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ABSTRACT

The results of the recent, high power ICRH experiments
performed on the ST Tokamak are reported. It was demonstrated
that both the fast and slow waves could be genefated in toroidal
geometry;and heating of the plasma ions at power levels up to
1l MW was ob§erved both at the ion cyclotron frequency (wci) and
its second harmonic (2wci). Measurements by a charge exchange
neutralvdetector directed tangentially to the plasma torus
revealed that at 2wci the ion energy within the bulk of the
ion distributien function ("parallel body temperature") could
be increased from about 100 eV up to 200 eV with efficiencies

ranging from 8 to 45%. Efficiency at W, in raising the parallel

i
temperature was less than at ZwCi. Charge éxchanée neutral
detection perpendicular to the plasma column showed that both

at W. 4 and 2wci the "perpendicular body temperature" was enhanced
Verylrapidly by-a factor of up té 3. 'Also, buildup of a high
energy "tail" in the ion energy distribution was observed. Power
transfer to the ions seemed extremely efficient. However, %n the
present experiment, the maximum attainable ion temperature
increase was limited by rapid loss of high energy ionsHﬁgres;ﬁébly
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through particle orbii loss cones. Some experimental evidence
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for the loss mechanism is presented. The problem was particularly
severe in the present experiments because the low frequency (25 MHz)
of the available generator forced operation of the'device&with“
field and current too low to attain good confinement. The principal
limitations on the maximum energy input resulted from disruptive
instabilities following influx of neutrals from the limiters and
walls. Some indications that this was caused by sputtering by
resonantly accélerated oxygen ions were oboccrved. Appeardice

6f toroidal eigenmodes as sharp peaks in the loadiﬂg resistance

was alsd obSeerd. Extrapolation to larger tokamaks of the coming
generation supports a bright outlook for the rf heé£ing’in this
fregquency range.

*The content of this report was presented as invited paper
8A-1,2,3 at thg leth Annual Meeting of the Div. of Plasma

Physics, APS, Albugquerque, N. M., 28-31 October, 1974.
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INTRODUCTION

We have conducted experiments in the ST Tokamak on plasma .
heating by the fast wave et the second harmonic of ehe ion
cyclotron frequency and by the ion cyclotron wave at Ehe
fundamental resonant frequency. We cal} these experiments

simply ICRH experiments. This paper summarizes the work9

conducted by the following team of researchers:

J. Adam J. Hosea

H. Eubank : F. Jobes

W. Getty R. Sinclair
E. Hinnov H. Takahashi
W. Hooke

This summary concerns primarily the ion'heating aspects of the

1o and also contains the results of further analyses

experiments
of the experimental data beyond those presented elsewhere.9

From earlier experiences with the C. Stellaratorl and many
other devices, it had been known that ICRH is an efficient method
of heating plasma ions. ‘However, before these earlier successful
results in essentially linear geometries are translated to
toroidal geometries and larger scale experiments on a tokamak
are attempted, certain questions had to be answered: For example,
can wave generation and propagation take place in the inhomogeneous
maghetic field of a tokamak, and can ion heating take place in the
absence of magnetic beaches? The present series of.experiments
were designed to provide answers to these questions. Earlier, we
have reported2 the results of lower power experiments Qesigned
primarily to study wave generation. The emphasis of our recent
efforts lie in high power ion heating and this presentation is
accordingly centered aroupd this aspect. However, a few important

findings on wave generation will also be touched upon.



