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Comparison of the theory and the practice of lower-hybrid current drive 
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The theory of rf-driven plasma currents is applied to the lower-hybrid experiments on the Princeton 
Large Torus tokamak. Particular emphasis is placed on those experiments in which the plasma current was 
varying. The comparison between theory and experiment is made with respect to the efficiency with which 
rf energy was converted to poloidal magnetic field energy. Good agreement is found irrespective of wheth- 
er the current was increasing, constant, or decreasing. 

Lower-hybrid waves have been used to increase the 
toroidal current in tokamak~.'-~ The efficiency of this pro- 
cess is expressed as the ratio of the rate of change of the 
poloidal field energy w [ W = (r) ~ 1 ~ 1  to the rf-power in- 
jected Prf. In an experiment at the Princeton Large Torus, 
Princeton Plasma Physics Laboratory, Princeton University 
(PLT) an efficiency of about 25% has been rep~rted.~.' 

Recently, a theory of this process (rf-current ramp-up) 
has been proposed.8 This theory generalizes the more re- 
stricted theory of steady-state9.10 and nearly steady-state" 
current drive and, in this Rapid Communication, we analyze 
the data from the PLT in light of this generalization. De- 
tails of the experiment appear e l~ewhere .~ ,~ , ' ~  

The theory identifies two dimensionless parameters and 
derives a relationship between them. One parameter is the 
ratio PeI/Pin, where Pin is the rf power absorbed by the hot 
current-carrying electrons (presumably some fraction q of 
PIf), and Pel is the power flowing from these electrons into 
the poloidal field. The second parameter is u = v ~ ~ / v R ,  
where vph is the parallel phase velocity of the lower-hybrid 
waves in the plasma and vR is the runaway velocity defined 
by va = I nq3 lnA/41&Ern 1. We adopt the sign convention 
that VR > 0 in the "normal" ramp-up cases, i.e., when there 
is an electric field opposing the rf current, and VR < 0 when 
the electric field is in the same direction as the rf current. 
This parameter reflects the relative importance of the elec- 
tric field and collisions in slowing down the hot electrons. 
When collisions dominate the slowing down ( u << 1 1, we 
expect poor ramp-up efficiency, whereas when the electric 
field dominates ( u >> 1 1, we expect an efficiency close to 
unity. 

The experimental data, on the other hand, are often plot- 
ted as efficiency versus PIf. In order to compare theory 
with experiment, we must relate the experimental observ- 
ables to the theoretical parameters. Assuming that 
Pi, = q Prf, we may write 

Pel Pel w - Pext + V2/R 
'I-=-= 

P i n  P r f  Pr f 

The-expression for Pel is derived by balancing contributions 
to W. These are Pel, Pex, (the power coupled from the vert- 
ical and Ohmic coils), and V 2 / R  (the Ohmic dissipation). 
The second theoretical parameter u, may be determined us- 
ing vph= c/nllP, where nil is the parallel index of refraction 
of the peak of the spectrum of the launched waves and /3 is 
the factor by which the peak is upshifted when the wave 
propagates into the plasma. Because the function defined in 
Eq. (2) is smooth, it is possible to characterize the spectrum 

by a single nil component. The runaway velocity vR is 
given directly in terms of experimental observables. 

Figure 1 shows the experimental data from the PLT plot- 
ted in terms of PeI/PIP and u. This includes the results of 
over 250 shots with various values of density, waveguide 
phasing, and rf power. These shots constitute all the ramp- 
up experiments on the PLT during a period of two months, 
including those cases where the current was steady or decay- 
ing, as long as the duration of the rf pulse,exceeded 200 ms. 
In view of the wide parameter space covered by these shots, 
the data show remarkably little scatter, which provides 
strong evidence that the crucial dimensionless parameters 
have been identified. 

In Ref. 8, a function G = G ( u,Z) is defined, where Z is 
the effective ion-charge state, and the relation 

is derived by ignoring rf-generated runaways, which are not 
expected to be confined long in the PLT experiment. Ex- 
perimental estimates, based on the total level of hard-x-ray 

FIG. 1. PeI/PIf vs u for 250 PLT shots. The rf power Prf varied 
from 0 to 300 kW, the density n from 1 . 5 ~  1012 to 6 . 0 ~  1012 ~ m - ~ ,  
the plasma current I from 150 to 400 kA. Three waveguide phas- 
i n g ~  were used 60°(+), 90°( + ), and 13S0(# ). 

