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Parameters of lower-hybrid current driven tokamaks are phenomenologi-
cally surveyed using the relationships among mode conversion condition,
the threshold condition for parametric instability and the accessibility
condition. It is shown that the density limit obtained experimentally
can be derived from the criteria wp/wpyg > xp and wpe/mce < yp» wWhere Xj
is determined by the mode conversion condition and yy is determined by
threshold condition of parametric instability or the accessibility
condition. The parameter space for lower-hybrid current drive in
tokamaks is divided into two regions dominated by parametric instability

and accessibility, respectively.
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1, Introduction

Non-inductive current ‘drive in a tokamak by rf travelling waves!)
would enable steady state operation of a tokamak as well as ramping-up
of the plasma current?s3), and finally the elimination of the OH trans-
former in a tokamak fusion reactor%»5), Among the methods of current
drive by rf waves, namely the lower-hybrid wave6), the ion cycletron
wave7), the Alfvén,waves’g) and the electron cyclotron wavelo), current
drive by the lower hybrid wave 1s the only method which is confirmed
experimentallyll'lz) for large currents relevant to reactors. The lower-
hybrid current driven tokamak has been discussed in connection with
quasi-linear theoryl3) as well as mode conversion theorylu) and parametric
instabilityl9).

The quasi-linear theory can explain that the rf current is inversely
proportional to the average density ﬁe.6) However, this theory cannot
explain the fact that the density limit exists in most lower-hybrid
current driven tokamaks and that the density limit is improved by
increasing the driving frequency. It has been reported that this
critical density is limited by nonlinear effects such as the parametric

16,17) We notice the fact that successful current drive

instabilities.
experiments at higher density are less efficient at lower magetic fieldl®)
and more efficient at higher driving frequency wy (=2Wf0)19).

In this paper, we survey data from various lower hybrid current
driven tokamaks using the criteria of mode conversion, parametric
instability and accessibility. As a result, we propose a convenient
parameter diagram that can be applied all current driven tokamaks.

In section 2, the condition to realize current drive is surveyed
using verious experimental data, and in section 3 the parameter diagram

for obtaining lower hybrid current drive is drawn. Finally, the dis-

cussion and summary are given in section 4.

2. Condition for Lower-hybrid Current Drive

There are some conditions that have to be satisfied to obtain
successful current drive in tokamaks. Among them, the conditions that

the plasma be free of mode conversion, or no turning point to exist in
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the plasma, and the small collisionality are probably necessary. The
former item requires relatively lower density of the plasma, and the

latter the relatively higher electron temperature or large phase veloci-

ty of the wave. 1In the final stationary state of the electron distribution
function, the quasi-linear diffusion due to the presence of rf power
balances the collisional relaxation between high energy electrons and

bulk electrons.

Experimental results in most lower hybrid current drive tokamaks
show that the driving current is inversely proporticnal to N, and dis-
appears above a certain critical demsity. In JFT-2, the rf current
disappears completely above the density of 7 x 10!2 cn 3 as shown in
Fig. 1, at the same time the parametric decay wave grows to be large
amplitude as shown in Fig. 2. So it is natural to consider that the
threshold of parametric instability determines one of the conditions of
the critical density of current drive as shown by the MIT!7-1%) angd
Grenoble29) groups. On the other hand, the ASDEX team reports another
experimental condition of LHCD, where the rf current is still flowing
although the parametric dexay waves still grow, and the rf current does
not disappear suddenly with an increase of the density.ZI) The ASDEX
result indicates that the critical density does not coincide the onset
condition of parametric decay instability. It seems in this case that
the critical density is determined by the accessibility condition. This
should result in a more gradual deterioration of the current drive
efficiency. Considering these facts, we search possible parameter
space for efficient lower hybrid current drive with the following condi-
tions : wp/wpg(0) > x5, growth rate y < Ye and n, > n,,, where wypy(0) is
lower hybrid frequency at the center, x; is constant value to be deter-
mined by the meode conversion condition, y. is the experimental growth
rate of the parametric instability and n,, is lower limit of the parallel
refractive index that satisfies the accessibility, which should be
determined by Brambilla spectrum. The accessibility condition can not

be satisfied when the density is large.
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3. Parameter Diagram for Current Drive

