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Experimental observation of wave-packet propagation in the ion cyclotron range of frequencies 
in a tokamak plasma is reported. Studies were carried out in the Caltech Research Tokamak 
[Phys. Fluids 23,614 ( 1980) ] in a pure hydrogen plasma and in a regime where fast-wave 
damping was sufficiently small to permit multiple toroidal transits of the wave packet. Waves 
were launched by exciting a small loop antenna with a short burst of radio-frequency current 
and were detected with shielded magnetic probes. Probe scans revealed a large increase in 
wave-packet amplitude at smaller minor radii, and the packet velocity was found to be 
independent of radial position. Measurement of the packet transit time yielded direct 
information about the wave group velocity. Packet velocity was investigated as a function of 
the fundamental excitation frequency, plasma density, and toroidal magnetic field. Results are 
compared with the predictions of a cold plasma model that includes a vacuum layer at the 
edge. 

1. INTRODUCTION 

The study of propagation of plasma waves in the ion 
cyclotron range of frequencies ( ICRF) is of particular inter- 
est because of their potential use for heating thermonuclear 
plasmas. In regimes where fast-wave damping is small, toroi- 
da1 propagation of waves in a tokamak geometry leads to the 
formation of cavity resonances, or toroidal eigenmodes. 
These fast-wave modes were first observed in the TM-1-Vch 
and TO- 1 tokamaks, ‘*’ and have since been studied in a num- 
ber of other devices.3A 

Toroidal eigenmodes are considered potentially attrac- 
tive for plasma heating for two reasons. First, the resonant 
increase of electric field at the antenna causes an increase in 
the loading resistance of the wave-launching antenna. Since 
the loading resulting from excitation and damping of ICRF 
waves in tokamak plasmas is often small (on the order of a 
few ohms), an increase in antenna loading can improve the 
efficiency of power transfer to the plasma. Second, the eigen- 
modes are global modes, so energy can be deposited uni- 
formly around the tokamak rather than in a localized region 
near the antenna. 

A problem associated with the use of fast-wave eigen- 
modes for heating a reactor-sized plasma involves mode sep- 
aration. For a fixed plasma density and toroidal magnetic 
field, there exists an infinite set of modes at discrete frequen- 
cies. The modes have finite width (in terms of frequency or 
density variation) as a result of wave damping, and the num- 
ber of modes per unit frequency or density interval increases 
as the size of the tokamak and the plasma density increase.’ 
For fusion reactor regimes, there are expected to be a virtual 
continuum of overlapping modes. Simultaneous excitation 
of multiple modes can be undesirable as it leads to strong 
fields in the local vicinity of the antenna that may cause 

deleterious plasma edge heating. Nevertheless, there has 
been continuing interest in utilizing the advantages of eigen- 
mode plasma heating.” Mode separation can be retained, for 
instance, by lowering the excitation frequency toward or be- 
low wei. Although the usual wave damping scenarios (utiliz- 
ing second harmonic or minority fundamental resonances) 
would not be applicable, other mechanisms could perhaps 
lead to adequate absorption for plasma heating while retain- 
ing a sufliciently long damping length to permit eigenmode 
formation. For example, some studies have found anoma- 
lously high wave damping in single-species tokamak plas- 
mas when the fundamental cyclotron resonance was in the 
plasma.5*9*‘0 

Propagation of waves in the ICRF in tokamak plasmas 
has been the subject of considerable theoretical investiga- 
tion, but experimental efforts in large tokamaks have been 
hampered by practical restrictions: limited accessibility to 
the plasma volume and the inability, in energetic plasmas, to 
utilize probes except in the outermost edge region. In smaller 
tokamaks with cooler plasmas, probes can be inserted to a 
significant fraction of the minor radius, and several investi- 
gations”*” have used magnetic probes to examine the struc- 
ture of the wave fields. Coincidently, the smaller size and 
lower plasma density associated with these devices allow op- 
eration in regimes where toroidal eigenmodes are distinct 
and well separated. Toroidal eigenmodes were observed in 
the Caltech Research Tokamak by Hwang and GouldI as 
peaks on the antenna loading impedance, and wave measure- 
ments by Greene” subsequently allowed mode identiflca- 
tion. For the regime investigated (w/w,; = l-3, 3, = 3-6 
kG, ii, = 10”-10” cmp3, Ip = 15-25 kA, and Tc,i ~50- 
100 eV, hydrogen gas fill 1, calculations of relevant wave ab- 
sorption mechanisms (first and second harmonic cyclotron 
damping, transit-time magnetic pumping (TTMP) and 
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electron Landau damping, resistive wall damping, etc.) pre- 
dicted toroidal wave damping lengths much longer than the 
tokamak circumference. Experimentally, high-Q eigen- 
modes were, in fact, observed. 

