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Summary - An optimum efficiency and the current profile on the lower-hybrid driven
current in tokamaks are estimated in a semi-empirical model by the modified
quasi-linear theory, in which the effect of the mode conversion, the accessibility
condition and the non-linear effect of the parametric instability as well as the artificial
term of the parallel reflective index for the spectrum gap are introduced so as to
coincide with experimental data. It is shown that an optimum parallel reflective
index for the substantial current flowing must be less smaller for the higher electron
temperature plasma not to disturb the accessibility condition and that the driving
efficiency depends on the electron temperature as well as the plasma density, in which
the latter leads that the higher operating frequency can enable an effective current
flowing for the higher density plasma. The surveying parameters are used in the
JT-60 lower-hybrid current drive (LHCD) experiment and the estimation is also
performed for the parameter of the next generation machine ITER.

Keyword: Lower-hybrid Current Drive, Modified Quasi-linear Theory, Spectrum Gap,
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1. INTRODUCTION

Although the great progress in experiments” on the lower hybrid current drive
(LHCD) for aiming the stationary operation of the fusion reactor, the modeling of this
phenomena has been so complicated and the evaluated results does not reach the final
goal of satisfactory understanding.  The modeling is usually carried out by combining
a ray tracing (RT) code to a solution of the Fokker-Planck (FP) equation including the
quasi-linear scheme® and reproduces at least qualitatively some of the experimental
trends, although inconsistencies are still remained”.  First, the density limit exists
experimentally, that is, the substantial flowing current of the LHCD could not be
obtained for the more than a certain critical density, which cannot be predicted by the
RT/FP modeling although it can be explained that the driving efficiency is inverse
proportional to the density as is predicted experimentally.  Second, the used parallel

reflective index N, in experiments is too small to couple thermal electrons effectively in
resultant to cause so small current, which is the so-called the spectrum gap problem to
be the long-lasting debate in the LHCD modeling.  Third, the calculated current
profile is so off-axis to cause so small current flowing compared with the experiment.
For the first item, we have already showed that the density limit must be deduced to the
complete deprivation of the rf power in plasma due to non-accessibility, mode
conversion and the parametric instability in resultant the deformation of the electron
distribution function may be disappeared”.  For the second item, although many
calculations using the RT/FP are reported> ® these calculations cannot predict
experimental results reasonably, in which it is not enough in the up-shift of N, and more
further up-shift is necessary that can form the substantial current of the LHCD observed
in the experiment”.  For the third item, it is one of reasons that the regular application
of the LHCD attempt to a core plasma current formation in the next generation tokamak
(ITER) is hesitated.

In this paper, we want to report a significant calculated results in which we
remind that above discrepancies must be avoided and that we must reflect the
experimental results, although we use the simple slab model in the lower-hybrid wave
propagation.  In addition to the quasi-linear theory, we introduce three criteria to
determine the deprivation of the rf power in plasma, that is, the accessibility condition,
the mode conversion and the parametric instability are considered in the calculation of
the 1f power propagation in the plasma for solving above first discrepancy.  The
problem of the spectrum gap is related to the electron temperature as shown in Fig. 1, in
which the relation of the value of w against the rf power density p in the LHCD
éxperiment in the world, where w is the phase velocity v, normalized by the electron
thermal velocity vg,., ®w=v,/v,., and we estimate this value from N, and the average
electron temperature in each machine, where v,=c/N, and c is the velocity of light.
The quasi-linear prediction says that the optimum w for the substantial current flowing
in the LHCD is to be w=2.5~4 which is shown by shadow region, whereas the real w is
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always larger than this value in all machine to be more than five times larger in
maximum. It should be noted that this value increases with decrease of p and
decreases with increase of p, whose survey is evaporated as w=13.2p"* as shown in
Fig.1.  So, we introduce the gap parameter being inverse proportional to the value of
p to bury the spectrum gap between the experimental rf spectrum and the real one.  In
section 2, the formation of calculation is shown.  Parameter dependence of the
driving efficiency is shown in section 3. Discussions and summary are shown in
section 4.

2. FORMATION OF CALCULATION

The direct way to estimate the plasma current I, is to calculate the following
value.

