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High-Harmonic Ion Cyclotron Heating and Current Drive in Ultra-Small Aspect 
Ratio Tokamaks 

Abstract; Ultra-small aspect ratio tokamaks present a totally new plasma environment 
for heating and current drive experiments and involve a number of physics issues that 
have not previously been explored. These devices operate at low magnetic field and 
relatively high density so that the effective dielectric constant of the plasma to high 
harmonic fast waves (HHFW) ,  is quite high, and perpendicular wavelength of fast 
waves is very short, A - 2.0 cm compared with h - 10-20 cm. This makes possible 
strong electron absorption at high harmonics of the ion cyclotron frequency, ai, and at 
fairly high phase velocity in relation to electron thermal velocity. If the antenna system 
can control the parailel wave spectrum, this offers the promise of high efficiency off- 
axis current drive and the possibility for current drive radial profile control. Antenna 
phasing is ineffectlve for profile control in conventional tokamaks because of central 
absorption. There are also challenges for antenna design in this regime because of the 
high dielectric constant and the large angle of the magnetic field with respect to the 
equatorial plane (-45'7, which varies greatly during current ramp. Preliminary 
experiments in this HHFW regime are being carried out rn CDX-U. 

1 .  NATIONAL SPHERICAL TOKAMAK EXPERIMENT 

We have carried out studies for the proposed National Spherical Tokamak Experiment 
(NSTX) [1,2], a low aspect ratio (A = 1-25), major radius R = 0.8 m tokamak with 
toroidal magnetic field B = 0.32 T and Ip up to )MA. The high harmonic fast waves 
(HHFW) system envisioned for NSTX will consist of two six-strap antennas located 
on opposite sides of the torus (Fig. 1). The singleended cumnt straps will be tilted at 
30" to the vertical. Since the field line tilt at the outer midplane of the plasma is 
expected to evolve from -1545" during HHFW-assisted startup, this choice of angle 
ensures that the cumnt straps will be within 15" of perpendicular to the local magnetic 
field line throughout the discharge history. The center-to-center separation between 
straps will be 28 cm. so the peak in the vacuum antenna spectrum can be varied over a 
range in of -5-10, by varying the phasing from 6 0 - 1 2 0 O .  Each current strap will be 
Faraday shielded and fitted with insulating boron nitride side limiters to reduce radio 
frequency (rf)-induced scrape-off layer self-bias effects [3]. Six transmitters will feed 
the two antenna sets. and each transmitter will drive one current strap in each antenna 
set. The initial operating frequency has not been determined but will be in the range of 
304.0 MHz. The phase between adjacent current straps may therefore be electronically 
modified at the low-power rf source level, to change n b  during the discharge. 
Decoupling will be incorporated in the antenna matching circuitry to allow arbitrary 
phase operation between straps. 

2. ANTENNA ANALYSIS 

The major questions for antenna design are these: how does the strap angle relative to 
the static field affect the loading scenarios, what is the launched power spectrum from 
the antenna, how does the spectrum change during a shot as the poloidal magnetic field 
at the antenna changes from zero to values that are roughly equal to the toroidal 
magnetic field, and what is the effect of heating by the antenna near-fields. 

We have addressed the issues with the RANT3D code [4] combined with the GLOSI 
plasma surface impedance code E51 to generate the toroidal and poloidal antenna 
spectrum and loading information. The RANT3D code allows for arbitrary orientation 
of the current straps, which were oriented with a 60" angle relative to the toroidal 
direction to match the design. For comparison, calculations were also done with the 
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straps at 90" (vertical'l. The Gaussian electron temperature profile had a peak value of 
3 keV. The electron density profile was parabolic with an exponential scrape-off layer. 
To model full-current operation. the equilibrium magnetic field profiles included a 
sheared poloidal field, increasing to Bp = BT (i.e., 8B = 45") at the plasma edge. To 
model Ip  = 0 startup conditions, calculations were also done with Bp = 0 &e.. 8B = 0") 

These results are summarized in Fig. 2, which shows the RANT3D antenna model 
geometry (60" strap angle and 90" strap angle) and contours of the radiated power 
spectrum (n = toroidal mode number, m = poloidal mode number) for the full current 
and startup. For current drive scenarios, the straps were progressively phased by A@ = 
60" to drive current in the co (parallel to plasma current) direction. Figure 2 also shows 
that the waves tend to follow the magnetic field lines even if the current straps are not 
rotated because the peak in the spectrum moves to m < 0 for the full current cases. 
Even a toroidally symmemc antenna phasing (AI$ = 180") can resuit in a nonsymmetric 
launched power spectrum, which may result in a significant driven current even for a 
heating antenna phasing. The average loading per strap was as follows: 

60" strap angle: R~(ful1 current) = 1422 R~(~tarfllp) = 14Q 
90" strap angle: R~(stamilp) = 15 !2 

The strap-to strap variation in loading is -50%, necessitating the use of decoupling 
circuitry. 