The wave response in the tokamak plasma regimes con- 
sidered here is dominated by interference that leads, for fixed 
toroidal field and excitation frequency, to the formation of 
toroidal eigenmodes at the specific plasma densities where 
k ,, = N/R (k ,, is the toroidal wave number, N, an integer, is 
the toroidal mode number, and R is the major radius). The 
large wave amplitude peaks observed as the plasma density 
sweeps through the resonances are very narrow and compli- 
cate wave studies, rendering some measurements useful only 
at the set of discrete eigendensities. It would be desirable for 
investigations of wave physics to be able to observe the prop- 
agation without interference effects, as if the waves were 
traveling in an infinite cylinder. Since the waves travel with 
finite toroidal group velocity, one possibility is to examine 
the propagation on a time scale short compared with the 
characteristic time for eigenmode formation, i.e., short com- 
pared with the transit time of the wave around the torus. 
Launching wave packets from an antenna with short bursts 
of rf current was found to be a useful approach to study wave 
propagation without interference effects. The time of flight 
of the wave disturbance around the tokamak yields direct 
information about the toroidal group velocity, and, in princi- 
ple, the toroidal damping decrement can be determined as 
well. 

Wave-packet techniques have been used previously in 
plasma physics, primarily to investigate the propagation of 
electron plasma surface waves in cylindrical geometry.‘4-‘6 
A good review of this work was given by Moisan, Shivarova, 
and Trivelpiece.17 In tokamaks, the only previous use of this 
approach appears to have been an experiment that launched 
lower hybrid waves in the Doublet IIa tokamak.” 

In this paper we describe wave-packet propagation ex- 
periments performed in the Caltech Research Tokamak. 
The experimental apparatus and method are described in 
Sec. II. ICRF wave packets were successfully launched and 
detected in a regime where fast-wave damping was small. 
Multiple toroidal transits of the packet around the vessel 
were observed, and characterization of the transit time al- 
lowed study of the wave group velocity as a function of var- 
ious parameters. These experimental results are presented in 
Sec. III, along with data from radial probe scans which con- 
firmed that the packet was a global plasma phenomena rath- 
er than a mode existing only near the plasma surface. In Sec. 
IV we describe a simple cold-plasma model that was used for 
numerical calculations of the expected group velocity, and 
comparison with the experimental data is discussed in Sec. 
V. Conclusions and a suggestion for a future application are 
presented in Sec. VI. 

II. EXPERIMENTAL METHOD 
The experiments reported here were carried out in the 

Caltech Research Tokamak, a small device of circular cross 
section with an air-core Ohmic heating transformer. The 
major and minor radii were 45.7 and 16.2 cm, respectively, 
and there was no separate limiter. The tokamak operated 

with toroidal magnetic fields of 3-6 kG, plasma currents of 
15-35 kA, and plasma densities of 10’2-10’3 cmw3. Dis- 
charge lengths were typically 10-20 msec, and ion and elec- 
tron temperatures were 50-100 eV. The machine was oper- 
ated solely with hydrogen gas, and lengthy pulse-discharge 
cleaning was employed before each experimental run. The 
loop voltage, plasma current, and line-averaged electron 
density for a typical discharge are shown in Fig. 1. Note that 
gas puffing was used after the initial breakdown phase to 
provide a nearly linear density ramp. This allowed observa- 
tion of successive eigenmodes during experiments with con- 
tinuous rf excitation. A detailed description of this machine 
and its diagnostics and rf systems is contained in Ref. 10. 

