sinj=00).

The launched spectra are calculated by Brambilla theory.
Case (a) and (b) correspond to the case for N/O = 2.0 and
1.8, respectively.
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12 RF current profile for top launched case (Binj=900). The
launched spectra are calculated by Brambilla theory. Case

(a) and (b) correspond to the case for N/O = 2.0 and 1.8,

respectively.
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Fig. 13 Variation of N/ along the ray trajectory for (a) horizontal
launched case (B8, .=00) and (b) top launched case (0, .=900).
inj inj}
The spectrum, which is initially launched with N% = 1.834,
has been effectively down-shifted in the interior of the

plasma for the case (b).