Our expetimental eet-up is shown schematically in Fig. 1.
This is the p;an view of the ST Tokamak showing the plasma torus
and an array;§f'toroidal field coils. For the heating experiments
the device was operated most of the time at a toroidal field of
16 kG and an Ohmic heating current of 25 KA. ﬁith this discharge

the line average electron density was between 0.6 and 1.2 x 1013

cm—3 and the peak electron temperature-was about 650 eV. The ion
temperature w1thout rf heating was less than 100 eV, this was

a rather feeble discharge compared “to what the machlne was capable
of producing. These operating conditions were forced upon us by
the 25 MHz frequency of the available generator, reQuiring a low
toroidal field (16 kG) for the second harmonic of the deuteron
cyclotron freqnency, and a scaled down Ohmic heatiné current to
maintain a stahle discharge. As we shall see below, this resulted
in poor confinement of heated ions;

The waves;Were generated by a pair of half-turn rf coils
shown in Fig. i' The means of assessing ion heating were two
charge exchange neutral atom detectors. One of them was located
near the rf c01l looking perpendlcularly at the plasma torus,
and the other on the far side looking tangentially." Since the
latter is on the side of the torus'epposite the rf‘éoils, it is
reasonable to a;eume that the entire plasma is heated to a
‘temperature atileast as high as the:temperature indicated by
this detector.? The measurement by this detector is the one we
use in asse551ng ion heating.

In Fig. 2 the minor cross sectlon of the plasma and one of

the half-turn c01ls that run in the inner side of the torus are

shown. The tor01dal magnetic field falls off as a functlon of

h
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increasing major radius. By changing the toroidal .field
stfength we can place this resonant layer where we wish. The
quantity  that appears often in later discussions is defined
as §. = w/wci. Q =1 and Q = 2 are therefore the fundamental

and the second harmonic resonance conditions.
METHOD OF EVALUATING ION HEATING

Figure 3 shows what happens to the charge exchange neutral
signal when a rf pulse is applied. The abscissa is the setting
of the energy analyzer, and the ordinate is the logarithm of
the detector signal divided by a known function of the energy.
The curves have been displaced vertically for better visibility.
Time is measured from the start of the rf pulse. Each of these
points represents the average of three shots. If the particle
energy distribution is Maxwellian, these points should lie on
a straight line and the reciprocal of its slope gives the
temperature. |

The left-hand figure refers to the perpendicular detector.
StartingAfrom a Maxwellian distribution before the application
of the rf pulse, we see thqﬁ'a huge "tail" is formed shortly
after the initiéfion of the pulse, this tail formation is also
predicted theoretically.8 As time elapses, the distribution
is seen to relax closer toward a Maxwellian. Similar behavior
is also observed for the tangential detector but the tail for-
mation is less pronounced. We are dealing with essentially non-
Maxwelliaﬁ energy distributions, but we wish to characterize
heating effect by some convenient parameter like temperature.

To do this we fit two straight lines to these data points as



shown in Fig.:g, We call the effective temperatﬁre'determined

from the low egergy part of the distribution the "body" tempera-

ture, and the. one from the high energy part the "tail" temperature. .
All subsequént references to ion temperatures are, unless other-

wise specified; these body temperatures. Therefore, we are

being conservaﬁive in assessing the energy content of the

measured part.éf the distribution function;

ION HEATING

Let us now look at the ion heating results. Figure 5
shows how the Eerpendicular temperature varies with:time as the
2 = 2 plane iéﬁmoved across the plasma column. Going clockwise
from the left—éop figure, Fig. 5 (a)—(c), we see that the
teﬁperature ingcrease is largest when the resonant plane is
positioned at Fhe center. The last figure [Fig. 5(@)] shows b
a result that ié intriguing at first sight: some heating was
observed even when the resonant plane was completely outside

‘the plasma. Wé attribute this to resonant heating of impurity

ions, and subsequent transfer of ehergy to deuterons: by collisions,

7+

the = 2 reéonant planes of 0 and 06+ were still inside

the plasma. Werhall have more to éay,about the effect of

impurity ions on heating and sputtering.

Figures 5(a) and (b) have the ., = 2 resonant

layer at R = 104 cm and R = 110 cm respectively.