The antenna used to excite waves for these experiments 
was a small loop (7.3 cm in poloidal extent), which was 
encased in a narrow ceramic box. The diameter of the copper 
rod forming the loop was 0.63 cm, and the toroidal extent of 
the shielding box was 1.9 cm. The antenna was installed in a 
port on the horizontal midplane on the low-field side of the 
machine. In operation, the antenna was inserted 2.5 cm past 
the inner wall of the tokamak (with the normal to the plane 
of the loop oriented in the toroidal direction) and at this 
position no change in gross plasma behavior was observed. 
The antenna loop was connected to a 1 m long coaxial feeder 
tube that provided the vacuum seal and connection to the rf 
source. 

A diagram of the wave-packet propagation experiment 
is shown in Fig. 2. At a frequency of 12 MHz, the duration of 
a typical rf burst was approximately 350 nsec. To generate 
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FIG. 1. Plasma parameters for a typical tokamak discharge. (a) Line-aver- 
aged electron density (from a microwave interferometer). (b) Plasmacur- 
rent. (c) One-turn iOop voltage. 
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FIG. 2. Diagram of the wave-packet propagation experiment. 

this waveform, a double-balanced mixer was used as a fast rf 
switch to gate the output of a continuous signal generator. 
The output of the mixer was amplified with a broadband 10 
W amplifier and was directly connected, via 50 CL coaxial 
cable, to the antenna. Since the impedance mismatch 
between the cable and the antenna was very large (an imped- 
ance-matching network was not used in order to prevent 
unwanted ringing of the antenna current), the rf pulse inci- 
dent on the antenna gave rise to a significant reflected pulse. 
This reflected pulse traversed the cable back to the gener- 
ator, at which point another reflection occurred, sending a 
pulse back again toward the antenna. The object of this ex- 
periment was to excite the rfantenna with a short, isolated 
burst of current. Therefore the cable between the generator 
and the antenna was made sufficiently long (300 m) that the 
round-trip propagation time for the reflected wave (- 3 
,z+ec) was long compared to the time scales of interest. In 
order to prevent excessive power loss in the incident pulse, 
the delay line was made from a large-diameter cable. 

The antenna current waveform was observed with a 
broadband rf current monitor mounted coaxially at the end 
of the antenna feeder tube. The wave fields in the tokamak 
were detected with an electrostatically shielded wideband rf 
magnetic probe that responded to the time derivative of the 
toroidal component of the field, This probe consisted of a 
small coil ( 3 mm diam), coated with a lacquer of controlled 
conductivity (to provide an electrostatic shield while not 
perturbing the rf fields) and inserted in a glass vacuum enve- 
lope. The overall diameter of the probe envelope was 1 cm 
and it could be inserted radially at least 5 cm past the vacu- 
um vessel wall without disturbing the gross characteristics of 
the plasma discharge. 

The only available data recording system capable of re- 
sponding in the submicrosecond time scales of these experi- 
ments was a 100 MHz bandwidth storage oscilloscope. 
Scope traces were recorded with astandard camera. In order 
to simplify operation, the cables leading from the magnetic 
probe and from the antenna current monitor to the oscillo- 
scope were matched in length. The inherent time delays as- 

sociated with the current monitor and the rf probe were in- 
vestigated and found to be negligible. 

In operation, a tokamak timing module provided the 
signal to start the wave-packet experiment. The timing sig- 
nal, which could be delayed to any portion of the tokamak 
discharge, triggered a pulse generator with two outputs. One 
output with a variable width was used to gate the rf switch; 
the other triggered the fast oscilloscope. Since only one high- 
speed storage channel was available, it had to be switched 
between the excitation signal (the rf antenna current) and 
the received signal (from the magnetic probe) on a dis- 
charge-by-discharge basis. In order to ascertain the propaga- 
tion time between the launched wave and the received signal, 
it was important that the oscilloscope trigger at precisely the 
same time from one discharge to the next. Timing pulses 
were carried by high-speed optical links, as shown in Fig. 2, 
and triggering jitter was found to be negligible. 

