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The loop voltage response in the low-frequency current drive experiments is analyzed in order to 
extract information about the current drive profile and efficiency. 0 1995 American Znstitute of 
Physics. 

after the RF turn-on, are flat within experimental uncertainty 
in the bulk of the plasma (Fig. 4). The average Z,,= 1.8kO.5 
in the Ohmic phase is consistent with ‘the measured plasma 
resistance of 13.5 & that implies Z&= 1.9 for the tempera- 
ture profile obtained from the-Thomson scattering.’ Upon the ~~ 
RF turn-on, Z& rises to 2.5t0.5. 

The Z,, profile flatness, together with the constancy-of 
the electron temperature profile, allows us to represent the 
corresponding Spitzer conductivity as a separable function of 
space and time: u(r,t) = [(t)&(r), with ir normalized in 
such a way that l= 1 in the Ohmic phase. The toroidal elec- 
tric field diffusion in such a case has been analyzed in the 
companion paper.3 Characterizing current drive by the source 
function S = JCdl&, where J, is the driven current density, the 
edge loop voltage change, for a constant total plasma current, 
can be expressed as ‘L.. 

I. INTRODUCTION 

Recent experiments in the Phaedrus-T tokamak’ showed 
large loop voltage drops when a pair of antennas with 7r/2 
relative phasing were turned on at a frequency below the ion 
cyclotron frequency. These results have been interpreted as 
the evidence for current driven by propagating Alfvdn waves. 
The loop voltage measured near the plasma edge exhibited a 
somewhat unexpected behavior: the initial loop voltage drop 
occurred on a time scale much shorter than the LIR time 
inferred from current decay experiments and was followed 
by a much slower increase. The purpose of the present paper 
is to provide a quantitative analysis of the loop voltage re- 
sponse in the above described experiments. .aj .. 

II. DISCUSSION 

Experiments described in Ref. 1 were conducted in 
plasma with peak density and electron temperature equal to 
3X 10 cms3 and 500+100 eV, respectively, toroidal current 
65 kA, and toroidal magnetic field on the axis 6.8 kG. The 
radial density and temperature profiles were approximately 
parabolic and square parabolic, respectively. During the cur- 
rent drive experiments, the total plasma current has been 
held constant, in order to minimize the inductive effects. The 
observed loop voltage drop was associated with little tem- 
perature or density change, despite the fact that the emitted 
radio frequency (RF) power exceeds the Ohmic power by the 
factor of 3. The reason for this constancy of stored thermal 
energy is not entirely understood. Two main possibilities are: 
the energy confinement may be degraded by the application 
of RF; or only a small fraction of the emitted RF power may 
be absorbed in the bulk-of the plasma. Upon the RF turn-on 
a rise in the bremsstrahlung emission has been observed,2 
indicating an increase in the effective ion charge Z,n. The 
fast Z,, rise time (-2 ms) is consistent with the confinement 
degradation by RF. 

with :,-... -:: i- +* 2 

Jo 

The loop voltage and RF power variation in one of typi- 
cal and reproducible discharges described in Ref. 1 are 
shown in Figs. 1 and 2. The RF power reaches two-thirds of 
its peak value during the first 0.5 ms, then rises the remain- 
ing one-third over 10 ms, subsequently decaying slowly over 
a longer time scale. In Fig. 3 the time evolution of the brems- 
strahlung emission from the central cord is shown, exhibiting 
a rapid. (on the time scale of 2 ms) rise following the RF 
turn-on. The Z,, profiles, measured 2 ms before and 2 ms 

Here _~(r)=2~Ro~(r)E(a,r), V,=V(O), Vs( Q-1 
=2rrRoS( r), with R. and a being the major and minor ra- 
dius, respectivelyi E(r, 7). is the toroidal electric. field and 
s=(J&(&), with ( ) denoting the. volume average; ,X,, and 
F, are eigenvalues and eigenfunctions corresponding to the 
Laplace-transformed diffusion equation; SC”) is the projec- 
tion of the source function on the eigenfunction F,; r 
= Siodt’ am], with to and y,=c2/4rv(0,t)a2 being the 
beginning of the RF pulse and the central resistive diffusion 
rate, respectively. For a separable source function, in the 
weak time-dependence limit, 

--XnT+ 1 -e-‘nr S,(r) 

hlrs S(r) ’ 
CN - 

where rs = ll(d ln S/d Q-) is the current drive variation time 
scale. The term proportional to S(0) is retained in Eqs. (2a) 
and (2b) in order to permit an instantaneous rise of the cur- 
rent drive at t =O. I 
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FIG. 1. Time dependence of the measured loop voltage. 