The third (c) case has Qp, = 2 at R = 118 cm

and Q2,7+ = 2 at R = 103 cm. The fourth (d4)

case has Q@ , = 2 at R = 131 cm, Q47+ = 2 at

R = 115 cm and Q,6+ = 2 at R = 99 ¢cm. Wave .
power is about 78 kW except for the third (c)

case ‘with 89 kW. : "



The smaller second peak ‘in the temperature appearing at
about 9 msec after the beginning of the rf pulse is caused by
the influx of high-Z impurities from the walls and limiters.
The high-Z impurities iﬁcrease the electron-ion coupling and
make Ohmic heating more effective. 1In fact the electron-ion
equi-partition time for these cases is about 9 msec. .[This
impurity heating effect must not be confused with heating due
to resonant acceleratioﬁ of oxygen ions mentioned in connection
to Fig. 5(d).] |

The effective Z determined from the resistivity
rises from 2.9 to 3.9 due to high-Z impurities
released by rf pulse. The electron-ion equi—
partltlon time is glven by }ﬁpitzer, pP- i&
(msec) = 994 (A/22) T3 (keV)/n_ (10

lnﬂ. This gives t = 9. l?lgsec for $e = 0. 65
kev, z = 3.9, ne—85x10 and 1nA £ 15.° The
temperature drops again after the second peak,
presumably because the Ohmic discharge returns

to the original equilibrium state.

For ail the ion temperature results presented here, the rf pulse

length is only about 1 msec long and the rf and high-Z impurity.
heating effects were well separated from each other. 1In the
subsequent discussions only the temperature increase due to
rf heating is considered.

Some cases of the parallel temperature response are shown
in Fig. 6. Through cyclotron resonance the ions gain energy from
the wave field in the perpendicular degrees of freedom, and
through Coulomb collisions the energy spreads into the parallel

degree of freedom. T, rises therefore more slowly than T

i SO
as is evident from the figure.

As indicated in the figure, we have observed the appearance
of disruptive instabilities when the energy input into the plasma

exceeded several hundred Joules. Since the ion energy confinement



time (computed - for parabolic radiai density and teméerature
profiles) was ébout 4 msec for these cases, the optimum rf pulse -
length would have been greater than 4 msec. However, the dis-
ruptive instabilities caused by the impurity influx and subsequent
narrowing of the current.channel prevented the'use 6f rf pulses
longer than 1-2 msec. This was one of the procésses that limited
the maximum attainéble heating andeill be discussed later in
more detail.

The previous results refer to = 2 heating.; Measurements
at @ =1 show a smaller increase in Ty: although the increase.
in T, was comparable to { = 2 heating. It was also observed
that unlike the~fasf wave. ( = 2) the ion cyclotron waves
(% = 1) did not propagate around the‘torus. Heating was
accbrdingly locélized near the coil and the parallel'temperature
detector on the;far side of the torus indicated only small
temperature changes. It must also be noted here that, because
of the impurity problems, nearly all of the heating-experiments
at the fundameﬁtal cyclotron frequency were conducted with the
resonant'layer positioned near the 6uter‘edge of the plasma
resulting in pobrer confinement of the heated ions.-

For the daﬁa presented in Fig. 6, the line average electron
density.varied:from 0.6 ~ 1.2 x 1013 cm-3, the net:.rf power in
the wave field ;varied ffom 75 ~ 150 kW, except for the top
left [Fig. 6(a)] case with 350 kW, and the pulse length ranged

from .0.6 ~ 1.7 msec. Various normalizations were applied to

these*data in drder to facilitate comparisons, shown.in Fig. 7.
Figure 7(a) shows the increase :in T, due to rf_heating

ranging from 40 eV to 110 eV. The abscissa is the power times
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"the pulse length divided by the total number of ions in the

machine. This quantity represents the amount of energy
available for heating, expressed in units of keV per ion.