3.1 Parameter diagram

If we define x = wp/wpy(0) and y = wpe/wce, x and y are combined

to an equation:
4041 x 10%F527, (bu) lze2x2 = 1 + y2 (1)

where Wpe igs electron plasma frequency, w.e is electron cyclotron
frequency, u is ion mass number, z, is effective charge state, f; is
driving frequency in Hz, n, is the line average density in cm™3 and b

is the ratio of n, to the central density nggp, i.e., Hg = bngg, 0 < b <
I. Here we assume that plasma contains only a single species of ions.
The value of b is determined by the radial density profile. Equation

(1) gives a hyperbela on a x-y cartesian coordinate system with y =
+(210/£9)Vng/b x and y = =(210/£3)V0./b x as asymptotic lines. At first,
the condition that the mode conversion does not occur in the plasma is

expressed as

X 2 Xp (2)

in this parameter diagram.

We add the conditions of aecessibility and parametric instability
to this diagram as a lower hybrid current drive criterion. The accessi-
bility condition is expressed as ; N, > Ny = VK” + KX/VKLZZ), where
n, is the parallel refractive index of the lower-hybrid wave, n,,; is the
critical n,, which is determined by Brambilla spectrum, and K” = l—ﬁupi/

2 = 2 b4 2 2 2 2 = 2
wo)z—(wpe/wg) s K| = l-mpi/(mD ~mci)—mpe/(mo -wcg), Ky = —mpimci/(wgz—
wc%)wO'wp%wce/(wﬂz"wcé)wo- This condition can be expressed on the x-y

plane as
v £ ¥, (5, ngg, Be) (3)

The wvalue of Yac (x, ngzgy, Na) is a function of x, n,, and ng if we give
a constraint to the values of fj, b, u and z,. As shown later, it may
coccur that current drive is limited by the accessibility parameter.

In JFI-2 and Alcator-C. The critical density is observed when the

nonresonat parametric instability becomes active., We remark that Liu
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et al, have attempted to explain the density limit theoretically by the
resonant type of parametric instability23), however, we apply the
experimental data rather than theoretical one. Using the data of JFT-2
24,25) and Alcator-C17), we estimate that y « Téé-55ﬁg'08BE3'”5 as the
growth rate of non-resonant decay waves, which is similar to a theoretical
one, y « T;lﬁeBgz 20), where Teg is edge electron temperature, T, is
central electron temperature and By is toroidal field. The density and
temperature profile are assumed to vary as (1 - (r/1.08a)2)2, which is
emprically found in JFI-2 and the edge electron temperature is obtained
at r = a, TIn JFT-2, the parametric decay wave grows to a significant
level when T, increases above 7 x 10'? cm™3 at T, = 550 eV and Brg =
I2.5 kG and the current drive effect disappears simultaneously as shown
in Figs. | and 2. If we assume that the experimental threshold of
parametric instability is determined when vy is larger than a critical
value of vy., the stabilization condition of the nonresonant parametric
inctability can be expressed as v < y., which should yield the possible

region on the x-y plane by
Y s ¥pp (%5 Tes Te) (4)

