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ABSTRACT 

In the F D-A concept, a quasi-steady-atate operating scenario is 
conceived in which the plaama current Is maintained by the transformer 
coll during burn at high density and by the lower hybrid wave during 
transformer recharge at low density. A parametric study is carricd out 
to obtain optimum plasma and wave parameters In the recharging phase. 

The following conclusions are obtained: 

1. For constant Any (the width of the wave spectrum), the current 
driven by the lower hybrid wave saturates at large rf power, while 
a hollow current distribution is obtained at low rf power. It is 
desired to operate at the minimum saturation power. 

2. The saturation current increases with increasing plasma density and 
rijj (the parallel index of refraction), while higher current drive 
efficiency requires lower density and smaller ri|| . The optimum 
plasma density and njj are determined so that the saturation current 
reaches MA and the efficiency is maximized for a given Anjj . 

3. The magnitude of the saturation current is sensitive to Ar»|| . A 
greater width gives a higher saturation current, allowing us to 
choose a lower plasma density, which leads to a higher current drive 
efficiency for a fixed n|| . Efficient shaping of the wave spectrum 
will be important for effective current drive. 

It is estimated that the near-optimum parameters during recharge of 
the solenoid in FED-A should be f 'o 2.4 GHz, n„ ^ 4.1-2.2, <n^> ^ 1.5 x 
10-19 m - 3, <T > ^ 5-15 keV, e 
efficiency ranging from 0.1 

h e 
and Ip(driver) ^ 5 MA at a current drive 
to J. 38 A/W. 

v 



1. INTRODUCTION 

Lower hybrid current drive is said to be one of the promising 
candidates for achieving steady-state operation of tokamak fusion 
reactors. Some experiments liave shown that the lower hybrid wave can 
generate plasma current at plasma densities below 8 x lO1^ cm"3.1"1' 
Recently, successful experiments of current generation at rather high 
plasma densities of ^4-6 x 10 1 3 cm - 3 were reported by the Alcator 
group.5 However, current drive by the lower hybrid wave at a high 
density, as in the burning phase in a tokamak reactor, has not yet been 
demonstrated. 

In the design of FED-A, a quasi-steady-state operation has been 
conceived Ln which the plasma current ls generated by the transformer 
coil in tha burning phase and by the lower hybrid wave in the trans-
former-recharging phase.6"7 Because it is necessary to reduce plasma 
density somewhat when plasma current is sustained by the lower hybrid 
wave, the fusion power level will not be constant while the plasma 
current is kept constant. This report gives the results of survey 
calculations for obtaining optimum plasma and wave parameters in the 
recharging phase. The following items are taken as essential for 
deciding optimum parameters. 

1. The same level of plasma current as in the burning phase (4.1 MA) 
must be sustained in the recharging phase. Since recharging of the 
transformer coil causes an antiplasma current, a little larger level 
of plasma current than in the burning phase should be generated by 
the rf wave. 

2. The profile of the generuted current distribution must be centrally 
peaked in order to avoid the tearing mode instability. 

3. The current drive efficiency, which is defined as the ratio of the 
induced current to the input wave power, should be maximized. 

1 
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2. CALCULATIONAL METHOD 

The ray-tracing code which was developed and used in the design 
study of STARFIRE by one of the authors Is applied to this study.0 

Although the code is slightly modified to be more convenient for our 
paramctric survey, the basic calculational process is not changed. The 
main features of this code are the following: 

1. an infinite cylindrical plasma model, which leads to a constant ny 
(parallel index of retraction); 

2. a cold plasma dielectric tensor for wave accessibility calculation; 
and 

3. N. J. Fisch's quasi-linear formulation for the absorption of the 
wave energy and momentum.0'10 

2.1 CURRENT DENSITY 

The local current density generated by the radio-frequency (rf) 
wave is calculated as follows: 

J|( (r) = " e n
e
( r ) v t h / w f ( w ) d W 

f(w) - N exp ( - (" w dw \ f ( 2 ) 

\ J 1 + w^D(w) / 

where 

e • electron charge, 
n e(r) • local electron density, 

w - V v t h ' 

v - f l / m th V e e 
T g ( r ) = l o c a l e lectron temperature, 

m • e lec t ron mass, e 

v., • e lec t ron ve loc i ty p a r a l l e l to the to ro ida l magnetic f i e l d , 
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f(w) - electron velocity distribution function distorted by the 
rf wave, _ * 00 

N - normalization factor: / f(w) dw • 1 . 
_00 

The parameter D(w) in Eq. (2) is a ratio of the quasi-linear to the 
collisional diffusion coefficients. At the center of the wave spectrum 
a quasi-linear diffusion coefficient is given by1' 

^Tre?<E2> 

v v m < 

m^Akv,, ' "II 1 e He 
v„ . ' V„ < v„ , 

(3) 
0 , otherwise 

where 

VH 1 + VH ? 
V | | C * 2 • ( A ) 

The wave is assumed to be nonzero in the phase velocity region of V|| j to 
V|j ̂ . The parameters and Ak are the mean square of the applied 
field and parallel wave number width, respectively. 