2554 @ 1985 The American Physical Society 

Link: http://charles.karney.info/biblio/karney85b.html

http://charles.karney.info/biblio/karney85b.html


COMPARISON OF THE THEORY AND THE PRACTICE OF . . . 2555 

emissions, suggest Z 2: 5. Hence, we take G = G (u, 5) in 
comparing theory with experiment in Fig. 1. Note however, 
that G is not very sensitive to its Z dependence. 

Two adjustable parameters must be chosen in order to 
compare theory and experiment. They are the absorption 
factor r) and the rill upshift factor P. These parameters act 
as scale factors on the two axes. The best fit, displayed in 
Fig. 1, is given when P = 1.4 and r) = 0.75. Therefore in the 
best case, corresponding to Pe1/PIf=43%, the theoretical 
conversion efficiency PeI/P,, approaches 60°/o. Of course, it 
is possible to define more general functions r) and P ,  intro- 
ducing dependences on waveguide phasing, power, etc., 
which obviously would allow us to fit the data better. We 
'choose not to do so because there is no very compelling 
theoretical reason to choose anything more complicated than 
a constant. The assumption here is that the data are less 
sensitive to the theories of absorption and upshift than to 
the theory of efficiency, and choosing the simplest functions 
provides the severest test for the efficiency theory. So, con- 
sidering that there are only two adjustable parameters, there 
is startling agreement over the full range of the curve. In 
particular, the experimental data faithfully reproduce the 
"diode" characteristics of the theoretical formula. 

The data in Fig. 1 illustrate three rf-current-drive regimes. 
For u>  0, the rf power causes the current to increase, and 
PeI/Pfi monotonically increases because the electric field 
plays an increasingly dominant role in slowing down the hot 
electrons. However, for large u, the Ohmic losses become 
large. This means that although PeIIPIf increases, WIPfi 
may decrease. For u = 0, a steady-state current is achieved 
and the ramp-up efficiency is, of course, zero, since the hot 
electrons slow down only because of collisions. For u < 0, 
the rf power is insufficient to prevent the current from de- 
caying and, interestingly, power flows from the poloidal 
field into the hot electrons (Pel < 0). Nevertheless, W does 
not decay as rapidly as with no rf power, since the V2/R 
losses are reduced. Note that, near u = 0, only a small elec- 
tric field is present, and the theory of the steady-state 
(u = 0) rf-generated current9."' and the theory of rf- 
enhanced (u  =O) conductivity" may be tested. Clearly, 
the experimental data here offer solid confirmation of these 
theories, including the scaling of the steady-state efficiency 
with density and phase velocity. Note that in making the 
comparison to the steady-state theory, we may use the 
second derivative of the theoretical curve in Fig. 1, which is 
just the so-defined steady-state efficiency, I,f/Pi, (as op- 
posed to the ramp-up efficiency used here). 

Apart from the conclusions drawn from the very small 
scatter in the data, what does this apparently remarkable 
agreement between theory and experiment tell us? While 
the lack of scatter indicates the identification of the relevant 
dimensionless parameters, the fit to the data can be used as 
corroboration for the theoretical relationship between these 
parameters. Alternatively, the theory can be assumed to be 
correct and the exercise of fitting the data can be used to 
provide rough estimates for r) and P, two quantities which 
are difficult to measure experimentally. In making the best 
fit, note that r) and p are not independent; e.g., if P= 1, 
then r) = 0.5 provides the best fit, although not as good for 
the pair of values used in fhe figure. Observe that the best 
estimates for r) and p turn out to be consistent with the ex- 
pectation that large absorption requires a moderate rill up- 
shift.13,14 The consistency of experiment and theory gives 
us confidence in extrapolating these results to larger 

machines. 
There are some subtleties in the calculation of the experi- 

mental data points which we. wish to elucidate. First of all, 
note that the ramp-up rate I varies during the rf pulse. In 
order to obtain the points given in Fig. 1, averages were 
performed over the rf pulse. The taking of averages is per- 
missible, provided the variation is not too great, because the 
theoretical curve is smooth so that the average of points 
along some segment of the curve itself lies close to the 
curve. Generally, this condition was met in the PLT experi- 
ment' where, because the duration of the rf pulse ( < 300 
ms) was less than the LIR time ( - 0.5-1 s), nearly con- 
stant ramp-up rates were achieved. 

