1% \\\\L%// ) [—1: ///
B AlIM ///,/\\\\0

“.’Qg?; \\\i‘:\'/// rL
o O \\\//‘b

A \/ Association for Information and Image Management N PR <

\\\/ 1100 Wayne Avenue, Suite 1100 //// \ (1’1{’{%:;&16\///9\\\{?

Silver Spring, Maryland 20910

-b 301/587-8202 ° < e
\ \g &°

Centimeter
7 § 9 10 11 12 13 14 15 mm

1 2 3 4 5 6
||||||||||nuhmluulm||1mlu||||1ul||nluulu|||unqullmll||llnnhn||m||n|||m|ln|||m|1|||||||n!uuluulnnhnlth
‘l—rl||HT||IHITHH'IIH[HH'HI1||ﬁ||||i|||||l|1|||;|lr|i

1 2 3 4 5
! Inches i e (12
| 10 =i
= w22 122
= vk =
=l 120
my T
= = je

————
———

125 fus je

%) \
4 E A N\
o M Y S

e///&;& \\\ // MANUFACTURED TO AIIM STANDARDS //01\)\%\%‘;2%%:\@2\

0/7 BY APPLIED IMAGE, INC.







ok AACY Q- -1,

& 43 D’ 5@
4
6 PREPARED FOR THE U.S. DEPARTMENT OF ENERGY,

R UNDER CONTRACT DE-AC02-76-CHO-3073

PPPL-2913 PPPL-2913

UC-420,421,422,
' 424,426,427

FAST WAVE DIRECT ELECTRON HEATING IN TFTR

BY

M. MURAKAMI, E.F. JAEGER, F.G. RIMINI, ET AL.

v MAY, 1993

TH i e i

i
‘ .
- amnsl]
! i .mnmmnmlom’-_‘, .‘mnuum
i)

— 11' il |I
p "HMH‘I \X ““'"s "‘ i
Lo 'ﬂ |“ |“ / {

2 =y )

‘-‘ B




NOTICE

This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof,
nor any of their employees, makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would
not infringe privately owned rights. Reference herein to any specific commercial
produce, process, or service by trade name, trademark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring
by the United States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.

NOTICE

This report has been reproduced from the best available copy.
Available in paper copy and microfiche.

Number of pages in this report: 8

DOE and DOE contractors can obtain copies of this report from:

Office of Scientific and Technical Information
P.O. Box 62
Oak Ridge, TN 37831,
(615) 576-8401.

This report is publicly available from the:

National Technical Information Service
Department of Commerce
5285 Port Royal Road
Springfield, Virginia 22161
(703) 487-4650




This is a preprint of a paper presented at the Tenth Topical
Conference on Radio Frequency Power in Plasmas, April 1
through 3, 1993 in Boston, MA, and will be published in
AIP Conference Proceeding Series.

5 UNLIMITED



)

FAST WAVE DIRECT ELECTRON HEATING IN TFTR

M. Murakami?, E. F. Jaegerd, F. G. Riminib, D. A. Rasmussen?,
J. E. Stevens, J. R. Wilson, D. B. Batchelor2, M. Bell, R. Budny,

E. Fredrickson, R. C. Goldfinger2, G. Hammeit, D. J. Hoffmand,
J. C. Hosea, A. Janos, R. Majeski, D. Mansfield, C. K. Phillips,
J. H. Rogers, G. Schilling, G. Taylor, and M. C. Zarnstorff

Princeton Plasma Physics Laboratory, Princeton University,
P. O. Box 451, Princeton, NJ 08543-0451

2 Permanent Address: Oak Ridge National Laboratory, Oak Ridge, TN 37831-8072
b Permanent Address: JET Joint Undertaking, Abingdon, OXON, OX14 3EA, UK

ABSTRACT

Direct electron heating experiments were carried out in two regimes: Br=4.6 T
with D* supershots; and Bt = 2.3 T with 3He majority. The electron power deposition
profiles measured with modulation of RF power are found to be strongly peaked in the
core with the total volume-integrated power of up to 80% of the modulated power. The
magnitude and profile shape agree well with those predicted by a full-wave code.

INTRODUCTION
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Fig. 1 Time evolution of modulated RF power and

plasma parameters in the high field regime
(Br=4.6 T with D* supershot)

with modest RF power.