To find eigenfunctions and eigenvalues, we assume, as 
suggested by Thomson scattering temperature 
measurements,’ that the conductivity profile has the form 
a(r) = co( 1 - r2/a2)3. The eigenfunctions are found by nu- 
merically solving the eigenvalue equation 

;g x g +X(l-.+F=o, 
( i (3) FIG. 3. Time dependence of ZeH from the central chord. 

(n=r/a) subject to the current constancy condition 

(4) 

The current drive by means of Alfvin waves is expected to 
be localized in the vicinity of the Alfven wave resonance. 
This expectation is in part confirmed by the reflectometry 
measurements of density fluctuations during the RF pulse.4 
These measurements showed that fluctuations were localized 
to regions with half-width d-0. la at x=rrla-0.5. Al- 
though they were performed at higher densities than the cur- 
rent drive experiments discussed here, we shall nonetheless 
use these results as a guide in choosing an appropriate form 
of the source function. We  shall assume the source function 
in the form of a Gaussian: S-exp[-(x-xo)2/2d2]. For such 
a source only the lowest nmax -a/d modes contribute signifi- 
cantly to the sum in Eq. (2a). 

Taking the above into account, we can now determine 
the current drive location by comparing the measured and the 
computed loop voltage responses for various values of x0 

FIG. 2. Time dependence of the RF power. 
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and ald. Since the magnitude of the current drive is not 
known independently, we consider the relative loop voltage 
change, 
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FIG. 4. Radial profile of ZC8 before (dashed lie) and after (solid line) the 
RF turn-on. 
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FIG. 5. Analytic fit (solid line) to the measured RF power (dots). 

where f is the current driveLefficiency, P is the RF power, 
and the subscript 1 refers to a-certain arbitrarily chosen time 
tl during the RF pulse (we choose the middle of the RF 
pulse). From Eq. (1) it follows that 

l+S 
p= 1+s; 

In our analysis, we shall assume that the current drive effi- 
ciency is constant during the RF pulse so that 3 is propor- 
tional to the RF power. Thii assumptibn is pr&umably not 
valid during the first 2 ms of the pulse during which Z,, is 
evolving. Using the Ehst-Kamey formula5 we estimate that 
the current drive efficiency is reduced by less than 20% as 
Zer increases from 1.9’to 2.5. Thus the loop voitage change 
during the first 2 ms may deviate by 20% from the correct 
value. We shall ignore this small error, noting that it is 
smaller than the experimental tincertainty in the plasma re- 
sistance. 

We treat the initial power rise (during the first 0.5 ms 
after the RF turn-on) as instantaneous. The time scale of its 
subsequent variation (>25 ms) is longer than the current 
relaxation time scale, which for experimental parameters is 
in the range of lo-15 ms. In our calculation, the contribution 
of n=l and n=2 terms in Eq. (2a) is calculated exa$y, 
while n>2 terms are approximated by their weak time- 
dependence limits [cf. Eq. (2b)]. 

We obtain 7s from the RF power variation. To do that we 
first find a smooth analytic fit to the data, shown in Fig. 3; 

t Imsee, 
I - 

FIG. 6. Comparison of the measured (thin solid line) and calculated loop 
voltage for &=0.81 and a Gaussian current drive profile with x,=0.50 and 
d/a=0.2 (thick solid line) and x0=0.55 and d/a =0.2. 

FIG. 7. Comparison of the measured (solid line) and calculated loop voltage 
foi &= 1 and a Gaussian current drive profile with x0=0.58 and d/a =0.18 
(dashed line). .* 

and with its aid we calculate TV. The time dependence of 5 is 
obtained with the aid of the Spitzer-Htim formula,6 

’ (7) 

where T, is in keV and J is normalized so that, l= 1 in the 
Ohmic phase, with T, =OS keV and ZeK= 1.9. We use Eq. (7) 
to estimate the central resistive diffusion time during the RF 
pulse. In the’ Ohmic phase the plasma resistance is equal to 
13.5 ,LLQ, which for the assumed conductivity profile implies 
that ri ’ =690 ms. Assuming, i consistently. with measure- 
ments, that. T, =0.5 keV’ and Z,K=2.5, during the RF pulse, 
Eq. (7) implies that ri l-560 ms. 