The observation of wave-packet propagation in this ex- 
periment required proper design of the excitation current 
waveform. It was desirable to make the toroidal extent of the 
wave packet smaller than the major circumference of the 
vessel in order to maximize the resolution of the time-delay 
measurement (i.e., to prevent the leading edge of the wave 
packet from overlapping with its own trailing edge). The 
spatial length of the wave packet could be shortened by re- 
ducing the time duration of the current excitation pulse. This 
did not necessarily lead to an increase in clarity of the ob- 
served signals, however, because shortening of the pulse 
width in time resulted in a broadening of its frequency spec- 
trum. As a result of nonlinear dispersion (8 ‘W/L% 2 #O), the 
envelope of a wave packet spreads out as it travels, and the 
shorter the excitation pulse, the greater the broadening. Ex- 
perimentally, the optimum antenna current pulse typically 
consisted of 3-5 cycles. Since wave packets were presumed 
to propagate symmetrically from the antenna in both toroi- 
da1 directions (asymmetry resulting from the static poloidal 
magnetic field was expected to be small}, the magnetic probe 
was located diametrically opposite the vessel from the an- 
tenna. That position optimized the received signal envelope 
separation as it allowed the greatest time interval between 
successive passes of the two oppositely traveling wave pack- 
ets. 

III. EXPERIMENTAL RESULTS 
Raw probe and current-monitor signals for a typical ex- 

periment are shown in Figs. 3 (a) and 3 (b). The probe was 
located in a vertical port 180” toroidally and 90“ poloidally 
away from the rf antenna, the fundamental excitation fre- 
quency cr) was 12 MHz, and the toroidal magnetic field on 
axis (B,,) was 4.0 kG (hence o/w,, ~2 on the tokamak 
axis), The rf pulse was triggered at a time during the plasma 
discharge when the line-averaged density ( fi, ) was 8 X lOi 
cme3. The antenna current pulse shown in the upper trace of 
Fig. 3 (a) is about four periods long. The received probe sig- 
nal consists of a series of approximately equally spaced 
bursts of oscillations with distinct envelopes of diminishing 
peak amplitude, and the first burst is delayed with respect to 
the antenna current. These signals are interpreted as result- 
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FIG. 3. Raw antenna current and magnetic probe signals for two typical 
tokamak discharges recorded at different sweep rates. Heref= 12 MHz, 
B,, = 4.0 kG, and ii,. = 8x 10” cm-‘. (a) A 2psec sweep period. (b) A 5 
psec sweep period. 

ing from wave packets traveling symmetrically in opposite 
directions around the torus. The envelope of the first re- 
ceived burst occurs when the packets have traveled halfway 
around the major circumference of the tokamak; the second 
envelope results from the packets traveling another full cir- 
cumference. Note that the time delay between the approxi- 
mate centers of the antenna current envelope and the first 
received signal envelope is roughly half the time delay be- 
tween the centers of the first and second received signal enve- 
lopes. This observation is consistent with the idea that the 
disturbance travels torodially with constant velocity. 

The traces of Fig. 3(b) show the raw signals from an- 
other tokamak discharge on a longer time scale; experimen- 
tal parameters were approximately the same as above. The 
small signal appearing 3 psec after the first burst on the an- 
tenna current trace is the first reflection from the incident 
pulse (having traveled through the delay line to the amplifier 
and back to the antenna again). The received probe signal 
displays at least four distinct envelopes of diminishing am- 

plitude. The successive envelopes appear to become broader 
and eventually the signal loses its coherent structure. The 
envelopes that are distinct are approximately equally spaced 
in time, supporting the hypothesis that they result from wave 
packets making multiple transits around the tokamak. 

A. Parameter scans 

Approximately 500 tokamak discharges were recorded 
while changing various plasma and rf parameters. The re- 
sulting data set was analyzed to yield the packet velocity as a 
function of the rf fundamental excitation frequency, the to- 
roidal magnetic field, and the plasma density. The packet 
velocity was defined as the major toroidal circumference 
(2.87 m) divided by the time delay between the centers ofthe 
first and second probe signal envelopes. Because the signal 
records were photographic in nature, the digital data analy- 
sis techniques routinely used for other diagnostics were not 
available. Tracings were made of the signals on each photo- 
graph and the envelopes were approximated; measurements 
were then made under a microscope with a scale. This proce- 
dure was subject to some arbitrary judgments. Nevertheless, 
reproducibility of the experimental data and subsequent 
analysis was adequate ( + lo%-20%) to clearly establish 
useful trends in the behavior of the wave-packet velocity. 
Typically, results from 3-5 plasma discharges were averaged 
for each experimental data point shown in Figs. 4-8. 

