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ABSTRACT
Two distinct conditions where the rf phase velocity is directed opposite
to the ohmically induced electron drift have bheen studied experimentally:
{1) rf current ramp-up (fp > 0), where an induced electric field
opposes the current increase;
(I1) rf current ramp-down, whers waves are launched opposite the
electron drift direction for a decaying plasma current,
The time behavior of the electron tail 1s inferred from hard X-ray (30=-
750 keV) emission as a function of angle to B,+ In cases (I) and (II) we finad
that the emission amplitude in the reverse {opposite the LH phase velocitv)
direction increases throughout the rf pulse, while it 18 constant in the
forward direction. This increase indicates chat some high-enerqgy electrons
are acczlerated =c are even running away in the direction oppositie to the main

rf-produced tall. It also indicates for case (I) that the electric field in

the plasma center has been reversed by the rf current drive.

' pregented at the Fifth Topical APS Conference on Radic Jr2quency Plasma

Heating, Madison, w... - sin {1983).

‘mmﬂu]‘\cl{ of T dCoonii 18 l!!iw{lﬂ&ﬂ



DISCLAIMER

This report was prepared as an of wotk sp d by an agency of the United Siat~:
Governmes:. Neither the United Siates Government nor any agency thercof, nor any of their
employces, makes any warranty, capress of implied, or assumes aqy legal liability or responsi-
bility for the accuracy, complete - & or usefuiness of any information, apparatus. product, ar
process disclosed. o represents that its use would not infringe privalely owned rights. Refor-
ence herein to any specific commercial product, process, or service by trade name, trademark,
manufacturer, ot odherwise docs not neccssarily constitute or imply its endorsement, recoem-
mendation, o favaring by the United States Goverament or any agency thercof. The vicws
and optnions of authors cxpressed herein do nol necessarily state or reflect those of the
Urited States Government or any agency thereol.




I. INTRODUCTION

Radio freguency (rf) current drive in ccmbination with opposing
electric fields is of practical importance in tokamak operating scenarios
where the rf is used toc ramp-up the plasma current or where the rf is used to
maintain the plasma current fixed while the OH primary current is being
reversed.' 1In fact, rf current drive interzc-ts with electric fields whenever
+

the tokamak discharge 1s not in a steady state, i.e., I, 0, fgp * O,

ip * 0, or li # 0, where Igy 18 the ohmic primary current, Ipp is the vertical
field carrent, Ip is the plasma current, and £; is the plasma internal
inductance. The experiments discussed in this paper were done using the 800
MFz lower hybrid system on the PLT tokamak. Two conditions where the rf phase
velouity is directed opposite to the ohmically induced [E ~ (1/2mR,) (=Voy

+ Lip + 1/2Ip£)} electron drift ("ph parallel to Ei) have beei: atudiad:

(1) rf current ramp-up [fp > D), where an induced electric field

opposes the current increase;

(1I1) rf waves launched opposite the electron drift direction for a

decaying plasma current.

The COH primary current was held nearly constant in these experimen:s,
so that electric field effects due to the changing plasma current, and, to a

lesser extent, changing plasma inductance could be studied.

IT. EXPERIMENTAL RESULTS
The isotropy of the rf produced electron tail is inferred from

measurements of hard X-ray emisslon (30-750 keV) as a function of anqle to the



external magaetic field, B, This is possible because the hard ¥-ray emission
patterns are strongly shifted toward the direction of incident electrons for
electron energies typical of lower hybrid current drive. Figure 1 ghows X-ray
intensity emission patterns for a 100 keV electron. Distortiong of the
electron distribution at lower energies (< 30 kev) may also affact the
performance of current drive, but measurements of the distribution anisotropy
at these energies are more difficult due to the more isotropic bremsstrahlung
emissicns Changes of the hard X-ray spectrum as a function of time during the
rf pulse are taken as evidence of =lectric fields in the plasma. Since the
tail temperature is high, rather small electric fields with loop voltages of
~ 0.1 V for case I and ~ 0.25 V for case 1T will subject 100 keV electrons to
the Dreicer field for runaways and thus should strongly affect the electron
tail.
Figure 2 shows the plasma current, internal inductance, and applied rf
power for condition (I). The plasma current is ramped-up at a rate of ~ 60
kA/sec using 200 kW of lower hybrid power with a phasing of 8¢ ~ -90° between
waveguides. Coupling calculations for this case indicate that ~ 85% of the rf
nower travels .n the electron drift directi n with a spectrum peaking at n, ~
2.25, and the remaining 15% travels in the opposite direction with hy, =~ T
The tangential hard X-ray spectra early and late in the rf pulse are
shown in Fig. 3. The spectra in Fig. 3b were takean with a Nal detector
viewing the plasma venter aimost tangentially to the magnetic field with the
waves and the electrons carrying the current approaching the detector. This
viewing direction is labeled ed = 28°, The spectra in Fig. 3a were taken with
the same view but with the plasma current, the fields, and rf phasing reversed
(84 = %52° direction). Emission in the 84 = 28° direction is about a fartor