R~(fu1l current) = 1122 

3. FULL WAVE HEATING AND CURRENT DRIVE ANALYSIS 

The PICES global wave code [6] has been extended to include the needed harmonics, 
20-40, and the small k l p i  expansion has been replaced with the full modified hssel *--- 

function form for the ion conductivity. A problem common to all full-wave 
calculations is the appearance of short-wave-length ion Bernstein waves (IBW) with 
spatial scale lengths too small to resolve numerically in two dimensions. One method 
of dealing with these waves (and the method used in PICES) is to prevent their 
formation by artificiaiiy reducing the order of the differential wave equation [6,7]. This 
approach, called the "reduced order" method, replaces differential operators acting on 
the electric field in the plasma conductivity with the local wave number k 1 obtained 
from a second-order expansion of the warm plasma dispersion relation. Because the 
dispersion relation used is expanded to second-order in the Larmor radius, a question 
arises in regard to the validity of the reduced-order method for NSTX parameters. For 
low ion temperature, the expansion is clearly valid. Furthermore, results show that 
wave propagation and absorption are relatively insensitive to ion dynamics for 
temperatures below -1 keV. In addition, more detailed solutions of the full plasma 
dispersion relation including unexpanded Bessel functions up to 40 ion harmonics 
show that the second-order expansion gwes a reasonable approximation for k l  as long 
as the ion temperature remains below 1 keV. In these cases, the reduced-order method 
seems justified. However, for ion temperatures above a few keV, significant 
differences can exist between solutions of the expanded and full dispersion relation, and 
the validity of the reduced-order method comes into question. 

For simplicity, a Solovev magnetic equilibrium has been used. Figure 3 shows the 
locations of ion resonances. Harmonic numbers lie between 1 and 10 for hydrogen and 
between 4 and 20 for deuterium. Twenty ion harmonics are included in the ion 
conductivity and absorption calculation. Results in Fig. 4 show power deposition as 
calculated by PICES for the expected plasma parameters in NSTX (i.e.. ne(0) - 5 x 
lO(19) m-3; Te(0) - 5 keV and Ti(0) - I keV; and a single toroidal harmonic, n$ = 8). 
Because of the high plasma p, Landau damping and magnetic pumping are strong, and 
waves launched from the low field side are completely absorbed before reaching the 
plasma center. The result is a noninductive current that is driven well off-axis, as 
shown in Fig. 5. Current drive efficiency is reasonably high in this case, with -0.5 MA 



3 

driven for 6 MW of rf power. or -0.08 A N .  If the ion temperature is reduced to 
0.01 keV, the resuits are essentially unchanged, indicating that the overall wave 
propagation and absorption are insensitive to the ion dynamics. This is in agreement 
with solutions to the complete dispersion relation for Ti  < 1 keV. Results similar to 
those in Figs. 4 and 5 have also been found with a somewhat lower frequency, f = 
30 MHz . 
To model the rf antenna structure more accurately, the PICES code has been interfaced 
with the RANT3D antenna model previously described. Tangential electric fields, as 
calculated by RANT3D, are applied as boundary conditions in the PICES code without 
the use of external currents to model the antenna. If, for example, the antenna spectrum 
calculated by RANT for 60" current straps in a 45" magnetic field is used and 50 
toroidal harmonics are kept in PICES, a reduction in current drive of about a factor of 
two results. If a lower electron temperature, Te, is assumed, the current drive efficiency 
decreases approximately in proportion to Te. 

The strong electron absorption by Landau damping and mapetic pumping observed in 
Figs. 4 and 5 depends on the upshift in kll afforded by the large poloidal field in NSTX. 
If the poloidal field is set to zerc (as in startup scenarios, for example), PICES shows 
as much as a 50% reduction in the power absorbed by the electrons, and the remaining 
50% goes to ions at the high-cyclotron harmonics in front of the antenna. In addition, if 
hot ions are present, as might be expected during neutral beam injection, additional 
amounts of power can be absorbed in the hot ion component. A 10% fraction of hot 
ions with Thot(0) = 25 keV and Thot(edge) = 16 keV absorbs -40% of the rf power, 
which reduces the power absorbed by electrons to -60% of that in Fig. 4, and current 
drive efficiency is reduced by a corresponding amount. 

