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Abhstract

ICRF HEATING, PARTICLE TRANSPORT AND FLUCTUATIONS IN TOKAMAKS.

The paper consists of thres parts, Part A reports the results of ICRF heating at
power levels up to five times Ohmic hesting.  The ions were heated from 30 to 200 eV while
the electron temperature increased fTom 150 to 250 eV under optimum conditions.
iImpurity generation is controlled by Ti or Cr in-situ vapour deposition of about 100 A thick.
ltcating is observed to vanish as the plasma density is raised above 10'* ¢m™ in Macrotor
and 10" cm™* in Microtor. Below these densities and at high power levels, the plasma particle
confinement time, and consequently the energy confinement, diminshes with power input,
Density clamping, drop or rise are produced depending on wall conditions. Part B describes
magnatic field fluctuation muiurements on the Caltech research tokamak. At low
frequencics, f < 100 kHz, the B spectrum is dominated by anm=20r3 maode and its
harmonics, while at high frequencies, 100 kHz <f < ] MHz, the B Auctuations are broadband
snd have short correlation lengths, Part C reports on FIR scattering measurements of density
fluctuations in the Microtor tokamak. The fluctuations exhibit a power law falioff of W3S
between 100 kHz and. 500 kHz and k™ for 6 om™ <k <20 em™. A comparison of these
measurements with theoretical models and with transport is presented.

Part A

HEATING AND TRANSPORT
(R.J. Taylor, G.J. Morales, F. Schwirzke, 5. Talmadge, 5.J. Zweben)

1. INTECDUCTION
We have conducted an investigatiom into the nature of

ICRF heating under a broad range of conditions using the Mic-
rotor and Macrotor tokamaks. The machine operating parameters
are:

* Supported by US Department of Energy Grant No. DE-AM03-765F-00010.
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Macrotoy Hicyotor

0.1 T<Bp< 9.4 T 1T <Bp<2,5T

20 kA< I, < 100 kA _, 20 kA <TIp<120 kA

I x 107 cm? <N, <3x10%em > 1 x 10Vem~? <N < 5x 10"
R=0.9n; a=Q04m R=03m; a=0,1m

These devices obey the Alcator-A scaling law[l]). Particularly
large flexibility ias found in programming the denaity {beta)
while keeping the temperature constant. This 1is attributed to
the wall conditions and the low impurity levela. For example,
the total impurity radisted power (edge plus cemter) can be kept
below 1% of the ohmic input. The majority of the input power is
loat by charged particle transport, The plaamas are often doped
with CO2 in order to increase the line radlation for diapgnostic
Teasond. This gas is mixed into the working gas and puffed
during the pulge.

RF power, up to 0.5 MW at 0.5 QSH*CMRF*: 6xp, is applied
through lcop couplers {antennse) locared on the outside of the

plasma. These may act as limiters when the plasma approaches
them, We have investigated many different but simple antemmae
similar to the TFR designe[2], with and without shielding the
currents and fields. Fig. 1 shows the placament of the antenna
in a typical configuration.

FIG.l. Placement of an antenna in

Maecrotor sthowing insulation of Faraday shielding
Improved coupling can be obtlained by
coniouring the eantenna to the plasma.

Two important ingredients have been found relating to
antenna design: {1) avoid plasms current flowing to energized
parts; and (2} place the loop close to the plasma edge, Electric
fields {less than 10 k¥/cm) arcund the insulators exposed to the
plagma are found inconsequential, being shielded out by the
plasma. Bowever, on occasion we have used a Faraday shield to
proteck the insulators from sputtering, as shown in Fig. 1.