1,1, ] 2nrdr 0

, where a is the plasma minor radius and j is given

o 0 [0] -0
J, =€y, f_ma)exp(f ———)dwdw (2)
4 1+ (X) Dql

where, D, in the inner integral is zero when w < w, and w > w, and is not zero otherwise
to be expressed as

2 2

7 E.
Dql= e s

2 2 (3)
me VZA kz Vov,he

where e is electron charge, m, is mass of electrons, E is the rf electric field in plasma,
Ak, is half width of the wave number, vy(=4m(Z+2)ne*lnA/m>v,.>) is collisional
frequency and w,, w, are the lower and upper limit of the injected rf spectrum®.  Here,
we apply a slab model in the calculation of E as the zeroth order approximation, that is,
the variation of D, is calculated through P, as dP,/dr = -2k P, where k; is the

quasi-linear spatial damping rate®

: kY
k= f—0 ok k.) )
8 1"'2(1) Dql kxkz
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, where k, is the perpendicular wave number and E; is calculated to connect P, using
resonance cone mode]”

g - [8x | a
NP i > \ S,

)

, Where w, (=(e’n/g;m,)") and w.(=eB/m,) are electron plasma and cyclotron
frequency, S is the area of wave guide, B=(B’*+B,%)", v, is the group velocity of the

lower hybrid wave, B, is toroidal magnetic field and B, is poloidal magnetic field”.

3/2 2

2
¢ @, =1) ",
l_’l_ 2/ 2 2
zc w wLH a)ce

V.= (6)

, where w(=2xf) is the injected rf wave, gy (=0,/(1+w, /0>)") is the lower hybrid
frequency, 7.

¢

is the average value of N,,  The 1f power spectrum P, is Gaussian,
which is

Py = exp(- 1)) @)

, where N,is denoted by n, and n,, from here and this value connects to the value of Py
in eq.(5) as

P,=y,v,J Pdn, (8)

where n,, is the lower n,, to satisfy the accessibility condition as,

2

2
_ pe % _ wpea)fi 1/2
nza'— +(1+(D2 wcgwg ) (9)

ce ce

g

S

which is the first constraint of the rf power, where w,(=ZeB/m,) is the ion plasma
frequency, Z is the effective charge state and m; is the mass of ions.  Setting
w,=v, k;, w,=v,k,, Ak=k,-k, v, =c/N,=c/n,, and v,,=c/N,=c/n,, then Ak, in eq.(4) is
expressed Ak,=Ak=w,n,/c-w,n,/c, n,=n,+(4hIn2)*°, n,=n,-(4h,In2)"’. Second
constraint is the mode conversion condition.  The value of y in eq.(8) is y,=0 for
w/w <1, yy=((w/w;)*-1) for 1< w/w, <2 and y,=1 for w/w z>2, Third constraint
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is on the parametric instability.  The value of y, in eq.(8) is yy=1 for y< vy, and
yp=0.53y*-2.53y 43 for y,<y <Yy, and y,= 0 for y >y, where y is growth rate of the
parametric  instability ~which is y=2.67 x 10" T n2®B3%  where
Tes=Teo[ 1-(1/1.082)° T, ne=neo[ 1-(t/1.08a)*]%, B=ByR/(R+1), Teg in eV, n. in cm™ and By
in Gauss.  These are experimentally obtained in JFT-2'”.  These constraints on P,
are shown graphically in Fig. 2. Thus, in this paper it is considered that the density
limit in the LHCD occurs when D, ineq.(2) becomes zero through P,

Usual toroidal effect is considered as n, =n,o(R+a)/(R+r), where n, is the value
of n, at r=a.  As shown in Fig. 1, it is known experimentally that the gap is smaller
when p is larger and/or T, is higher, which is in the case of JT-60'" and Alcator-C'**¥
and that/or the gap is larger when p is smaller and T, is lower, which is in the case of
WT-II'” and PLT".  In addition to above toroidal effect the rf spectrum must be
further up-shifted by the gap parameter G, as n,.’=G_n,,, where n,, is n,, without gap
parameter, that is, G,=b/p”, where p is in kW/cm®.  Including these constraints we
can get a plausible calculation that can bear the experimental results.  In another word,
we can determine the numerical factor of b and o to fit the experiments. The driving
efficiency is defined using egs.(1) — (9) as

(10)

where n. is average plasma density. It should be noted that we do not use the value
of py as

= 1 J
po=| dv,—mv’—

—00 z

of
D, 11
"o, (h

Z

for mep because this value is the deposited power into the plasma®, which cannot be
measured directly.