The curve tends to saturate as the available energy per ion
increases indicating decreasing efficiency. The reason for
this falling efficiency will be discussed below. In order to
have some idea as to where our present achievement stands
relative to alternative means of supplementary heating, we
have also plotted the iatest results from the neutral beam
injection heating experiments3 conducted in the ATC machine.
The temperaturé rise attributable to injection is plotted
against similarly defined available heating energy per ion.
The beam pulse length is 10 msec in these experiments and. the
Ohmic heating current is between 60 and 70 kA, compared to

25 kA for the ST experiments. Multiplying AT by 3/2 k we
obtain the ion energy increase per'ion.' Dividing this quantity
by the available heating energy>gives an efficiency which is
plotted in Fig. 7(b). ihis efficiency based upon.the total
temperature rise ranges from 8% to 45% for the present ICRH
experiments.

Alternativgly, we may define a heating rate efficiency
based on the power input into the ions which is plotted in
Fig. 7(c). The power input was normalized to account for
different densities. For neutral beam injection the heating
rate was greatest during theAfirst 1 msec of the pulse. It
is this higher rate that is used in Fig. 7(c). In all of these
experiments, we éee that the results of the two alternative

methods of heating are comparable. We must keep in mind,
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however, these;experimentslwere carried out in two;aifferent
devices with different plasma properties. 1In particular,
confinement properties of the ATC plasma were superior to
those of the ST plasma under present experimental éonditions.

We now leave the description of the experiments and their
results and discuss the principal difficulties encogntered in
our quest for ﬁigher ATi. There are two tasks: one is to
identify the principal cause of power loss and accoﬁnt for the
falling efficiéhcies with increasing energy input and the other
to explain theineutral gas influx that led to disruptive

instabilities. ™
LOSS OF ENERGETIC IONS THROUGH LOSS CONES

We believe' that the dominant méchanism of energy loss in
the present experiments was the loss of energetic ions through
particle orbit loss cones. In Fig. 8 the loss cones: for the
ST Tokamak undéi the present operatihg conditions are sketched
in the customaf& manner. (Loss cones shown in Figs. 8 and 9
are presented in‘the manner originally due to J. Rome7 and these
specific results were obtained using a computer codelprepared
by R. Smith.)

For several radial positions associated loss
cones ‘are shown in the E, - E, energy space.

The negative value of E, refers to ions moving
against the Ohmic heating current. If an ion
located at a radial position, e.g., at r/a = 0.6,
happens to possess energy above and to the:left
of the associates loss-cone curve, then it is on
a drift orbit too large to be contained within
the plasma and ends up striking a limiter or the
vacuum vessel wall. Ions with energies below and
to the right of this curve are contained.
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Note that the loss cones extend down almost to the thermal
energy indicated by a shaded triangular region near the origin.
Most ions are originally contained within this region.. The wave
field accelerates ions in the perpendicular directions and the
dis&ribution becomes stretched in theAvertical direction.

If we imagine the third coordinate axis
perpendicular to the plane of the paper
representing the distribution function,
the original isotropic distribution is
represented by contour lines running at
45° with respect to the horizontal axis
as shown near the origin. 1In the process
of heating, ions moving along field lines
pass through the thin resonant layer many
times with their initial phase randomized
by Coulomb collisions. Therefore the
resonant heating in the present situation
is a diffusive process in velocity space.
But the resonant acceleration is in the
perpendicular directions and the distribu-
tion becomes enormously elongated in the
vertical direction upon application of an
rf pulse. '

Most.of'the ions with large values of E, are trapped iﬁ
banana orbits. (The‘trajectory in the energy space of a portion
of the banana orbit is illustrated in the figure by a 45° line
segment stafting at E, = 2 keV.) These ions are either on

uncontained banana orbits and are on their way out of the plasma,

" or they are on contained orbits but are likely to be pitch-

angle scattered onto uncontained orbits by small Coulomb collisions

within a fraction of the deflection time. Clearly, the lifetime
of these ions is of the order of the bounce time around the

banana orbit and a large amount of power could be lost from' the

“plasma by thése~processes.6

Experimental evidence that these processes were indeed

- taking place in our experimentuis provided by charge exchange

neutral signals in Fig. 8. The top oscillogram is from the
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perpendicular’ detector and the bottom is from the*iangential |
detector. The perpendicular signal rises quite sharply indicating
high effectiveness of the wave field in accelerating the ions.