The dependence of packet velocity on plasma central- 
chord-averaged density is shown by the experimental points 
in Fig. 4 (the solid lines are results of calculations from the 
model discussed later). The excitation frequency was 12 
MHz and the toroidal field on axis was 4.0 kG. The density 
during the experiment was increased by keeping the dis- 
charge and gas puff constant and varying the time during the 
discharge at which the rf pulse was triggered. The results 

lOI \ ' I I 

:: 
8- 

f 
\ _ 
B 

m 
$ 6- 

z 
i3 
s 
Y 4- 

0’ I I 
0 0.5 1.0 1.5 

LINE-AVERAGED DENSITY C Id3 Cii3) 

FIG. 4. Variation of the wave-packet velocity with line-averaged electron 
density. The points are experimental data, while the three solid lines repre- 
sent calculations from the theoretical model using values for the vacuum 
layer thickness as indicated. For these data/= 12 MHz and B,, = 4.0 kG. 
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FIG. 5. Variation of the wave-packet velocity with the value of the static 
toroidal magnetic geld on the tokamak axis. The points and solid lines areas 
described in Fig. 4. Heref= 12 MHz and ii, = 8 X 10” cm m3, 

show that the velocity decreased by some 30% as the density 
increased from 3 x 10” to 1.2 x lOI cme3. 

Variation of the packet velocity with toroidal magnetic 
field is shown in Fig. 5. Here the excitation frequency was 12 
MHz and the plasma density at the time of the experiment 
was 8 X IO’* cm-‘. The velocity decreased somewhat as the 
toroidal field increased, changing by approximately 30% as 
the field varied from 2.5-5.6 kG. 

The variation of wave-packet velocity with the rf excita- 

0 I I I 
0 IO 20 30 

FREQUENCY (MHz) -2 0 2 4 6 8 

FIG. 6. Variation of the wave-packet velocity with excitation frequency. 
The points and solid lines are as described in Fig. 4. Here ii, = 8x 10” 
cm - ’ and B,, = 4.0 kG. 
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FIG. 8. Radial dependence of the wave-packet velocity. Conditions were 
the same as in Fig. 7. The points and solid lines are as described in Fig. 4. 
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FIG. 7. Radial dependence of the wave-packet amplitude detected by a 
magnetic probe located 180” toroidally and 90” poloidally away from the rf 
antenna. The wall is located at a minor radius of 16.2 cm. For these data, 
f= 12 MHz, Q, = 4.0 kG, and ii.. = 1.0X 10” cm- ‘. The points represent 
experimental data, and thesolid lines are the resultsof the theoretical model 
with the thickness of the vacuum layer as indicated and the amplitude nor- 
malized to match the experimental value at the innermost probe location. 

tion frequency is shown by the experimental points in Fig. 6. 
The toroidal magnetic field on axis was 4.0 kG and the line- 
averaged density was 8 X 10” cme3. The velocity increased 
by a factor of about 2 over a range of frequency from 8-24 
MHz. 
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B. Probe radial scans 

Experiments were performed to investigate the radial 
dependence of the packet amplitude and velocity of propaga- 
tion. 

The peak amplitude of the first burst on the probe signal 
is plotted as a function of the probe position in Fig. 7. The 
excitation frequency for this experiment was 12 MHz, the 
toroidal field on axis was 4.0 kG, and the plasma density at 
the time of the peak of the rf pulse was 1 X IO’” cmW3. The 
packet amplitude increased substantially as the probe moved 
into the plasma, varying by a factor of 10 over the range of 
positions investigated. 

Variation of the wave-packet velocity with the radial 
position of the probe is shown in Fig. 8; the experimental 
conditions were the same as for Fig. 7. There was no signifi- 
cant change in the packet velocity as the probe moved up to 6 
cm into the plasma. 