Direct electron heating with fast
waves is a prerequisite to a viable current
drive scenario for future steady-state
tokamaks; it is also an attractive
alternative to the normal ion resonance
method, since it does not require the
addition of non-reactive ion species and
avoids the complication of minority ion
tails in studying the effects of alphas.
Since the direct electron heating is
relatively weak, it is essential to minimize
competing ion damping. Direct electron

~heating experi-ments in TFTR have been
Ecarried out in two regimes: high field (BT
2= 4,6 T) and low field (2.3 T). The

results obtained are similar to those of

earlier work.1-3 Modulation of the RF
power facilitated measurements of heating
power deposition profiles. The centrally
peaked electron power deposition
represents a large perturbation in electron
transport in NBI-heated plasmas even

EXPERIMENTS IN THE HIGH FIELD REGIME

The high field experiments (Bt = 4.6 T at Rg = 2.62 m) were conducted in the 3He
minority regime but with no 3He present. The only ion resonance is the deuterium
fundamental resonance on the high field side. Figure 1 shows the RF power waveform
and time evolution of several plasma parameters. Strong DO NBI of 24 MW into a low



edge recycling D* plasma creates a supershot* target plasma with high CPntral electron
temperature Te(0) = 8 keV and high central density ne(0) = 7 x 1019 m-3, which are
necessary for reasonable single-pass absorption. The 47-MHz RF power was =100%
modulated (APgw = 1.65 MW) with a 5-Hz square wave. Modulation of Te(0) in
response to the RF modulation demonstrates efficient direct electron heating. However,
as is usual in supershots with NBI alone, the supershot performance later degrades,
owing either to MHD instability or to limiter recycling. The electron temperature profile
was measured by a 20-channel ECE grating polychrometor with 0.2-ms time
resolution, and the eiectron density was derived from Abel-inversion of 10-channel FIR
interferometer signals with 1-ms time resolution.

HEATING POWER PROFILES

The electron heating is analyzed by two methods. First, the step in the power per
unit volume absorbed by electrons is inferred from the change in T slope through Age
(3/‘2)neA(aTdat) at the time when the RF power is turned on or off, provided the heat
0.6 ———————— . 20 transport remains con-
de  Po SHOT 66341 stant during the RF
05 A@Tgdllgn O e | f(=355-36s ] power transition and
ST ACTedMNott D e ~ 4P, there is no discontinuity
[ ite) & 5" in electron density. The
typical period to deter-
mine the slope is 10 to
15 ms before and after
the RF transition. A
second method involves
a Fourier transform of T,
data whose fundamental
frequency (wp) com-
ponent can be related to
the square wave am-
plitude of the power
deposition through Ge =
RADIUS, p (2/m)0m(3/2)neTe when
Fig. 2 Electron power deposition profiles (power density and the modulation is fast
volume-integrated power) measured for the first RF pulse ~
shown in Figg.mi. C‘i)r%les represent the power densilypto enough -(meE 3
electrons inferred from A(dTe/at) at the tum-on of the first Figure 2 shqws
the power deposition

pulse, squares represent the corresponding analysis at the profiles measured for the

t ff, and triangl t th Its of the Fouri
aunTl.)zis.an triangles represent the results of the Fourier first RF pulse (3.5 to 3.6

s). The electron absurbed

power profiles derived
from A(dTe/0t) analysis are strongly peaked in the core, but become small at the outer
half of the plasma radius. The total volume-integrated electron absorbed power Pe(a)
reaches 80(£15)% of APgw. The Fourier transform method also gives similar results,
althcugh it could only be used to determine core deposition owing to low signal at outer
radii. Since the single-pass absorption is less than 10% under the present experimental
conditions, these results indicate that multiple-pass absorption is taking place.
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Fig. 3 Electron and ion power deposition profiles (power density
and volume-integrated power) predicted by PICES full-
wave code for the experimental conditic. » at the turn-on
and turn-off of the first RF pulse shown in Fig. 1.
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Fig. 4 Electron power deposition profiles (power density and volume-

integrated power) meas

ured for the last three RF pulses (t = 3.9
-4.3 s) shown in Fig. Dots represent averaged values of the

change of the time-derivatives of the electron storted energy at
the RF power transitions, and squres represent corresponding
values for the time-derivative of the electron temperature alone.
The total absorbed power magnetically measured is shown by

the large dot.

becomes broad, reducing the central density.
power modulation begins shortly after the de

i

|

The measured
power deposition
profiles are consistent

(E 8Pew with those predicted by

a 3-D, full-wave code,
PICES (Poloidal Ion
Cyclotron Expansion
Solution) with multiple

(100) modes.> The
predicted power depo-
sition profiles (Fig. 3)
based on the experi-
mental profiles show
the centrally peaked
ge(r) with integrated
power of 75(x1C)% of
the input power. The
fundamental deuterium
ion resonance at the
normalized radius p =
3/4 is predicted to ab-
sorb 20(£10)% of the
input power, as shown
in Fig. 3. The calcu-
lations of the electron
and ion power ab-
sorption are subject to
uncertainties due to
eigenmode structure
and shear Alfvén res-
onance near the edge,
both of which are
sensitive to details of
the profiles assumed.%
The evolution of
plasma conditions in
the discharge influences
the electron heating.
Supershot performance
degradation (not unique
to discharges with RF)
starts soon (=30 ms)
after the first RF pulse
ends. The central elec-
tron temperature starts
decreasing. The peaked
density profile, charac-
teristic of supershots,

Density modulation synchronized with RF
gradation starts and is probably caused by




limiter recycling. The electron density modulation (only present in the latter part of the
discharge) must be taken into account in the power deposition analysis.