But the signal comes quickly to a saturation level suggesting
existence of some strong loss mechanisms. On the other hand,

the parallel signal increases more gradually over the entire
period of the.rf pulse. Notice also that the perpendicular

signal is an order of magnitude greater than the parallel

signal at the same energy. Considering the difference in the
length of thesiine'of sight the perpendicular signal intensity

is nearly 50 times the parallel éignal intensity. This is
evidence of a Etrongly anisotropic distribution.

Now, for the effects of the loss cones let us look at the (&)
relaxation process following the termination of the rf pulse,
Starting from a. highly anisotropic state, the ion distribution
relaxes toward:a more isotropic state through deflecting
collisions that alter the direction of the motion of an ion
but keep its eﬁérgy essentially unaltered. In the absence of
the loss cones, the amplitude of the distribution function along
the parallel energy axis should build up at the expense of the
amplitude along- the perpendicular axis.

More precisely, particle depletion from

the energy range under observation due to -

the slowing-down process competes with the

particle influx due to the deflection process.
‘However, at high energies, the deflection is

a faster process than the slowing-down. The
trajectory in energy space of an ion under-

going’ such deflection is illustrated in Fig. 8 >
‘by a 45° line through the point A. The process

is again diffusion in velocity space and ions
carry out random walks along such trajectories,
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but the net effect of the isétropizing
relaxation processes is the downward
migration of ions. Trapped ions would
‘move onto larger banana orbits and become
eventually circulating ions.

Clearly, the signal from the parallel detector must increase,
rather than decrease, after the end of the rf pulse at the
expense of the decreasing signal from the perpendicular detector.
A glance at the oscillograms in the figure shows that the
observed E, signal decreased in contrast to these expectations.
The explanation is that, because of'intervening loss cones, this
direct isotropization path was closed to most of the energetic
ions and they escape via the loss cones. The decay time of the
perpendicular signal is a measure of the time scale within which
these ions are lost. As the power input and hence the wave
amplitude iﬁcreases, ions are accelerated to higher perpendicular
energies resulting in greater energy loss. This picture is-
consistent with the observed decrease of heating efficiency
as the power input was increased.

Quantitatively speaking, we are trying to account for the
fate of the rf power ranging from several tens of kW to a few
hundred kW that went into the rf field but 4did not appear as an
increase in T,. Now, according to our two Maxwellian representa-
tion 6f the ion distribution, the tail of the distribution
contains approximately between 8% and 40% of the ﬁotal ion
energy. This energy is lost on a time scale comparable to
the decay time of the E, signal. From this, we estimate

roughly that some 20 to 200 kW of the power loss could be

accounted for by this loss cone mechanism.
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It must ‘be emphasized at this point, however, that this \
large power loss due to loss cones was caused by the unusually
low Ohmic heating currentrwith which we had to operate the
device: To make this point clear, Fig. 9-compares,the loss
cones of ST under the present operating conditions ‘and those
of ATC under which the neutral beam injection experiments were
performed. Far superior conflnement capabilities of the ATC
plasma are ev1dent from this figure. The loss cones in future

larger dev1ces,such as PLT and T10 lie in much higher energy

ranges and therr"influence will be greatly reduced.

IMPURITY INFLUX e

When* the total energy input from ICRH exceeded several | o’
hundred Joules, we encountered another dlfflculty, the plasma
became unstable’ due to impurity influx. Figure 10 shows the
sequence of events leading to d1srupt1ve 1nstab111t1es when
the rf power was applled forzaprolonged period. Thowson scat-
tering radial proflles of the electron density showed the density
increase first a;peared at the edge of the plasma and then
moved inward &he electrons were cooled near the edge while
they were heated at the center leading to an 1ncrea51ngly
narrower current*channel. The incremental density increase was
strongly dependent on machine conditions. It became: progressively
smaller as the machlne became cleaner and as the basé pressure
decreased toward :the end of the experimental period. -As the
density 1ncreased,-the loop vo}tage rose and finally ' led to
disruptive instabilities and characteristic negative voltage