2. WAVE PROPAGATION

Fig. 2 shows the calculated propagation zone of the fast
Alfvén wave in Macrotor, for various azimuthal mode numbers, ng,
in & deuterium plasma at the second harmonic. Here we followeg
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Perkins' formulation{3]. Due to the high density in these de-
vices, large mode numbers can be propagated, up to ng v 25 in
Macrotor at 3 x 10'%n ¥ and 20 in Microtor at 3 x 10'%*cm ? (not
Shown) . Experimentally we find that the dominant k; is selected
by the plasma so that the mode number is approximately propor-
tional to the density. Consequently, at high densitles k; is
large and the propagating region narrows. The evanescent region
between the antenna and the Alfvén cutoff layer therefore be-
Comes wider, The consequence of this is seen in Fig. 3, vhere
the dominant wave amplitude as received by a probe dacreases
While the wave number (phase) increases. Thus, the optinum
heating 15 observed at moderate densities, about three rimes
Smaller than the maxizum attainable in each device. This cor-
Te&aponds to a beta on axis of 1X.
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3. ICRF HEATING

The heating has been investigated for a variety of con-
ditions, the most promising being the lon-hybrid and the minority
regimes, 0.04 ng/np<0.5. Significant edge hesting, (T,. ~ 3%
T, # has bean peen under most conditions, e.g. at the thh
harmonic of deuterium., Fig. 4 shows the time-dependence of the
obgerved heating, in the two-ion regime. The fon heating was
monitored by Doppler broadening of CV at the center. Filgure
5 ahows the typical spectrum of charge-exchange neutrale. Faat
iona up to 10 keV can bhe produced in Macrotor. These lons are
mainly lost by charge exchange on a l-msec time scale, while the
bulk ion confinement time 1= 5 msec.
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In our experiments the ion temperature rises linearly with
{nput power when the power is low. But when the RF power exceeds
the ohmic heating power, the heating efficiepcy falls off due to
a reduction of the particle confinement time. The heating satu-
rates a&nd the main effect of the additional heating power is to
reduce the confinemsnt. In Macrotor, therefore, we have real-
ized conditions where an upper limit to power input is seen in
texrms of transport and not impurities or power transfer. In
Microtor, the experiments have been limited to low power input
due to the compactness of the device. More elaborate antemna
designs are under iuvestigation to increase the coupling without
yeducing plasma size, Even so, we were able to see enhanced
charge-exchange flux activity at toroidal resonances. The heat—
ing efficiency in Microtor alsc decreaseg with density faster

than lxnen

4 . TRANSPORT

The effect of the RP on the particle containment was not
evaluated in earlier tokamak experiments. Generally, a density
increase has been seen [4], possibly due to impurity influx. In
Macrotor we have seen bath density increases and decreases, de-
pending on wall conditions. When the recycling rate i1s leas
than unity, as when the walls are clean and gas is puffed during
the discharge, the density f{s obeerved te fasll. This can result
in the reduction of Tp to 1 msec from the usual 5 msec,

Fig. & shows this effect versus antenna current. The
rate of fall has been extracted from the traces shown in the in-
set. The trangport is observed to increage linesrly with an-
tenna current, in analogy with results from earlier experiments
on other devices[5]. A maes dependence has alge been noted,
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FIG.8. Osciliograms of current rise and
densiry drop due to a short rf pulse. The
density drop in the center is delayed by

2 ms at high dengities, The density drop
&t the edge i1 promp! frot shown).

FIG.7. Global particle containment
versus ion mass in H, D and He plasmas
wnder rypical experimental conditions,

When operating in H, D and He plasmas, the particle containment
time increases somewhat as the gquare root of the mass. This is
shovn in Fig. 7.

Fig. & shows the time behavior of the density integrated
along a central chord, on an expanded time scale for a short RF
pulse. The density drop appears delayed with respect ta the RF
pulse by 2 mesec. At the edge of the plasma, near the antenmna,
the density drop is prompt, less than 50 Mamec. This indicates
that the center is affected by a diffusion process, not directly
by the RF field which quickly (10 usac) builds up at the center.
It appears that the edge heating is responasible for the transpert,
and that the edge temperature varies as the square of the an-
tenna currtent. Convective transport at the edge may then be
driven at a rate propertional to the ion sound velocity, that is,
proportional to the square root of the edge temperature over the
atomic wmass. This density drop may not be observable in devices
where the impurity influx cools the plasma edge[6]. In that
cage the resulting cold plasma may block off the escaping parti-
cles, and a density rise may be observed even without a central
impurity increase.