The value of Ypr (2, Tg, Ng) indicates that a function of x, T, and ng if
we give a constraint to the values of fy, b, u, z, and y.. This condition
is that the rf power should not be dissipated to the decay wave. In

other words, in the parameter region that this condition is not satis-
fied, the rf power for the current drive is deprived by the parametric
instability. From these considerations we consider that the possible
current drive parameters can be searched in a certain region on the x-y

plane determined by egs.{(2), (3) and (4).
3.2 Critical density

In Fig. 3, JF{-2 current drive diagram is graphically expressed with
an aid of computer using egs.(l), (2), (3) and (4) with n, as a parame-
ter, where yo = 8 x 1019, xg = 1.84, n,, = 2.1 and T, = 550 eV were
used in eq.(4), where y. is expressed in the unit T, ; eV, By ; GauB,
ng 3 cm™ 3 and ny, > n,, (=2.1) corresponds that about 70-80% of rf power
enters into the plasma center. In general, the current drive should

always be possible when all conditions of accessibility, mode conversion
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and no parametric instability, in which all power is dissipated to the
electron Landau damping to yield the rf current are satisfied. This

condition is ; X > Xy, ¥ < and y < Ypp @8 shown by shadow region

Yac
in Fig. 3. However, we consider as a critical density of the current
drive in the following. The current drive is possible if there exists
some power to be dissipated by electron Landau damping, that is, the
current drive is possible unless the rf power is lost completely by the
parametric decay waves or non accessibility. This condition is ; x > xj
and either y < Ypr ©r ¥ < Ve When the condition of Yac <y < Yp1 is
available, a part of the accessibility condition is not satisfied and

rf power for current drive is reduced to some extent, however, the rf
current is still generated by the residual accessible power that is

not yet deprived by the decay waves. On the other hand, when the
~condition of Yp1 <y < ¥,o occurs, the parametric instability already
occurs and the rf power for current drive is reduced in some extent.
However, the rf current is still generated by the residual power that
exists in the plasma which satisfies the accessibility condition. From
this point of wview, there exists two cases depending on machine parameters
for the critical density of current drive. Ths former case occurs when

Xp is larger than the intersection point of y = (x) and y = yAc(x)

¥
PI
as shown in JFI-2. In this case, the critical density is defined at

X = x5 and y = (xp). As shown in Fig, 3, the constraint on accessi-

Yp1
bility condition is more restrictive than the parametric condition.

This case indicates that the accessibility i1s sacrified in some extent,
however, the parametric instability does not occur. In this case, it

can say that the critical parameter of the current drive is limited by

the parametric instability. So, this case may be called as the parametric
dominant region. However, also in this case the current drive effect
disappears completely when there exists no power on the rf spectrum with

increase of nyy. In JFT-2, the intersection point of y = {x) and

Yp1
x = 1.84 is y = 1.08, and the predicted critical density ﬁeiT is estimated
to be fger = 6.5 x 1012 em™3. The latter case occurs when x is smaller
than the intersection point of y = yPI(x) and y = yAC(x). In this case,
the critical density is defined at x = x5 and y = yAc(XU)' The constraint
on the parametric instability is more restrictive than the accessibility
condition in this case. This case indicates that the parametric insta-
bility is sacrified, however, the accessibility condition is still

satisfied. Thus, it can be said that the critical parameter of
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current drive is limited by the accessibility. This may be called as
the accessibility dominant region, which corresponds ASDEX case. In
this case the critical n, > n,, is estimated to be 30-40% of the rf
spectrum. We can obtain nger numerically with an aid of computer by
substituting eq.(3) or eq.(4) into eq.(l) and eliminating Byp and y,

which are

4041 % 10%£52 () " 128xd = bngdp + 1.024 x 1075mzl420y 8. 5787 0. 90k
(5)

for the parametric dominat region (yPI > ), which corresponds the

Yac
higher electron temperature or the small n,, case, and we can obtain
Nger using eqs.(2) and (3) for the accessibility dominant case (yAC >
yPI)’ which corresponds for lower electron temperatures or large Ngg.
It should be noted that ng.r increases with increasing f3, n,, and T,
and that there exist two cases that either the accessibility or the
parametric instability is dominant, depending on the values of n,, and
Te. In Table 1, we summarize various cases of current drive machines,

in which n,5, xg, ¥yg, the experimental critical density ngay

Yar? yPI’
and ng.r that can be estimated using this criterion are included, and
Npmax is the upper limit of rf spectrum, The dominant parameter causing
the density limit is also listed in Table 1.