The collisional diffusion coefficient is obtained from 

D - v • vl, , (5) coll o th ' 

where 

uj1* in A /Z, + 2 Hn A / Z 
^ ( — J (6) 

2^n e ( r )v t
3

h \ 2 

wi th 

Jin A • Coulomb logarithm, 
<i> • electron plasma frequency, 
Z^ • ion charge state 
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Strictly speaking, Eq. (2) s not accurate in the presence of an elec-
tric field (cmf) induced by current density changes during the recharging 
period. Unfortunately, the theoretical distribution function has not 
been reliably determined under the combined effects of the emf- and 
rf-induced quasi-linear diffusion. 

2.2 POWER DISSIPATION 

Two kinds of mechanisms are taken into account for the wave power 
dissipation, namely, electron Landau damping and collisions between 
nonresonant electrons and the plasma background. These mechanisms are 
evaluated as follows. For electron Landau damping, 

P.„(r) « 1.602 x 1 0 ~ u n (r) • T • v • fj , 
LD 6 6 O LD (7) 

1 V 

(8) 

and for collisions, 

\j i 
• E(r) , (9) 

where 

W1 K vl / vth' 

w 2 = v 2/v , 

k|| = wave number parallel to the magnetic field, 

k. s wave number perpendicular to the magnetic field, 

k = ( k j + k f j i / 2 , 
w = electron gyrofrequency, 
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- ion plasma frequency, 

E(r) - wave energy density. 

The parameters v and v^ are the Braglnsk.il electron and ion collision 
frequencies, respectively. 
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3. EF WAVE POWER DEPENDENCE OF CURRENT GENERATION 

The ca lcu la t iona l resul ts from the code show some In terest ing 

features about wave power dependence on current generation. They are 

as fol lows: 

1. In the low power region, generated current is proportional to the 

r f wave power, which is equal to the power dissipated in the 

plasma. This propor t iona l i ty was referred to by Fisch as a new 

r e s i s t i v i t y law that is d i f f e r e n t from the fami l i a r Ohm's law. 

2. There is a sudden saturat ion of the current when the r f wave power 

grows beyond a cer ta in l e v e l , as shown in Fig. 1. 

3. Figure 2 shows the spa t ia l d is t r ibut ions of the generated current 

at various r f wave power leve ls , designated (a) through (e ) , i n 

Fig. 1. To obtain the cent ra l ly peaked current d i s t r i b u t i o n we 

should choose the power l eve l ( e ) , which is the point at which the 

current jus t saturates. From Fig. 2 i t can be said that each 

s p a t i a l point has the l i m i t i n g value of the current density when 

parameters such as n ( r ) , T e ( r ) , tijj , and A^ are f ixed. I n i t i a l l y , 

the wave generates current in the outermost part of the plasua 

almost to th is l i m i t i n g value; then, i f the wave s t i l l has excessive 

energy, i t generates current in the inner par t . 

Although the d i rec t reason for the sudden current saturat ion in F ig . 1 

is that the code stops the ca lculat ion when the wave reaches the plasma 

ax is , even i f the wave s t i l l has excessive energy, i t is reasonable to 

th ink that the current w i l l saturate since the current density at each 

spa t ia l point has already reached the l i m i t i n g value. In a rea l reactor 

the wave w i l l re turn to the plasma surface a f t e r reaching the plasma 

center . I f the n̂  of the wave changes during i t s t r a v e l , the returning 

wave generates fur ther current . However, as long as we assume an 

i n f i n i t e c y l i n d r i c a l model for the plasma i t should be inferred that the 

current w i l l saturate . 

Another reason for the sudden current saturat ion is the simple 

modeling of the ve loc i ty dependence of the d i f f u s i o n coe f f i c ien ts , that 

i s , the simple modeling of the wave spectrum. Wave spectra from launchers 
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10 10" 10' 40s 

RF WAVE POWER (W) 

Fig. 1. Induced current vs r f wave power. 
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x, RELATIVE DISTANCE FROM THE PLASMA SURFACE 

Fig. 2. Current density prof i les at points (a) 
through (e) designated in Fig. 1. 
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in i r e a l fusion device are not l i k e l y to have sharp edges l i k e those 

assumed here. Thus, rea l currmit saturat ion w i l l happen more slowly. 

Current saturat ion has been observed exper imental ly . 1 
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4. THE RESULT OF THE PARAMETRIC SURVEY CALCULATIONS 

4 .1 THE MAJOR PLASMA PARAMETERS OK FED-A 

Table 1 shows major plasma parameters for FED-A during the burn 

phase. The parameters for lower hybrid current dr ive In the recharging 

phuse and the suggested ranges of the i r values are l i s ted in Tnble 2. 