3 PARAMETER DEPENDENCE
(1) Flowing current and optimum driving efficiency

The evaluated density dependence of I, for the PETULA-B parameters (T,,=830
eV, P.=1 MW and n,=2.3) are calculated against ne as shown in Fig.3, where this
machine was a medium sized former tokamak in France. =~ We can see that I, with
decreases of n. and decreases drastically beyond the certain density.  If we consider
the quasi-linear effect only I, is solely decreasing with increasing ne as shown by the
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dotted line in this figure, where vy, and v, are determined from the experimental data
observed by the electrostatic probe in JFT-2'”.  These are well corresponds to the
experimental result in PETULA-B'®.

The evaluated flowing current I, as well as 1, are calculated against the value of
n,. for the JT-60 parameters (n.=3 x 10> cm?, By= 4 T, f= 2GHz and P,= | MW) as
shown in Fig.4, where this machine was the former tokamak of the JT-60U and we can
see that I; as well as 1y, increases with increase of T,, and there exists an optimum n,,
for the lager np and that the smaller n, is better for the larger electron temperature as
long as the accessibility is not destroyed. ~ The effect of the accessibility is seen in this
calculation, where the efficient profile of I; is asymmetric on n,, around the peaked
value of I at the optimum n,..  This is because the rf power is effectively absorbed
with the high accessibility condition and the profile of I,; becomes more sharp on n,, for
higher density case (n.= 1 x 10** cm?, T = 3keV) as shown by the dotted curve in Fig.
4.

Figure 5 shows I; and n, against the central electron temperature T,, for the
same parameter of Fig. 4 putting n,. as a parameter.  Recent experimental results on
JT-60 indicates that the driving efficiency increases with the electron temperature'”.

Density dependence of I is calculated in Fig. 6 for JT-60 and ITER parameters'®,
where the frequency is 2 GHz for JT-60 and 4 GHz, 8 GHz for ITER case with various
of T, and p as shown in the top corner of Fig. 6.  In the ITER case the operating gas
is deuterium (D,). It is known that there exists the optimum density for flowing the
current of the LHCD as shown by allows in Fig. 6. It should be noted that empirical
scaling on I, o 1/n. is only valid when the density is smaller at a critical density as
shown by opened allows in Fig. 6. When the density is too small the rf current
increase with decreasing n. which is already seen at 7. < 2 x 102 cm? in
PETULA-B case as shown in Fig. 3.  This may be coming from the density
dependence of the group velocity v, in eq.(6). Beyond the critical density the
deposited rf power to electrons is reduced drastically by the power derivation due to the
mode conversion, the non-accessibility and the parametric instability for the flowing
current to drop rapidly, which is what we call the density limit. ~ The higher operation
frequency can enable to improve the possible density region for the current drive and
can enlarge the density limit, which cannot be driven by only the quasi-linear theory.
Possible density region of the current drive is also affected by the rf power density,
which are seen in the ITER case of 2 kW/cm® and 4 kW/cm® in Fig. 6.

(2) Current profile

The current profile in JT-60 and ITER parameters are calculated putting n,, and
T., as parameters as shown in Figs. 7, 8 and 9.  In JT-60 case, the current is peaking
at n,=1.2 and is hollow at n,=2.2 as shown in Fig.7, which is well correspond the

experiment'”as discussed in the next section. ~ The current profile in ITER is not so
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hollow if we chose the small n,(n,<1.15 at 20 keV) and not so larger electron
temperature (T, < 20 keV at n,. = 1.0) as shown in Figs. 8 and 9.  The problem is in
the accessibility condition whether we can realize the up-shift of n,, by raising the
magnetic field and the operating frequency any more. It is expected that the hollow
current profile in the lower-hybrid current drive must be further buried by the radial
diffusion that is omitted in the Fokker-Planck equation®” and the pinch effect due to the

resonant electrons®".