IV. THEORETICAL MODEL 4 (r) = aI,,, ( Tr) + PK,, ( Tr), 
A disturbance localized in space can be represented as E,(r) = ~1,~ (Tr) + 6K,,, (TV), 

B( x,t) = ,4 ( k)eick’” ‘Or) d “k, 

where B is some field component and k is the wave vector, 
related to the angular frequency o through a dispersion rela- 
tion. For a localized wave packet, the coefficient A(k) is 
peaked around some specific wave number k, . If the disper- 
sion is not too great, then expansion of w about k,. leads to 

B(x,r),B(x--$t, 0)exp [i(k‘.*g/tc -w=t)], 

where w, = w( k, ), and the envelope of the initial distur- 
bance progagates without change in form at the group veloc- 
ity vx = &J/C? k.19 Including higher-order terms in the ex- 
pansion shows that the form of the packet spreads out or 
broadens as it propagates. In this analysis, the exact mecha- 
nism of excitation of the initial disturbance is not considered 
(treatment of the complete initial value problem leads, for 
instance, to the phenomena offorerunners”). Motivated by 
the experimental results, we seek the toroidal group velocity 
of an existing wave-packet disturbance, and the appropriate 
dispersion relation (o(k) must be found. 

To describe the plasma wave propagation, we consider a 
uniform, cold, cylindrical plasma of radius r, and infinite 
length concentric with a perfectly conducting cylindrical 
shell of radius r?. A vacuum layer exists between the plasma 
and the conducting boundary. The axis of the cylinder is 
taken to be the z axis of the coordinate system, the azimuthal 
coordinate is 8, and the radial coordinate r. The background 
magnetic field B,, is assumed to be uniform and directed 
along the cylinder axis. The z component of the wave electric 
field in the plasma is neglected (equivalent to the approxi- 
mation of neglecting electron mass) and solutions to Max- 
well’s equations of the form e’(@+ mB-of) are sought where 
k,, is the parallel wave number and m, an integer, is the 
azimuthal mode number. Following Allis, Buchsbaum, and 
Bers,” for r < r, the result is simply 

4 ( 4 = J,, WI, 

where the field is normalized so that B, (Y, ) = J,,* (pr,) and 
p, the radial wave number, is given by 

p* = k:(< -<) +k;j -2k;kfc, 
k;EL - ki 

Here k,, = w/c, where c is the speed of light, and the elements 
related to the cold plasma dielectric tensor are 

2 

$=1-C wpi 

i CO* -tiff ’ 

EX 
= T ,2at”;2 3 ) 

CI 

where wci and wPi are the cyclotron and plasma frequencies 
for species i, si is the sign of the charge of species i, and the 
summation is over species (electron and protons in this 
case). 

In the vacuum region, r, <r < r2, solutions of the wave 
equations are 

where a, fl, y, and S are constants, I,, and K, are the modi- 
fied Bessel functions, and T2 = k * - k $. 

Boundary conditions at the plasma-vacuum interface 
require continuity of the tangential electric field and the z 
component of the magnetic field.“” At the vacuum-conduct- 
ing shell interface, the tangential electric field and normal 
magnetic field must vanish. Note that the 8 component of 
the magnetic field will not, in general, be continuous across 
the plasma-vacuum interface because the infinite plasma 
conductivity in the z direction arising from neglect of the 
electron mass permits a surface current to flow in that direc- 
tion. 

Continuity of E, at r = r,, together with the condition 
E, ( r2) = 0, requires that E, (r, ) = 0; hence E, vanishes ev- 
erywhere. The remaining field components in both regions 
can be written in terms of B, and JB, /&. In particular, for 
r < r,, we find 

JB, (r) 
EH(r) =iEF,B=(r) +iF,------, 

r dr 
where F, = k :E, /D, F, = (k,k; - k;E, )/D, and 
D=ki; -2kgkie, + kz (4 -.$ ). In the vacuum re- 
gion, r, < r < r,, it is easily shown that 

k, JB, (r) 
EtJ(r) = %- dr 

and 

B r = _ik,,~Bz(r) 
T* dr’ 

The boundary condition B, (r7) = 0 then yields a relation 
between a and P: 

r2TK, + , (Tr,) -mK,(Tr,) 
FE r,TI,+,(Tr,) +ml,,(Tr,) ’ 

(1) 

Continuity of the z component of the magnetic field at the 
plasma-vacuum interface gives another relation between a 
and p: 
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8= [J,,(pr,) -al,,,(Tr,)]/K,(Tr,). (2) 