spikes appeared.:
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Figure 11 shows how the incremental density increase due
to a 2.5 msec rf pulse'vafied with the confining field currents.
The values of the current for the Q@ = 2 and @ =1 deuﬁeron
fesonant layers to be located at the center of the plasma are
igdicated along the abscissa. We naturally suspected that the
impurity influx was caused by bombardment by energetic deuterons
that escaped fhrough the loss cones. However, the dependence
shown here is inconsistent with the picture of deuteron bombard-
ment afgne. The maximum was not located at the deuteron
resonances but was between the two deuteron resonances. The

Q

2 condition éorresponds to a minimum and the increment at

Q = 1 was much greater than that at Q = 2. ‘When.we also indicate

on the same plot the resonance layers of various oxygen ions, the
picture became clearer. Although impurity oxygen ion concentra-
tion was at most a few percent (an effective-Z measurement indicated
oxygen concentration of 3% before rf and 5% after rf, while
spectroscopic measurements gave increase of the concentration from
2% to 4% due to the rf pﬁlse), the ‘sputtering efficiency of impurity
iun scales as Z2M and, therefore, ah 05+ ion has a sputtering yiéld
200 times that of a deuteron at the same encrgy. We see from thé

6+

figure that O and 05+ ions were probably responsible for the

central maximum, while the peak at Q = 1 was probably caused

by O4+ as well as deuterons. These ions with low ionization
potentials would be cqncentrated near the edge of the plasma where
the confinement is poor. On the other hand, O7+ and 08+ witﬁ ﬁuch
higher ionization potentials would be concentrated .near the axis
where Te was high, they were, therefore, petter contained and

were probably contributing to heatiné}rather than sputterihg. It
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should be added here that these multiply charged ongen ions
are resonantly accelerated as effectively as deuterons by the
. 6 | :
rf field, and hence become as energetic as the deuterons. "

Multiply stripped metal ions such as iron and
molybdenum can also be resonantly accelerated.
But these do not seem to be the source of
sputtering in the present case: the successive
cyclotron resonances of these ions are finely
spaced and hence, if these ions were responsible
for sputtering, the "dip" in the density
increase curve of Fig. 11 between Q_ 4% =.2

and Q 5¥ = 2 resonances could not Be explained.
Furthér, the elentron temperaturc was too luw

to multiply ionize significant number of these
heavy. ions. If the resonant accelcration and -
expulsion through loss cones of impurity ions
was indeed what was happening in these
experiments, it is not unreasonable to think

of exploiting such phenomena to rid the plasma
of impurity ions. This is analogous to a scheme
proposed by Samain ,3 in which the resonant
accelération is utilized to trap impurity ions
within magnetic field ripples. The trapped ions
leave the plasma due to unsymmetric drift as
they bounce between the local mirrors. , X

“r

We now come to the question of whether the rf field itself
was the cause of:instabilities. There are strong indications
that this was nof the case. For example, we observed that the
instabilities oééurred weli after the rf pulse had ended, and
we could simulaté the processes leading to instabilitics by
injecting cold éés into the vacuum vessel through a pulsed gas
valve. This expériment also showed that injection of deuterium
gas had no effect on the plasma stability or the ion temperature,
while injection of heavy gases such és Ng and N, éauséd disruptive
instabilities to-occur and the ion temperature to rise. We
conclude that heavy impurities, but #ot the recycled deuterium, L

were primarily résponsible for the disruptive instabi_lities.9

P
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TOROIDAL EIGENMODE TRACKING

We now turn our atteﬁtion to one aspect 6f wave generation
in a toroidal geometry. There will be a more detailed report on
this subject by W. Getty and Hoseall later in this session, but
we wish to mention one finding which we believe must be considered
in assessing future prospect of ICRH.