Part B

MAGNETIC FIELD FLUCTUATIONS
IN THE CALTECH RESEARCH TOKAMAK

(M A Hedemann, B.5. Levine, R W. Gould)

Recently there has been great interest in magnetic field
fluctuations in tokamaks, since varicus mechanisms have been
proposed[7-10]1by which they might explain the observed anomalous
electron thermal transport.
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We report experimental results on the characteristics of
broadband magnatic field fluctuwations ohserved in the Calteech
Besearch Tokamak (R=,46m, a=.l5m, BpnST, I.v30kA, Tev100-2006V)
from magnetic probes inserted into the plasma. Similar measure-
ments have been reported on the Macroior tukamak[ll]. A multi~
channel digital data acquisition system with a Nyquiat frequency
of 2 megaHertz (and in some situatione to 10 MAz) is employed
which permits continuous recording of signals from &patially
separated probes which measure various components of the fluetu-
ating field, These signals are archived for spectral, correla-
tion and coherence analyses.

A strong m=2 oscillarion (f20WHz) dominates the first 2
meec of the discharge (the current pemetration phase). The
amplitude decays rapidly as the electron demslty falls from a
peak value of 10 %cm ® to 3x10'%cn ., Mode number can be estab-
lished from the phase of the cross power spectral dengity of two
probes with different poloidal locatione,

Later in the discharge, when the electron density has
settled toa a relatively constant valve, the application of these
measurement techniques has shown relatively broadband epectra,
up to 1 MAz, During this phase, the r.m.s, fluctuation level of
both the radial and the poloidal components is 1-5 Gauss (V10 2
By or "uln-’BT}. The r.m.s, fluctuation level of the toroidal
compouent ia <20% of this. The fluctuations propagate in the
electron diamagnetic drift direction with a phase velocity of
Vv10%:m/sec. The fluctuations are well correlated only for piobe
separations <" 5cm. The B, spectrum is dominated by low fre-
quencies (En20-40kHz), while the By gpectrum is flat to ~300iz,
The spectral density of both Bp and B, decrezses monotonically
above thesa frequencies as £ © with m varying from a value of 2
to & duyring the shot {Figure §).

The time development of magnetic fluctuations, theilr
spectrs, correlation lengths and cobersnce have also been atud-
led during density baildup and decay from neuntral gas-puffing.
During the density rise, an exponentially growing w=2 oscillation
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with a growth time of0.2 msec is observed, which compares well
with resistive tearing-mode theory. This mode reaches a satu-
ration amplitude (Bp) of a few Gauss. It is highly monochroma-
tic and exhibits a high coherence between probes. During the
density decay, a multipesked coherent mode structure, which has
been identified as the fundamental and (etrong) harmonics of the
m=2 and the m=3 wodes, hae been observed. The harmonica are
seen to rotate with the appropriate fundamental, and are be-
lieved to originate as deformations of m=2,3 magnetic islands,
An o=/, n=2 mode (f~77kHz) is also frequently seen, An m=3
mode (fv55kHz) 1a seen occasionally, The maximum achievable
density prior to disruptions is found to be cousistent with the
Moralkami limit.

Yo direct experimenta have been done which connect
fluctuations with anomalous electron thermal transport. Al-
though much of the enargy of the magnetic fileld fluctvations re-
sides in the low-frequency (f<100 kHz} portion of the spectrum
in what appear to be partially coherent modea, at least 10%
(v10” “By) of the field strength 1s present in the broadband
non-modal portion of the spactrum. This may be enough to pro-
vide tracsport.

Part C

FLUCTUATION MEASUREMENTS ON THE UCLA TOKAMAKS
(F. Lee, N.C. Luhmann, Jr., A. Mase, W A. Peebles, A. Semet, 5.7 Zweben)

Low-frequency electron density fluctuatioms (f = 5 kMz -
1 HHz) in the UCLA Microtor tokamak have been studied ueing CW
far-infrared {FIR) laser scattering and compared with standard
probe techniques. The measurements are performed in two reg-
imea: low-density (b, * 2 x 1013 cm-3) and high-density
{ng 2 5 x 1013 cn~3) plasmas, In the latter case, preliminary
ICRF heating studies have alac been parformed and the effects on
low~-fraquency fluctuations are briefly reported.