Equations ( 1) and ( 2 ) allow solution for a and@ in terms of 
the plasma parameters. Continuity of the 6component of the 
electric field at the plasma-vacuum interface then yields the 
following relation: 

zFtJ,,,W,) + F2 EJ,,(pr,) -pJ,,, + , WI) 
rt rl > 

=-$ a TI,,, , 
H 

(Tr,) +mIm(Trt) 
rt > 

+B EK,,,(Trt) - TK,,, t (Trl) . 
rl I 

Since a andflare already determined, Eq. (3) represents the 
wave dispersion relation, connecting w to k,, , the plasma 
parameters, and the geometry. 

For sufficiently high density or frequency, or sufficient- 
ly low magnetic field, Eq. (3) may have more than one real 
solution fork ,, , corresponding to different radial modes. We 
refer to these solutions by the index 1, where I = 1, the first 
radial mode, is the solution that has the largest value of k ,, . 
Previous work”’ has shown, for the case with no vacuum 
layer, that over much of the range of parameters considered 
in these experiments, the only toroidally propagating mode 
is the m = 1, I = 1 mode. The exact boundaries of param- 
eters for which only one mode is propagating depend on the 
exact density profile, which is, in general, not known. The 
experiments described here showed distinct wave packets 
propagating over a wide range of parameters with a radial 
amplitude dependence that appeared monotonic. The prop- 
agation of more than one mode would lead to a distortion of 
the packet envelope and a change in radial amplitude profile. 
We assume for these calculations that only the m = 1, I = 1 
mode is excited, permitting straightforward evaluation of a 
unique toroidal group velocity dddk ,[. 

Inclusion of the electron mass terms in the wave equa- 
tions introduces a second value of radial wave number p for 
each toroidal wave number k ,, . For the parameters appropri- 
ate to the experiments considered here, this value of p is 
generally complex, resulting in solutions of the form 
1, ( 1 pjr). These solutions are significant only near the plas- 
ma boundary; neglect of this branch of the wave equation is 
experimentally justified since there was no evidence of radial 
wave field distributions peaked at the surface. 

V. DISCUSSION 
The theoretical calculations for the dependence of wave- 

packet group velocity on density, frequency, and toroidal 
magnetic field are shown by the solid lines in Figs. 4-6. In 
each case, three curves are shown corresponding to calcula- 
tions with a vacuum layer 1.0 cm thick (r, = 15.2 cm), a 
layer 0.1 cm thick (rt = 16.1 cm), and no vacuum layer 
(rt = 16.2 cm). 

The behavior of the group velocity as a function of the 
plasma density (averaged along a central chord to corre- 
spond to the actual measurement of the microwave interfer- 

ometer) is shown in Fig. 4. A marked difference is observed 
between the form of the group velocity with and without a 
vacuum layer. In the absence of a vacuum layer, the group 
velocity decreases as the density falls for ?I&, ~7 x 10” cmh3; 
for a layer 1 cm thick, the velocity monotonically increases 
as the density decreases within the range shown. 

For a uniform plasma that completely fills the conduct- 
ing shell, it can be shown that the propagating modes all 
suffer a cutoff ( uphase -+ CO, ogroup -+ 0) at a particular density 
and that the wave does not propagate below that density, It 
was first shown by Paoloniz3 that inclusion of a vacuum lay- 
er between the plasma and the conducting boundary elimi- 
nates the cutoff and allows waves to propagate to very low 
densities. The dramatic difference in the behavior of the 
group velocity near the cutoff density appropriate to the case 
with no vacuum layer is a manifestation of this effect. The 
experimental data points in this region agree reasonably well 
with the calculations that use a 0.1 cm thick vacuum layer. 

Calculations showing the dependence of the group ve- 
locity on the toroidal field, for fixed excitation frequency and 
plasma density, are plotted in Fig. 5. Here the largest devia- 
tions between the three calculations occur at high fields, 
where the case with a 1 cm vacuum layer predicts a signifi- 
cantly higher group velocity than was actually observed. 