The electron density and temperature d is t r ibut ions are assumed as 

follows: 

n ( r ) - <n>(1 + a) edge ' (10) 

T ' r ) - <T>(1 + 3) 

where 

1 ~ ( a ) J + Tedge ' ( 1 1 ) 

<n-> • average electron density, 

<T> - average plasma temperature, with temperature for electrons 

and ions taken to be the same, 

a - 0 .3 , 

e - 1 . 1 , 

n . - 0.01<n>, edge 

T . - 0.025 keV, edge 

r • distance from the plasma axis , 

a * plasma radius. 

4 .2 STANDARD CASE 

Before we study the e f fec ts of various parameters on current genera-

t i o n we look into the standard case, which has been chosen wi th an 

average e lec t ron temperature <Tg> » 10 keV, a wave frequency f - 2.4 GHz, 

and a wave srectrum width £rij| • 0.1nj| . Figure 3 shows contours of 

constant saturat ion current V6 average electron density and rt|| , together 

w i th corresponding contours of current dr ive e f f i c i e n c y . 
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Table 1. FED-A plasma parameters 

Major radius, K 4.22 m 
Minor radius, a 0.92 m 
Elongation, f 1.2 
Aspect ratio, A 4.59 
Scrape-off layer 0.15 m 
Average ion temperature, 10 kuV 
Effective chirge, 1 

(in this analysis ''C Is assumed as impurity) 
j 

Plasma current, l 4.1 MA 
P 

Average electron density, 'n > i.7 • 10' 
Turoidal field at plasma axis, B 4.9B T 
Burn time 1000 » 
Fusion power 2 55 MW 

cm 

Table 2. Range of parameters used for the lower 
hybrid current drive investigations 

Power ^25 MW 
Frequency 1-5 (JHz 
Parallel index of refraction 1.5-3 
Average electron density 0.5-1.5 x 101 5 cm"-1 

Average plasma temperature 2-10 keV 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 3. Contours of constant saturation current 
and constant efficiency for the standard case. Solid 
and dashed curves stand for saturation current (MA) 
and efficiency (A/W), respectively. 
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As a general trend it can be suid that the higher saturation 
current requires a nigher electron density and higher r^ . On the other 
hand, higher current drive efficiency is obtained at lower density and a 
rather low value of n^ . 

The reason why we cannot have current generation in the region of 
high density and low n̂ j (as indicated by the dotted curve in Fig. 3) is 
that the wave cannot propagate deep into the plasma in that case. 

When we need a current of 5 MA and a centrally peaked current 
distribution, we should choose the electron density and r̂  on the satu-
ration current line of 5 MA. Since higher efficiency is preferable, we 
have selected 1.5 x 10 1 9 for <n> and ^2.7 for r̂  , thereby obtaining 
a current drive efficiency of 0.25 A/W. Although we cannot depend on 
the results of this simple model with utmost confidence, the gene' il 
trend should be reliable. 

4.3 THE EFFECT OF TH~ PLASMA TEMPERATURE 

The effect on current generation as the plasma temperature is 
increased from 3 to 5 keV is shown in Figs. 4 and 5. From these figures 
we see that decreasing the plasma temperature makes both the saturation 
current and the efficiency decrease greatly. Even in the case of 5 keV, 
the maximum efficiency on the line of 5 MA becomes less than 0.1. On 
the other hand, when we increase the plasma temperature from the standard 
case we have higher saturation currents. Figure 6 shows the case of 
15 keV. In this case we have maximum efficiency of 0.38 on the line of 
5 MA at iijj ^ 2 . 2 . The change of electron temperature has an effect on 
the optimum value of n^ but little on the optimum electron density. 
Increasing temperature makes optimum values of t^ lower. 

4.4 THE EFFECT OF THE WAVE FREQUENCY 

As shown in Figs. 7 and 8, the wave frequency has some effect on 
the current generation in the region of high electron density and low 
ri|| . When the wave frequency increases, the area of the nonaccessible 
region of high density and low n.. increases, and vice versa. However, 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 4. Contours of constant saturation current 
and constant efficiency for the case of 3-keV plasma 
temperature. Solid and dashed curves stand for satu-
ration current (MA) and efficiency (A/W), respectively. 
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P A R A L L E L INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 5. Contours of constant saturation current 
and constant efficiency for the case of 5-keV plasma 
temperature. Solid and dashed curves stand for satu-
ration current (MA) and efficiency (A/W), respectively 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 6. Contours of constant saturation current 
and constant efficiency for the case of 15-keV plasma 
temperature. Solid and dashed curves stand for satu-
ration current (MA) and efficiency (/*/W), respectively. 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 7. Contours of constant saturation current 
and constant efficiency for the case of 5-GHz wave 
frequency. Solid and dashed curves stand for satu-
ration current (MA) and efficiency (A/W), respectively. 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 8. Contours of constant saturation current 
and constant efficiency for the case of 1.5-GHz wave 
frequency. Solid and dashed curves stand for satu-
ration current (MA) and efficiency (A/W), respectively. 
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the frequency change gives us almost no effect in choosing optimum 
electron density and riy since the optimum point Is usually located far 
away irom the nonaccessible region. In addition, we expect that the 
parametric instability will place a lower bound on frequency: 
w > 2co,„, where u, „ is the central value of the lower hybrid frequency. LH L>n 