FIR lasers are ideally suited to the study of collective
fluctuations in magnetic fusfon plasmas. For FIR lasers the
scattering angle is large (8 = 1-40° for typical fusion plasma
parametera}, Therefore, they provide good spatial resolurion
{Ax = -3 cm) while air.xll:mauusly providing good wavenumber
resolution (4k £ 3 cw™). Additionally, by varying the source
wavelengeh in the FIR, one can determine the wavenumber spec-—
truw S(k) over a wida region of k-epace, which is of importance
when calculating absolute density Ffluctuation levels,

Foxr the FIR homodyne scattering measurements discussed
bere, the output of an optically pumped FIR lamer (ClIH.P,

A w1.222 o , P = 3—5ﬂorCE3I, A= 0,447 mm , P-iﬂ-lS i)
enters the plasms alomg a vertical plane where the beam diampeter
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FIG.10. [a) Wavenumber spectrum of scattered
1.222-mm (circles) and 0.477-mm (squares} radiation.
b} Frequency specirum of scattered 1.222-mm
radiation.

45 2.5 cm for C1¥H4F or 1.5 cm for CH3I. The scattered light In
the same plane as the input beam 18 collected by a movable mir-
ror which allows the variation of the scattering smgle § from
OO to 20°. Thus, the wavevector to be detected is perpendicular
o the toroidal field. Near the plasmes center the ascattering
occurs primarily from the kg component of the fluctuations
sehile at the plasma edge the k. contribution dominates.

The I.F. signal iz amplified by a series of Iow-tioige am—
plifiers (1.5 dB N.F., Af = 10 kHz-10 MHz, G = 70-90 dB} and
fed either directly into a high speed digitizer for waveform
analysis, or into a crystal detector in order to study the time
evolution of the frequency-integrated signal.

Detailed experiments were performed in the low-density
regime [12]and the following teatures were typically observed.

(1) As shown in Fig. 10, the density fluctvations exhibir a
power law fall-off w—2-5 between 100 kBz and 500 kilz and k-3.3
for 6 cm~l ¢ k< 20 en-l (0.6 ¢ k¥ py £ 2). A large enhancement

of the very low frequency components (f < 20 ¥Hz) 1is chserved.
The spectrum of the denaity Fluctuations de&egtcd by Langmulr

Probes waa also found to scale as I(i.'n}2 « tor £ » 100 WH=z.

(2) This spectzal shape is independent of radial position r,
which means that su isotropic turbulence spectrum 1s formed in
2 two-dimensional plane.

(3} Total density fluctuations obtained by integration of
S(__l_'l,_. w} over w and k are found to be peaked 2t the plasma edge,
wielding ﬁfnn = 1,5%.
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Prelininary regults have been obtained in the high-density
plasma with and without ICRF heating. Figure 11shows the fre-
quency spectra at two different radial poaitionms. It 18 seen
that the high-frequency components are enhanced at small mlues

of v (1.e. kB > kr}'

Linear thecry predices that the waves will lie in the
drift wave frequency region withw = wt = kﬂvai.whare vq* la
the electron d:l.nagnet:l.c drift velocity, v% = 2-4 x 10° cm/mec.
For k; = 3.6 cm™ 1 (rm0) we cbtain wt/2r = iﬂﬂ-2ﬂﬂ kHez, which is
consiastent with observed pesk. These renults are in contrast to
the low-density case (n, 5 2 x 1013 ca~3) where the very low
frequency components (f ¢ 20 kiz) dominate at all radial posti-
ticna.

HRecently, FIR scattering has been performed during ICRF
heating although the antenna structure had not yet been opti-
mized, The wavenumber spectra were cowpared with and without
ICRH ag ehown in Fig,12. The power law fall-off in wavenumber
spectra is k=3.530.3 yithoot rf which is the same as the low-
density plasma case while k=3.13 0.4 wi¢h rf, Typical normalized
density fluctuation lewvels of~4I are observed In both casen.