The values of ng.r vs f; for the parametric dominant parameter and
for the accessibility dominant parameter are shown in Figs. 4 and 5,
respectively, in which are contained tha ng.y by closed circles and the
predicted one are shown by straight lines. Similarly to the frequency
dependence, the value of ng.7 increases with increasing By, n,, and

Te. As shown in Figs. 4 and 5, the value of ngn., fit well with the

predictions except for several examples.
3.3 Application to future tokamak

There are a few machines where the parametric parameter dominants
due to relatively low electron temperatures which do not to enough to
suppress the parametric instability in present parameters of lower hybrid
tokamaks. The density limit in future machines with reletively higher
Te will be mostly in the parametric dominant region as long as there

exists some rf power to satisfy the accessibility condition. Whether

i6_
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the parametric instability is dominant or the accessibility is dominant

can obtain from the conditions that x = x; and yPI = in egs.(3) and

y
AC
(4). JI-60 LHCD case is shown in both parametric dominant and accessi-
bility dominant parameters in Fig. 6. When To = 0.8 keV and ny4 = 1.3,
then y,. = 0.9 > y,., which is accessibility dominant case, NaeT =

Tecpac = 2.9 x 1012 cm3

and when T, = 2 keV and n,y; = 1.3 then Ypr =

1.2 > Yac? which is parametric dominant case, the constraint of parametric
instability is enlarged to be ngcT = Ngcpy = 4.9 X 1013 em™3.  Such
behaviour for the case of JT-60 is shown in Fig. 7, in which the value

of nger is shown against T, with the frequency as a parameter., The

value of ng.7 is plotted against T,. When T, is lower than a critical
value, which is shown by arrows, the critical density is limited by the
normal accessibility and when T, is larger than a critical one, ng.r is
improved by increase of Tg. When n,, becomes large ng.r is improved,
however, R .r cannot be beyond the upper limit on n,, which is determined

by the upper limit of the rf spectrum, that is, there is no power

value nyg5 of the rf spectrum.

4. Discussion and Conclusions

The physical effect of wp/wpp > xXp and v > vy, is different in
geﬁeral, that is, the former is condition of mode conversion and/or of
the interaction to ions lower hybrid wave, and the latter is the thresh-
old condition of the parametric instability. In the parameter diagram
discussed here, the possible current drive parameter is defined by the
relation of x and y with an aid of the constraint condition of mode
conversion, parametric threshold and the accessibility.

Recent experiments on Versator-II indicate that a higher value of
Necyx was obtained by using a higher frequency without increasing Byg.
This case seems to correspond to the accessibility dominant case. 1In
the Versator-IL case,lg) the non accessible part of the rf spectrum is
estimated to be meore than 50% of total since n,, becomes relatively
large, that is, the density limit is improbed as long as the accessibility
condition is satisfied. The term of B; is not included in eq.(5). Imn
this sense fj is independent of Brpy. Both the Versator and Kyoto

experimentslgsso) were in accessibility dominant regime due to low T,.
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_7_
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If y; were increased to the allowed level concomitant to the increase in
Iy the critical density should increase further. It should be noted
that the condition for the critical density must incorporate the condi-
tion on By as well as f; ag given by eqs.(3) and (4), which seems to
support the current drive experiment at the higher density region with
reletively high By and/or higher f; in Versator-I11%) and in Alcator-Cl8),

In this paper, we refer the experimental scaling law for the growth
rate of parametric instability that is obtained in only two machines of
JFT-2 and Alcator-C. However, we can refine the criterion for current
drive if we use a more precise expression for the proper threshold of
each machine itself. The conditions on the parametric instability and
the accessibility may be more stringent as well as the condition for no
turning point to exist. The switch over condition from ions from
electrons suggested by the NET group as the criterion of the current
drive33) geems to be included in the condition that no mode conversion
exists in plasmas. It was also recognized in another paper that the
non-resonant parametric instability is more dominant over the resonant
type during lower-hybrid current drive.