Figure 4 shows the electron power density calculated from the change in the
slope of the electron stored energy density (A(dU./0t)) based on the output of the time-
dependent profile analysis code TRANSP (with 5-ms time resolution). Comparing this
with the power deposition profile solely based on A(dTe/dt), we observe that the
density modulation has little effect on the profiles within p = 0.3, but has substantial
effects on the volume-integrated power at outer radii. The total electron absorbed power
Pe(a) is 60(£10)%, of which about 30% is the density-related loss at outer radii. The
total (electron and ion) power deposited in the plasma can be calculated from the
modulated components of the plasma stored energy measured from the diamagnetism
and equilibrium position. The modulated components of both magnetic signals (using
“boxcar” averaging to remove slow evolution of the plasma energies) have the same
peak-to-peak amplitudes. This is consistent with the absence of the velocity space
anisotropy without minority ions. These measurements show that the total absorbed
power Pip(a) is 80(£10)% of the input power. The difference (=20%) between this
value and the total electron absorbed power could be attributed to the power absorbed
by D+ ions in the fundamental resonance, although time resolution and statistics in the
ion temperature measurements are insufficient to detect the modulation in the presence
of large heat input from NBL

EXPERIMENTS IN THE LOW FIELD REGIME

Low field
025 T T T T T T T 0.8 experiments were con-
e P, | SHOT4%8% B;-237 ducted at Br =2.3 T with

) AP =15 MW . .
%} AloTedton @ —— " 1 3He as the majority ion

020

= 19 m-3

o 9 T [reExeRh ion. The competing ion
resonances include the
1 fundamental H resonance
_. at the high field edge, the
1 04 2 second harmonic 3He
T.resonance at the center,
& and the third harmonic D
resonance toward the low
ba® field side. Direct electron
QD § ] heating is clearly seen in
2P 3 V8 the modulation of central
000 —t— 1 ® O B 0o | ., electron temperature in
00 02 04 06 08 10 response to the mo?)d-
ulated RF power (100%
RADIUS. modulationp of 1.5 MW
Fig. 5 Electron power deposition profiles (power density and RF power with a 4 Hz
volume-integrated power) measured in the low field square wave) The ion
experiment (BT =2.3T with 3He majority ions). temperature measure-
ments showed that the
second harmonic 3He is
weak.” Figure 5 shows results of the electron heating power deposition analyses for
one of the cases. The measured volume-integrated power absorbed by the electrons is

30 to 50% of the modulated power.
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05 T T DISCUSSION
8(T) . .
6 @ Direct electron heating
04 Fl 23 ¢ . has been observed in the low
and high field regimes in
® .7 TFTR. Although the com-
03 J - peting ion resonances in these
; 7 regimes are rather different,
7 o - the observed electron power
02 [ /7 e - . deposition profiles are sim-
/7 i ilar, and are strongly centrally
S -~ peaked. In both regimes the
o1 1 power deposition in the core
(within p = 1/4) increases
. N with increasing central elec-
tron pressure (product of
0.00 0.05 0.10 015 ng(0) and Te(0)). Although
Central electron damping rate, (Ag™!)go (m™") the magnetic field dependence
is not certain, the core power
Fig. 6 Volume-integrated power absorbed by electrons in the core depositions at two different
(p < 1/4) normalized to input power versus single-pass fields are roughly pro-
electron damping rates calculated at the center. portional to corresponding
electron damping rates cal-
culated at the center, as shown in Fig. 6. In the high field regime, as much as 90% of
the RF power can be damped directly on the electrons. The measured deposition
profiles agree well with those predicted by the PICES code. Comparative experiments
showed that the overall heating efficiency with direct electron heating is similar to that
with either NBI alone or 3He minority heating8 with the same power input. The direct
electron heating offers an attractive alternative in DT experiments on TFIR for studying
the effects of alpha particles without the complication of minority ion tails. In addition,
modulation of strongly centrally peaked power to the electron channel is a profitable
way to study electron transport in beam-heated TFTR plasmas.
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