Finally, the variation of group velocity as a function of 
excitation frequency is plotted for the three cases in Fig. 6. 
The largest differences between the calculations occur at low 
frequency, where the case without a vacuum layer shows a 
cutoff while the other two cases do not. The best fit at low 
frequency is obtained from the calculation with a 0.1 cm 
thick vacuum layer, but all three cases show significant devi- 
ation from experimental points at higher frequencies (this 
could result from a breakdown of the assumption of single 
mode propagation). The increase in group velocity occur- 
ring at frequencies below that corresponding to cutoff for the 
calcuIation without a vacuum layer could not be confirmed 
as data points below 8 MHz were not available. 

Although significant approximations were made in the 
theoretical model (neglect of toroidicity, magnetic field gra- 
dient, poloidal field, electron mass and thermal effects, as- 
sumption of a single propagating mode and a constant den- 
sity profile with a sharp boundary, etc. ), the trends in group 
velocity predicted for an assumed vacuum layer 0.1 cm thick 
are in moderate agreement with the experimental wave- 
packet velocity data. It should be noted that the lack of a 
limiter in the Caltech Research Tokamak means that the 
region at the plasma edge where the density is very low (i.e., 
sufficiently low that w > utower hrbr,d ) is quite thin. Lang- 
muir probe studies suggest that this layer is, in fact, much 
less than 1 cm thick. 

The radial probe scans of amplitude and velocity (Figs. 
7 and 8) demonstrate that the wave packet is not simply a 
surface phenomenon: the fields extend throughout the plas- 
ma cross section and the packet propagates uniformly in the 
toroidal direction, as expected from the results of the model. 
There is good agreement between the predicted and ob- 
served magnitude of the packet velocity. The radial depend- 
ence of the wave-packet amplitude, however, is one area of 
disagreement between the experimental data and the model. 
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The observed field falls off faster at the edge than the vari- 
ation predicted by the model [J, ( pr) ] in the absence of a 
vacuum layer. The model predicts an even smaller decrease 
in the field amplitude at the edge when a vacuum layer is 
included. The same discrepancy between the experimental 
data and the model was seen previously’” for B, field profiles 
at eigenmode resonances during experiments with contin- 
uous excitation. In that case, independent measurements 
confirmed that the poloidal dependence of the fields was 
appropriate to the m = 1 mode. It is possible that the differ- 
ence between the experimental results and the theoretical 
predictions for field profiles near the edge may arise from the 
actual boundary conditions at the wall, which differ from the 
assumptions of the model because the probe is introduced 
through a 2.2 cm diam port in the wall of the vessel. The 
tangential conducting surface that supports B, at the edge 
by allowing surface currents to flow in the poloidal direction 
is thus absent from the local vicinity of the probe. 

VI. CONCLUSIONS 

Wave packets in the ion cyclotron range of frequencies 
have been successfully launched and detected in a tokamak 
plasma. The amplitude of the wave magnetic field associated 
with the packet increased toward smaller minor radii while 
the velocity of propagation was approximately constant, in- 
dicating that the packet traveled as a global plasma distur- 
bance and not as a surface phenomenon. Several traverses of 
the packet around the tokamak circumference could be ob- 
served before packet broadening led to loss of coherence. 
The group velocity was obtained from the transit time of the 
wave packet and was investigated as a function of plasma 
density, excitation frequency, and static toroidal magnetic 
field. The magnitudes of the observed velocities ranged from 
one to three times the Alfven speed. The packet velocity 
decreased with increasing density or toroidal magnetic field 
and rose with increasing excitation frequency. Trends in the 
experimental results were compared with the predictions of 
a simple cold-plasma model, which considered a single prop- 
agating mode, and reasonable quantitative and qualitative 
agreement was found when a thin vacuum layer was includ- 
ed at the plasma edge. 

In a different form, the wave-packet technique for inves- 
tigating fundamental physical properties of ICRF waves 
might prove useful in larger and hotter tokamak plasmas. 
Although the toroidal damping lengths in machines such as 
TFTR and JET may be too small to observe toroidal propa- 
gation, the dimensions and densities are such that it might be 
feasible to launch wave packets that would propagate radial- 
ly. It is speculated that this approach could yield a method of 
probing the supposed radial reflections that occur at various 
resonance layers in these plasmas. 
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