One way to characterize wave generation‘efficiency is to
represent the ‘loading of the generating circuit due to radiation
of the waves by an equivalent series resistance. This resistance
is computed by dividing the net power.inpﬁt into the coil by the
square of the,coil current. Figure 13(a) shows the time variaf
tion of the serieé resistance at the fixed magnetic field
corresponding to £ = 1.16 at the center of the plasma. As the
Ohmic discharge evolves the electron density varies as shown in
Fig. 13(b). This density variation causes the loading of the
circuit also to vary with time. fThe greater the loading resistance,
the greater the fraction of the power that goes into the wave compared
to the circuit loss. We interpret sharp peaks in the loading curve
as appearance of toroidal eigenmodes.4 Under these conditions the
‘vacuum vessel 1is acting as .a plasma-filled toroidal cavity at a
resonance. If we can excite one of these eigenmodes and then
stay on top of it as the plasma condition evolves with time by
suitable means,.e;g.,Aby feedback control, we could greatly
cnhance the wave éeneration efficiency and circuit loss would
be negligible. This would . also have a desirable consequence
of reduced voltage across the coil for a given rf power, thus
ameliorating the voltage breakdown problem - often a bottleneck

in the high power rf heating experiments.
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SUMMARY AND FUTURE PROSPECTS

We have demonstrated through these expefiments-that the
ions in a Tokamak can be heated by iCRH. Its effectiveness in
tefﬁs of incremental temperature rise as Qell as efficiency is
‘comparable to the achieveﬁent.of the neutral beam injection
heating conducﬁed in ATC.
The major. source of power losses was identified as the
loss-cone loss, which was really a peculiﬁrity of the present
experiment rather than something inherent to TCRH itself. We
can reasonably extrapolate the presént results to an experiment
under more optimum conditions, especially in larger devices
such as PLT, T1l0, etc. in which loss cones pose much less
problems, and .expect greatly improved heating efficiencies.
Exploitation of toroidal cavity resohance should also greatly I
enhance the wave generating efficiency and ameliérate the voltage
breakdown problems. In these regards ICRH appears to be a very
attractive means of heating-ions in the coming generation of
Tokamaks.
dn the other hand, indications of a new, potentially
troublesome source of difficulties, i.e., resonant acceleration
of impurity ions and consequent sputtering df heavy impurities
was observed. Well coordinated .efforts to minimize the influence
of impurities may become necessary in the future expéeriments.
Theoreticdl analysis of toroidal eigenmodes and heating
rate in inhomogeneous boundea,plasma will be helpful for designing
future experiments. Experimentally, a test of heating efficiency

under the optimized conditions, without being penalized by poor -
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confinement of heated ions, is called for. Influence of
resonant acceleration of impurity ions must be- studied more
extensively. Solving some technological problems associated

with toroidal mode tracking at large power levels is also needed.
) ACKNOWLEDGMENTS

In preparation of this paper, the author was greatly
benefited from discussions with and suggestions from F. Perkins,
T. Stix, J. Sinnis, S. von Goeler, R. Smith, S. Cohen and
E. Meservey. In particular the author is grateful to F. Perkins
for bringiﬁg to the author's attention a work by J. Rome on
loss cones for neutral beam injection and for suggesting‘that
a similar mechanism might be responsible for the power loss in
the present experiments.

This work was supported by United States Energy Research

and Development Administration Contract E(11-1)-3073. -



-20-

REFERENCES

M. A. ROTHMAN, et al., Phys. Fluids 12 (1969) 2211.

2

J. C. HOSEA and W. M. HOOKE, Phys. Rev. Lett. 31

(1973) 150.

3H P. EUBANK Symposium on Plasma Heating ‘and Injectlon,

Varenna, Italy (1974)

4F. W. PEBKINS, et al., Third International Symposium
on Toroidal Plaéma, Garching, Germany (1973) paper B-8.