The averaging of W- P,,, must, however, be carried out 
with care. This quantity is determined as a function of time 
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FIG. 2. Traces of W-  P,,, \IS t for two representative ramp-up 
shots. In (a) Prf= 160 kW and I > 0 as soon as the rf is turned on. 
In (b) PIf= 96 kW and there is a delay in I changing sign. 
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by using the experimentally observed plasma current, an es- 
timate of the total inductance and the currents in the exter- 
nal coils. The inductance includes the calculated external 
inductance (given by the position of the plasma) and an 
internal inductance, which is approximately deduced from 
the vertical field. Generally, W- Pext is not exactly con- 
stant over the rf pulse and an average quantity is employed 
in Eq. (1). The question is how to perform this averaging. 

Traces of W- Pex, for two shots are shown in Fig. 2, with 
Fig. 2(a) representing the more typical situation. In both 
cases there is a transient portion before W- Pex, settles 
down to a nearly steady value about 100 ms after the begin- 
ning of the rf pulse. Two methods of averaging W- Pex, 
suggest themselves: either averaging over the whole rf 
pulse or averaging over all but the first 100 ms, where 
W -  P,,, is more nearly constant. The two methods give 
PeI/P,f= 32% and 21% for the shot shown in Fig. 2(a), and 
16% and 36% for that in Fig. 2(b). When the data for all 
the shots are compared, the first method (which is used in 
Fig. 1) gives much less scatter. The scatter in data when 
the second method is used arises primarily from the shots 
represented in Fig. 2(b), which lie considerably above the 
other points. The reason for this may lie in the ability of 
the plasma to transfer energy between energetic particles 
and the field energy. During the initial part of the rf pulse 
in Fig. 2(b), the current is still decaying and there is a for- 
ward electric field. It is possible that a large population of 
runaways may be generated in these circumstances, and 
they will absorb energy from the poloidal field. However, 
this energy flows back into the poloidal field when I changes 
sign and the runaways slow down giving an apparently high 
efficiency. 

By averaging over the whole rf pulse, we can ignore the 
temporary storage of energy in the runaway component that 
may occur in Fig. 2(b). Similarly, the initially high value of 
W- Pext seen in Fig. 2(a) may be due to the presence of 
forward runaways when the rf power is first turned on. 
Strictly speaking we would wish to eliminate this additional 
source of energy when making the comparison to the 

theory. However, there appears to be no convenient and 
consistent way of doing so while still avoiding the potential 
problem with pulses like Fig. 2(b). If this is the explanation 
for the peak in Fig. 2(a), some of the experimental values 
for Pe,/Prf in Fig. 1 may be overestimated. 

The voltage V,  which is needed in the calculation of v~ 
and the Ohmic loss V2/R, is computed as (Pext- W)/I. 
The calculation of R is difficult. One method is to calculate 
the ratio of voltage to current before the rf is turned on. 
This method was rejected since the initial Ohmic plasma 
may have a significant non-Maxwellian component which 
lowers R. However, the non-Maxwellian or "slide-away" 
electrons will slow down by collisions during the rf pulse 
and not then dominate the conductivity. Instead R is calcu- 
lated using the Spitzer-Harm conductivity with the tempera- 
ture estimated using a crude energy balance and neo-Alcator 
scaling.'' The temperature so obtained approximately con- 
forms to the meager Thomson scattering data. Typically, 
V2/R is a small term (about 10%) in the calculation of Pel 
and so fortunately, our results are insensitive to errors in 
this crude calculation of R. 

We have shown in this Rapid Communication that the 
theory given in Ref. 8 explains the ramp-up efficiencies in 
PLT. The agreement is over a wide range of plasma param- 
eters, encompassing shots in which the current is increasing, 
steady, and decaying. Confidence in our understanding of 
these experiments now allows the contemplation of larger 
machines utilizing the favorable rf-ramp-up regime attained 
in PLT. The design of such machines may use this theory8 
and recent extensions.16 These include the circuit equations 
to be used to describe the evolution of the plasma over time 
scales comparable to or longer than the LIR  time. 
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