Tt is noted that the critical density for current drive is defined
when rf power is thoroughly lost due to the deterioration of the accessi-
bility and the occurrence of the parametric instability. How is Ngg
defined? 1In general, n,, is defined by the parameters that rf power can
propagate to the plasma center. For the parametric dominant case the
part of n, > n,,; is estimated to be 70-80% of the total power, that is,
the only accessibility condition is violated in this ragion and the
residual power to be useful for the current drive is 70-80% of the total
rf power, which is dissipated by both decay waves and the non accessible
part of the rf spectrum until the current drive effect disappears with
increasing of ﬁe. For the accessibility dominant case, the part of
Ny > Nyz is about 30-40% of the total power, that is, the parametric
instability already dissipates most of rf power in this case and the
residual power to be useful for the current drive is only 30-40%. This
power is disipated by decay waves as well as the non accessible part of
the rf spectrum until the current drive effect disappears with increase
of ng.

The differences in b and consequently in wy/wpyu(0), from tokamak
to tokamak may be due to differences in current drive. These may be

considered to be one of the reasons why the deviation of fger to Tgcx

787
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OCCUurs.

We can deduce the dependence of the critical density on frequency
and toroidal magnetic field observed in many current drive experiments
by the parameter diagram described in this paper, and we can add other
parameters to the criterion for current drive, namely, the electron
temperature and the citical nz,. When the electron temperature becomes
large parametric instability is effectively suppressed and the critical
density increases. When the critical n,, becomes larger the critical
density is improved although the magnitude of the rf current becomes
small until the rf power for the current drive disappears completely
due to no accessibility. One can search for pessible current drive
parameters in each machine if appropriate constraint conditions of xg,
Yos Nza> Te and se on are substituted to egs.(l) to (4).

In conclusion, we can examine the density limit for lower-hybrid
current driven in tokamaks using the parameter diagram which incorporates
the growth rate of the non-resonant parametric instability and the
accessibility condition. The frequency dependence of the critical
density observed in many current drive machines can be predicted using

the parameter diagram.
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Fig. 1 JFT-2 current drive experiment is shown against the average plasma
density n,. The drop rate of the loop voltage indicates that the
rf current generated disappears when n, is above 7 x 10712 enm-3,
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Fig. 2 The amplitude of the decay wave (640 MHz) picked up by an elec-
trostatic probe is shown against the average density in JFT-2.
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Fig. 3 The x = wg/wyg(0) vs vy = wpe/wce diagram for JFT-2 with the
average density as a parameter, where we have added the accessi-
bility yuc (ny5=2.1) and the parametric instability Yp1 (Te=550
eV) conditions., In general, current drive iIs possible in the
shadow region, however, the critical density is defined at x >
Xg and y < Yp1 in this case.
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Fig. 4 The predicted and experimental critical
density D7 and nNgcx are shown against
fy for parametric dominant machines.
Closed circles are experimental and the
straight lines are predicted one, re-
spectively.
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Fig. 5 The same one for the accessibility dominant

parameters. Parentheses are the number of

references.
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Fig., 6

Same graph as Fig. 3 for JT-60 case where n,z=1.3.

Two cases are

shown at high T, (2 keV) and at low T, (0.8 keV), respectively and

Nz indicates the upper limit of rf spectrum.

for the current drive to be above ng,.

— 19_

It is impossible
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Fig. 7 The value of Ng.7 vs Tg with f; as a parameter in JT-60 case. When
To is lower than a critical one the current drive is in the accessi-
bility dominant region and when T, is larger than a critical one,
the current drive is in the parametric dominant region. FEven if,

T, becomes relatively larger ng.r is limitted a certain value due
to the upper limit of rf spectrum.