Strong differences are observed in the plasma response to co-current and counter- 
current drive phasings in NSTX. Similar differences are now being seen 
experimentally in DIII-D fast wave current drive experiments [SI. At first, such 
differences are puzziing because at the core of nearly all rf heating models is the 
homogenous dielectric tensor which does not exhibit any obvious asymmetries in 
toroidal propagation. However, coupling is also a critical part of the problem, and it is 
here that the asymmetries become apparent. 

Even for the homogeneous plasma case, up-down asymmetries exist in the electric field 
structure, caused by the sign dependence of the Hall currents with respect to the 
magnetic field and most clearly manifest in the m (poloidal m d e  number) dependence 
of waves in a magnetized plasma column with straight field lines 191. Symmetry still 
exists in the toroidal mode number nb, but this symmetry is broken when a poloidal 
field is added. This effect was seen in ST experiments [IO] in which split eigenmodes 
were seen for each nb value. The net effect for NSTX is that for the same equilibrium 
plasma parameters. the rf fields tend to be more focused toward the axis for counter 
phasing, giving narrower, more highly peaked current drive profiles. For the same 
parameters as in Figs. 4-5 (except Te = 2 keV rather than 5 keV), -40% more current 
is driven with counter current drive phasing as with cophasing. 

4. PRELIMINARY RESULTS FROM CDX-U 

Experiments in progress on the CDX-U device at the Princeton Plasma Physics 
Laboratory will provide an early test of HHFW on a low aspect ratio tokamak. CDX-U 
has a major radius of 34 cm, minor radius of 22 cm (aspect ratio of 1 S), and a toroidal 
field on axis of 1 kG. The plasma current is typically 60-100 kA, so that the magnetic 
field line pitch is typically 20-40" at the outer midplane of the plasma. The field line 
pitch is therefore in the range expected for NSTX, which will permit detailed studies of 
antenna coupling issues. However, the plasma beta is expected to be limited to -5%, 
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with ne(0) - 5 x 10l2 cme3 andTe(0) -200 eV. The duration of the discharge flat top 
is 5-10 msec. 

The CDX-U rf system delivers as much as 100 kW of power to the plasma with up to 
a 20-msec pulse length at a frequency of 10-20 MHz. This frequency corresponds to 
7-14 Ri for discharges in hydrogen, which is the working gas at present, and to 
-20 IRi (typical of NSTX) for future operation in deuterium. The antenna consists of 
two 25-cm-long straps driven in x phasing. The separation between the current straps 
is 22 cm (center to center). The vacuum antenna spectrum peaks at 14 m-I, with nil in 
the range of 30-70 and vdvTe - 1. Each strap is separately Faraday shielded and fitted 
with surrounding limiters of insulating boron nimde to reduce rf-induced modifications 
to the scrape-off layer [3]. In order to investigate the effect of the extreme field line 
pitch, which is characteristic of low aspect ratio tokamaks on fast wave coupling, the 
CDX-U antenna is designed to be manually rotatable (between discharges) in order to 
vary the relative angle between the current straps and the magnetic field line. The 
antenna is also inductively decoupled, [3] so that in principle a toroidally asymmetric 
wave specaum may be produced, although the directivity with a two-strap antenna will, 
of course, be poor. At present, only initial loading measurements with a single current 
strap excited at low power have been made. These measurements indicate that the 
single-strap loading is in the range of one to a few ohms, sufficient to couple 50- 
100 kW of rf power. 
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Fig. 1. Luyout of the N S i T  6-strap ICRF antenna 
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Fig. 2. Power spectra from the RANT3D model. TIte top pictures show the 
current strap configuration and the antenna s i h d l  structure in the model. 
Below each picture is a corresponding pair of overhid antenna spectra. The 
light contours show power for the startup case. The dark contours show the 
power forfull current operation. The contour levels are 0.5, I.5,2.5,3.5, and 
4.5 w. 
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Fig. 3. Ion resonances in NSTX are at high cyclotron hnnonics: light lines show 
majoriv deuterium resonances; heavy lines show minority hydrogen resonances. 
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Fig. 4. Power depositwn in NsrX using the furr modified Bessei functions wuh 
20 ion harmonics. Light contours show electron power absoptwn; dark contours 
show wn absorptioa Te = 5 key nq = 8, f = 41 MHL 
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Fig. 5. Noninductive current drive in NSTX for 6 MW of RF power, Te = 5 keV, 
nq = 8, f = 41 MHz and Zeff = 2.0. 