SA. SAMAIN, Symposiun onh Plasma Heating in Toroidal Devices,
Varenna, Italy kSeptember, 1974).

®F. W. PERKINS, private communication. .

7J; A. ROME, et al., Meeting on Theoretical Aspects of
CTR, Berkeley, (April 4, 1974). ‘

8r. W. PERKINS, Paper 8a5, and T. H. STIX, Paper 8A8, The
_Slxteenth Annual Meetlng of the Div. of Plasma Phy51cs, APS
Albuquerque, N M.,_28 31 (October, 1974). -
9Thé paper, IAEA-CN-33/A3-2, by J. ADAM, et al. was
submitted to the:International Conference on Plasma Physics
and Controlled Thermonuclear Fusion Researcﬁ, Tokyo, Japan
(November, 1974)f

lOMore de%ails on thé wave propagation aspects of the
experiments may pg found in the paper by J. HOSEA, Symposium
on Plasma Heating in Toroidal Devices, Varenna, Italy
(September, 1974).

llW. D. GETTY and J. C. HOSEA, The Sixteenth Annual Meeting
of the Div. of Plasma Physics, APS Alberquerque, N. M., 28-31,

" (October, 1974) Paper 8A6.



NEUTRAL
DETECTOR
TIH

..
4
X

X
>
X

e 20%0%0s

QXXX

AR
D
SRR
(X
.00
XRRR
o)
P

%
ode,
()
&
LR
aa %%

®e
.,

00
&
2

>
&
>

NEUTRAL
DETECTOR
i,
Bage
PROBES
M, N OR A
ATTENUATION
LENGTH
" RF EXCITATION COILS [ ¢ PUMP I
| 2
' : = 2 o - Vre
[FRF' L Veg s Rs PRF/IRF ) Rp = Per
743866
Fig. 1. Plan view of the ST Tokamak. Locations

of two half-turn rf coils and two charge-exchange
neutral detectors are indicated.
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Fig.” 2. Minor cross section of the plasma and a
half-turn rf coil. Toroidal magnetic field falls off
as a function of increasing major radius and the
cyclotron resonance condition is satisfied on a
cylindrical surface of constant major radius.
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better visibility.
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used to assess ion heating.
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In some cases disruption of the plasma due to impurity influx
was observed.
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Fig. 8. Loss cones of the ST Tokamak at Tog = 25 kA.

(The loss cones are presented after the manner originally due
to J. Rome’/, and these specific results were computed by

R. Smith.) The oscillograms show signals from perpendicular
and tangential charge exchange neutral detectors at E = 1600 eV.
Much greater E, signal during rf pulse indicates a strongly
anisotropic distribution. Because of intervening loss cones
many energetic ions undergoing isotropization via direct
deflecting collisions become lost. The E, signal therefore
decreases, rather than increases at the expense of the E;
signal, after rf pulse ends.
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Fig. 9. Comparisons of loss cones of ST at Iog = 25 kA
and those of ATC at Ioy = 70 kA. (The loss_cones are presented
after the manner originally due to J. Rome,7_and the specific
results were obtained using a computer code written by R. Smith.)
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Fig. 1C. Sequence of events leading to disrupzive instabilities.
Variation with time of the radial profile of (a) electron temperature and
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Fig. 1l1. Density increase due to a 2.5 msec rf pulse as

a function of confining field current, Values of I, for
which the @ = 1 or © = 2 resonant layer %or deuterons is
located at the center of the plasma are indicated along the
abscissa. Resonant conditions for various impurity oxygen
ions are indicated along the curves.



R, (OHMS)

(4mm fringes)

Ne

= J P

v | k& |
¢, R-SERIES M3
L
| 1.4
N
L 1.0
-
- U.é
0.2 . A .
1 i 9 e |
0 20 40
41 .
2._
0 20 40 60

TIME (ms)

746001

Fig. 12. Loading resistance at § = 1.16 and electron
density variation with time. Sharp peaks in the loading curves
are interpreted as due to toroidal eigenmodes.