The energy confinement time calculated from the measured
plasma parameters is = 1 msec for the low-density and = 5 meec
for the high-denaity case. These allow entimntfs of the global
heat diffusion coefficient Dg = azfﬂTE'~ 3 x 10 em’?/sec and
6 x 103 cnlfgec, respectively, Thig can be compared with the
enhanced diffusfon expected from low-frequency sicroturbulence.
Cheng and Okuda [13], using computer simulations, have shown that
convective cells can be excited nonlinearly by drift instabili-
ties. These cells have different frequency spectra from that
of the drift waves with mora apectral weilght at small w, din
qualitative agreement with the data showm In Flg, 10. In addi-
tion, they give rise to an anomalous di fu:inn coefficient
D = (cT.py)eBL, which yields (1-4) x 10 cm?/sec for our experi-
nental parameters, which is in good ngreguamt with the energy
confinement time for the low-densicy plasms.
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FIG 12, Wavenumber spectrum of scattered 1.222-mm radiation at two times
in the tokamak discharge with (squares} and without {vircles} ICRF heating.

From the usual quasilinear procedure, the cross-field dif-
fusion coefficient due to the electrostatic drift wave fluctua-
tions is estimated as D = yL2 |%/n,| 2 where y iz the Eruwth
rate of the linear unstable wave. If we assume that y~! is
roughly given by the measured autu—currglat on time of the
fluctuations {~ &4 usec), we find D = 10 faec for fifn_ = 1.5%
and 7 x 107 cm?/sec for ﬁ!no = 4X. The latter value is in good
agreement. with the energy confinement of the high-density plasma.

In conclusion, we have observed for the first time the
power gpectta of density fluctuations in the Microtor tokamak
by uaing FIR laser scattering. These fluctuations may be
identifled as collisionless drift waves and nonlinearly excited
convective cella, It is shown that these fluctuations may be
one of the main causes of anomalous transport,which is much
larger than that predicted by the neoclasaical theory.
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DISCUSSION

F. WAELBROECK: You have shown that ICRF heating increases the
temperature but causes a density decrease for deuterium plasmas in Macrotor.
Is the net effect an increase in the total plasma energy and, if so, what is its
magnitude? Increasing the plasma energy tends to shift the plasma position
radially cutwards and enhances the plasma-antenna contact. What provisions,
such as feedback control, exist on Macrotor to Yimit this cutward displacement
and prevent resuitant particle losses, which are expected to be much larger for
D than for He because of the different recycling properties on the metal surface?

R.J. TAYLOR: The plasma energy increases from $(0) = 1% to Q) = 3%.
The radial shift is accommodated by anticipating it with programming. There
are, however, alsc some problems with feedback systems, so we have not used
them. The difference between the recycling of D and He is intrinsicaliy so
large that plasma motion is not observed to be a significant factor in the results.

P.E. JACQUINOT: Did you study the effect of minority concentration
on heating and pump-out?

R.J. TAYLOR: Yes. The minority contribution to heating is significant;
the effect on pump-out is not. However, we have observed some minority

transport in the axial direction at the cycloiron layer by using Faraday-cup detectors.

P. VANDENPLAS (Chairman). Did you make a systematic investigation of
the damping mechanism and under what conditions do you have maximum
power absorption?

R.J. TAYLOR: It is still difficult to show maximum power absorption by
direct diailing conditions owing to the compiexity of the operating regimes.
However, on the basis of results over the last two years, the two-ion regime 100ks
more ¢fficient than the H-second harmonic by a factor of two. This conclusion
may be altered in the future as a result of changes in the excited power spectrum
produced by new antennae.
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T. TAMANOQ: Can you be certain that the density change iS due to the
presence of RF fields rather than to a change in local temperature?

R.J. TAYLOR: Both factors may be important, the major effect possibly
coming from the edge temperature, which is not cooled by impurities in Our case.

R. ITATANI: | would like to comment on the importance of mode
selection for ICRF heating. Linearly polarized RF fields generate convective
plasma motions because the ponderomotive force enhances the plasma losses.
On the other band, rotating RF fields do not give rise to convection. These
conclusions have been confirmed experimentally on both a small tokamak

and a linear plasma.