4 DISCUSSIONS AND SUMMARY

The LHCD calculation must be evaluated taking into account consistently the
effect of the quasi-linear interaction in the wave propagation and collisions as well, in
which the toroidicity and the deposition of the main power spectrum must be properly
considered”.  The power deprivation of the rf wave during the wave propagation due
to the parametric instability, the accessibility condition and the prohibition condition of
the mode conversion is adequate to predict the density limit of PETLA parameter as
shown in Fig. 3 and that of JT-60 and ITER case are predicted as shown in Fig. 4,
however, it must be further checked whether the validity to use the growth rate of the
parametric instability observed in JFT-2 would be available for other machines. It is
further shown that the density limit can be enlarged if we can get higher electron
temperature to suppress the parametric instability, the higher magnetic field to avoid the
non-accessibility and the raising the injected frequency to avoid the mode conversion.
We do not have so clear physical validity of the type of function on yyand y,, where
these term are introduced so that the calculation make to correspond to experiments in
quality and in quantity.

To the gap parameter introduced in this paper must be given a probable physical
meaning. It is reported that the use of multi-path technique may give appropriate
up-shift of N,”, however, the choice of the path seem to be rather arbitrary, which
cannot be easily found the probable physical reason.  In general, when the strong
damping occurs at the higher electron temperature with large spectrum gap that the rf
power is absorbed by single path the RT/FP model can predict the LHCD experimental
results and the problem in the RT/FP model is when the weak damping occurs at the
lower electron temperature with small spectrum gap that the rf power is absorbed by
multi path.  The scaling of w=13.3p"* in Fig. 1 includes the dependence of the
electron temperature through v,. and the higher p corresponds to the high electron
temperature case, which is well reflecting to the problem of FT/FP model, that is, when
the larger p case corresponds to the higher electron temperature case, which is small
spectrum gap and the smaller p case is lower electron temperature case, which is large
spectrum gap. It should be noted that the calculated current in JT-60 case using ray
tracing show almost zero by the single ray having too small up-shift of N,**.

It should be noted that if we use eq.(11) the efficiency has no dependence on T, as
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long as T, is not so high, whereas if we use eq.(10) the efficiency has a dependence on
T, even for the lower T,.  In the case using p,, it is quite deserved for the efficiency to
have no dependence on T, since j,; and p,has a similar dependence on T, in resultant to
cancel out by dividing j, by ps  This is considered because the extent of the
absorption to resonant electrons is changed during the wave propagation in plasma
which may be a function on T,.  The larger T, may cause the increment of resonant
electrons and the decrement of collisions in resultant to increase the current although
wave damping becomes larger with increase of T,.  The larger electron temperature
and the larger rf power are better for the large current at the optimized n,..  The latter
can lead that the efficiency is better for the sharp rf spectrum, which is already
confirmed experimentally’””.  And this is important item which is obtained in this
paper.  The value of p; in eq.(10) is the power to be absorbed by plasmas to hold the
deformation of electron distribution function f.

In JT-60 the higher driving efficiency of 3.4 x 10" AW'm™ is already obtained
experimentally, which is almost close to the ITER calculation on the LHCD(=3 ~ 4 x
10°AW"'m?) for T.= 20 keV.  However, it is difficult to consider that these
experimental value in JT-60 may keep almost same value for the larger electron
temperature of 20 keV. It is afraid that the conventional calculation in the LHCD
may be almost one order smaller than the real situation, because that the experimental
efficiency is proportional to T, is one of reasons. It is estimated that the experimental
efficiency of 3.4 x 10" AW'm™ can be evaporated to the larger value of 3.2 x
10°AW"'m™ at T,= 20 keV if we assume for the efficiency to be proportional to T..
However, the efficiency must saturate and/or decrease with increase of T, as long as we
does not choose the less N, for large T, as shown in Fig.5.  If we set the optimum n,,
to be n,, as indicated by arrows in Fig.4, the driving efficiency is evaporated as
Nep=0.1<T > x 10 AW'm™, which is about one order larger than NBI current

drive efficiency®®*”

, in which the experimentally observed current drive efficiency
against the electron temperature in various machines for LHCD, NBCD and ECCD are
shown in Fig. 10. It should be better to use the LHCD in ITER rather use the NBCD
as well as ECCD since the efficiency is quite lower in the latter.