We calculate the loop voltage response with the aid of 
Eqs. (5)-(7), from the RF power and plasma resistance 
variation for various values of x0 and dla. As suggested by 
the bremsstrahlung emission, the plasma resistance is as- 
sumed to rise linearly during the first 2 ms of the RF pulse 
and remain subsequently constant: l=cRF=const. From Eq. 
(7) it follows that for measured values of T, and 
Zeff,JkF=0.81 kO.27. The dependence of the loop voltage re- 
sponse on the width of the current drive region in the range 
of d/a-0.02-0.2 is relatively weak, but the response is quite 
sensitive to the current drive location. For &=0.81 (corre- 
spondmg, e.g., to fixed T, and Z,, increasing from 1.9 to 
2.5) the best fit to the measured loop voltage response is 
shown in Fig. 5. The driven current profile in this case is 
charact&ized by x0=0.50 and d/a =0.2. The calculated loop 
voltage response has a qualitatively similar shape to the mea- 
sured one, although it deviates in detail in the interval be- 
tween t= 112 and t = 124 ms: This might be due to a more 
complicated than assumed current drive profile (a more sat- 
isfactory fit is, in fact, found for a two-peak profile). Better 
fits can be obtained for higher values of cw. For example, 
for cRF= 1, which is within the experimental uncertainty from 
&==0.81, a good fit is found for x0=0.58 and dla=0.18 
(Fig. 6). 

In the above analysis we have chosen a Gaussian profile 
for the current source. In reality, the current drive profile may 
be more complex, consisting of several peaks that corre- 
spond to Alfv& resonances of modes with different toroidal 
and poloidal numbers. If the ‘loop voltage respon& and ‘the 
conductivity magnitude and profile were known exactiy, one 
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could, in principle, reconstruct even such a complicated cur- 
rent drive shape. In the present case, however, the experi- 
mental uncertainties make it impossible to distinguish be- 
tween a single broad peak and two (or more) relatively 
closely spaced peaks, as we saw above. 

Assuming that the current is driven at a single Alfven 
wave resonance, the knowledge of the current drive location 
can be exploited to determine the parallel refraction index of 
the wave. We employ the Alfvin wave resonance condition 
in the eikonal approximation7 for a hydrogen plasma with a 
4%-5% carbon impurity (corresponding to Z,a-2.2-2.5). 
From it we deduce that a mode with toroidal and poloidal 
numbers n and m resonates at x-0.5-0.6 if n-i-mlq-3.7- 
4.3 (q- 1.3-1.5 is the safety factor) for the parameters of the 
present experiment. This result agrees qualitatively with the 
modeling’ based on the toroidal cold plasma code LION-~ The 
latter indicates that the dominant absorption occurs for 
modes with n =5 and m = + 1,&Z; and that the mean radius 
of absorption for experimental parameters is located about 
x-0.5-0.6. 

The driven current magnitude is determined from 

(Jcdd) Ai+) _ 
(4 vo[l+s(r)]’ 

In the middle of the pulse (t = 132 ms) and for the above 
parameters, S is negligible and A VlVo=0.42 for &=0.81. 
This implies that 27 kA of current are driven by the nominal 
180 kW of RF power with the corresponding current drive 
efficiency of 0.15 A/W. This corresponds to 32 kA of current 

driven at the peak power of 2 10 kW. For L&= 1, the deduced 
current drive efficiency is 0.1 A/W. The actual current drive 
efficiency is likely to be higher since not all the RF power 
reaches the plasma core. 

III. CONCLUSION 

In summary, we have analyzed the loop voltage evolu- 
tion during Alfvin wave current drive experiments at the 
Phaedrus-T tokamak. We find that the observed loop voltage 
response is consistent with an off axis current drive. The 
current drive is found to occur at da -0.5 with the efficiency 
f>O.l-0.15 A/W. 
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