Assuming burn cycle considerations determine the (low) density of 
plasma during the recharging phase, the total rf power, the spectral 
width Art|| , and the central spectral peik ny are determined by the 
following reruirp.ments: the total current must be MA, the current 
density must be centrally peaked, and the rf power must be minimized. 
This will be accomplished by setting the frequency as low as possible 
and by reducing ri|| to the accessibility limit to avoid reflection or 
mode conversion. 

4.5 THE EFFECT OF THE WIDTH OF THE WAVE SPECTRUM 

As mentioned in Sect. 2, the quasi-linear diffusion coefficient is 
assumed to be constant in the region of ny j * ny ny v [see Eq. (3)1. 
The spectrum width Ariy = n̂ j - rijj 1 is an important parameter in obtain-
ing the saturation current. Figures 9-12 show the cases of Any = 
0 . 1 2 ^ , 0.05iiy, O.Olny , and O.OOlny, respectively. While the efficiency 
is not affected significantly by the change of width, the saturation 
current is almost proportional to the width in the region of Any < 
0.01nj| . In the region of Any > 0.05ny this dependence seems to be 
stronger. In the region investigated here the larger width gives us a 
higher saturation current, allowing us to choose a lower electron 
density, which leads to higher efficiency. However, since the assump-
tion of a constant quasi-linear diffusion coefficient in the range of 
Ari|| begins to fail, more detailed modeling is required to confirm this 
dependence. 

A more accurate expression of the quasi-linear diffusion coefficient 
than Eq. (3) is 

W - r D ' ^ ' V (12) 
k,, =U,/Vy 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 9. Contours of constant saturation current 
and constant efficiency for the case with wave spectrum 
width of 0.12ri|| . Solid and dashed curves stand for 
saturation current (MA) and efficiency (A/W), respec-
tively. 
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Fig' 10. Contours of constant saturation current 
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width of 0.05nj| . Solid and dashed curves stand for 
saturation current (MA) and efficiency (A/W), respec-
tively. 
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Fig. XI. Contours of constant saturation current 
and constant efficiency for the case with wave spectrum 
width of O.OlH|| . Solid and dashed curves stand for 
saturation current (MA) and efficiency (A/W), respec-
tively. 
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PARALLEL INDEX OF REFRACTION n„ 
(center value of the spectrum) 

Fig. 12. Contours of constant saturation current 
and constant efficiency for the case with wave spectrum 
width of O.OOlriji . Solid and dashed curves stand for' 
saturation current (MA) and efficiency (A/W), respec-
tively. 
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where 

> - 8.8S37 a 1CT1-' C /N #m' , 

E||(k||) 8 power flpuctrum of Lhc electric field parallel lo the 

|)laama axiu. 

In usual CUHCH, I){ 1B not likuly to be conntant in the range of •'n|| • 

It may also be important to investigate the dependence of the Maturation 

current on the shape of the spectrum to make an effective design of the 

wave launcher. 
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5. CONCLUSIONS 

The following conclusions are obtained from the parametric survey 
calculations using the ray-tracing code. 

1. There is a current saturation when rf wave power increases. Tn 
avoid a hollow current distribution we should choose the rf power 
level that gives current saturation. 

2. The saturation current level should be taken into account as well as 
current drive efficiency when we decide the opllmum parameters of 
tue wave and plasma. 

3. Keeping the plasma temperature high is a very effective means of 
increasing plasma current generation by the lower hybrid wave. 

4. lhe current generated is sensitive to the widtli of the wave spectrum. 
The wider the spectrum width, the higher the current levels for a 
given density. 

5. The frequency of the wave has little effect on the selection of the 
optimum values of electron density and ny when operating at n^ . 
1-2 / 101 9 m - ' . 

6. In the FED-A design the optimum values of electron density and n̂  
will be as follows for An^ * O.lr^, f * 2.4 OH7., and I = 5 MA: 

5 keV 10 keV 15 keV 

-1.5 x 10 1 0 '4.5 x 10 1 0 -1.5 * 1010 

^4 .1 ' .2.7 '-2.2 
^0.1 0.25 0.38 

<n>, m~' 

"I 
Efficiency, A/W 
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