The dependence of I, is quite natural to be evaluated as shown in Fig. 4 and Fig. 7
of JT-60 case, where the spatial distribution as well as the intensity of the hard X ray
signal are shown in Fig. 10" although the signal of hard X ray does not directly reflect
the current induced by the LHCD.  We equipped four channel X ray diagnostics in
the radial direction as shown in Fig. 10 (a). The dependence on N, of these signals
are shown in Fig. 10 (b), in which we can see that the optimum N, has a peak value at
about 1.4 as indicated in the calculation of Fig. 4. The Abel transformed radial
profile using emission signals measured at r/a=0.23(chl), r/a=0.57 (ch2.) and r/a=0.86
(ch.3) are shown in Fig. 10 (c), in which we can see that relatively small number of high
energy electrons are localized at the center with smaller N, and small number of the
tails are in the outer with larger N, as indicated in the calculation of Fig. 7. Similar
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modeling and the calculation of high energy electron tails in the LHCD experiment is

also performed in PLT®. The spectrum gap problem discussed here is recently

reported in connection with the parametric decay instabilities®.
In summary, we can get the following statements.

(1) Simple slab model calculation adding the condition of power deprivation due to
mode conversion and parametric instability introducing gap parameter in addition to
the quasi-linear theory can give plausible explanation of the lower-hybrid current
drive experiment.

(2) The optimum N, exists for the optimum driving efficiency which lead the sharp
spectrum is better and the smaller N, is necessary for higher electron temperature
plasma not to destroy the accessibility.

(3) Optimum driving efficiency increases with the electron temperature at lower
temperature and saturate or decrease unless the smaller N, does not use.

(4) Driving current increases with the density till a certain density and decreases with
ne till the rf power is lost completely by the parametric decay wave, accessibility
and the mode conversion, where the critical density enlarged by raising the
operating frequency.

Finally, it is stressed that this calculation presented here does not include the
power deposition due to o particle and that the quasi-linear theory is assumed to be
valid to apply such current drive experiment.
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Fig. 1  Summary of the spectrum gap in the LHCD machines in the world, where the
normalized phase velocity(w=v,/v,,.) is shown against the power density p(kW/cm?) .
Experimental data can fit the curve of w=13.3p* and the optimum w predicted by the
theory is expressed by shadow.
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TR

3

(b)

Fig. 2 The value of yy and y, in eq.(8) are graphically shown against wy/w;(r) and

the growth rate y (r)in (a) and (b), respectively, which becomes the constraint for the rf
power P in the performance of the simulation.
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I larb.)

Quasi-linear |
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Fig. 3 Evaluated rf current I; of the LHCD against ne for PETRLA-B parameters,
where b=21.9, 0=0.23, y.,=1, y,=4.24 and p= 2.5 kW/cm®>.  Dotted curve is obtained

when Yy=1 and Y =1.
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Fig. 4  Evaluated I; and n, vs n,, putting T,, as parameters in JT-60 case, where
b=21.9, 0=0.23, v,,=1, y,=4.24 and p= 4 kW/cm®’.  Dotted curve is for T = 3 keV

and ne=1 x10" cm™ case.
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Fig. 5 Evaluated I; and M, vs n,, putting P, as parameters in JT-60 case, where
b=21.9, 0=0.23, v,,=1, y,=4.24 and p= 6.4 kW/cm?®.
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Fig. 6  Evaluated density dependence of I, in JT-60 and ITER case, where b=21.9,
0=0.23, v,,=1, y,=4.42 and using parameter of p, T,, and n,, are shown at the upper
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Evaluated current profile for n,.=1.2 and n,=2.2 in JT-60 parameter, where

b=21.9, 0=0.23, y,,=1, y,=4.24, P,= IMW and p= 4 kW/cm’,
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Fig. 8  Evaluated current profile putting T, as parameters in ITER parameters, where
b=21.9, 0.:023, YX]=1’ Y02:424
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Fig. 9  Evaluated current profile putting n,. in ITER parameter, where b=21.9, a=0.23,

YX1= 1, YC2=4,42.
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Fig. 10
machines for LHCD, NBCD and ECCD.

12

Current drive efficiency me, against the electron temperature in various

The notation of multijunction and
conventional in JT-60 case means the launcher type of the LHCD and N-NBCD in
JT-60U case means the NBCD by using negative ion beam.
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N, which corresponds to the evaluation of Fig. 4
corresponds to the evaluation of Fig.7.

Observed hard X ray signal in the radial direction which may correspond to
the calculation in Fig. 4 and Fig. 7, respectively, where the experimental condition is
ne=1x 10° cm?, [=1MA, f=2 GHz and B=40 T
equipping the hard X ray diagnostics

(a) the poloidal cross section

(b) the intensity of the hard X ray signal against
(c) the radial profile for N, which
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