of four higher than the 84 = 152° direction, whirh is typical of all current




current drive cases we have studied. There is no significant change with time
in the X-ray spectrum as viewed at 84 = 28°, i.e., in the wave direction.
This is also typical during steady-state conditions (there is an initia)l
trancient for the first 50 wms while the fast taill is being formed). However,
the spectrum viewed at 84 =~ 152° shows a small but significant increase in
X-ray emission as a function of time during the rf pulse, which implies a
force accelerating electrons in the direction opposite to the wave phase
velacity. The direction of this force agrees with the direction of the
induced electric field, E = (1/2mR,} pr, caused by increasing the plasma
current. The induced electric fields due to other changing currents are small
and are all in the opposite direction. The spectrum viewed at ed = 152° does
not change with time when the current is not ramped-up, which shows that the
buildup of the reverse spectrum for the ramp-up case (I} is rot due to dalaved
scattering of electrons from the forward tail. We conclude for the ramp-up
case (I) that the rf driven current turns off, and in fact reverses, the
electric field in the plasma center, so that the rf current drive works
against the inductive field.

Another case where rf driven currents oppose an electric field occurs
when the waves are launched opposite the electron drift for a decaying plasma
current {case II}. The expectation would be that the plasma current should
decrease even faster than with no rf. Figure 4 shows the plasma current and
internal inductance for a case where 270 kW is launched primarily ia the
direction opposite to the electron drift. The decay of the plasma current
turned ocut to be much less than if there had been no rf. Fiqure 5 shows hard
X-ray spectra viewed at 84 = 28° and 152° to the wave phase velocity and taken
at times 300 ms apart. The striking feature of these spectra is the evolutioen

of an energetlic tai. viewed at 84 = 1529, i.e., opposite to the direction of



the waves, The tail gradually becomes more energetic with time during the rf
pulse, indicating that electrons are running away in the original electron
drift direction. The direction of electron runaway is again consistent with
acceleration hy an electric field induced by the changing plasma current. A
quantitative comparison of the amplitudes of the spectra on hoth sides of Pig.
5 is unfortunately not possible because the count rate was too high wher the
data were taken, so that some counts were lost. The basic conclusions
reqarding the direction of acceleration of the electron tail are not affected.

In this discussion we have neqlecéed effects due to chanasing plasma
current profiles, although the Bg + 241 /2 signals indicate that these effects
vould be important., More theoretical modeling will bhe required to investigate
these effects. Experimentally, a radial scanning hard X-rav detector would bhe

helpful for unfolding the parallel spectra as & function ¢f radius.

III. CONCLUSION

Two cases where rf driven currents oppose electric field induced
currents have been studied. For rf current ramp-up {case I), the increase of
the intensity of the €4 = 152° spectrum indicates that the rf driven current
has reversed the electric field in ¢the plasma center. For the attempted
current "ramp-down" (case II), the 64 = 152° sw»ectrum becomes even more
distorted and energetic, and the expected current ramp-down is not ohserwved.
Taken together, these drta suggest that the rate of current ramp-up or ramp-
down by rf may be limited by distortions of the electron spectrum set up by
the opposing 1lnduced electric field due to 'pr, We propose that the
condition pr ZEDZerO may constitute an approximate limit on the rate of
current change during rf current drive, where Ep is the Dreicer fleld, i.e.,

the field at which electrons run away, evaluated for superthermal (~ 100 keV)




electrons. There 1ls qualitative agreement with this criterlon from attempts
to ramp-up the plasma current. The extra power required to ramp the current
up exceeds the power necessary to increagse the inductive energy (1/2 LIg).
For case (I) this extra power amounts to ~ 140 kW compared to ~ 30 kW going
into the inductive fields. More experimentation is required to generalize

these obgervations to other plasma conditions with different density, current,

temperature, rf phasing, and rf power.
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FPIGURE CAPTIONS

X-ray intensity wersus emission angle for a 100 keV electron.

Plagma current and Bp + 2;/2 versus time for a current ramp-up

case. The line-average density is 2 =x 1012 cm‘3, rf power is
200 kW, and phaaing ias 4¢ = -90°,
Tangential photon spectrum viewing (a) nearly antl-parallel

{8d = 152°}) and (b) parallel (63 = 2B°) to the direction of the wave

for the discharge shown in Fig. 2.

Plasma currents and Bg + &,/2 versus time for case II. The line-
average density is 5 x 1012 cm'3, rf power is 270 xW, and rf phasing
is Ad = + 90°, The rf power is launched predominately in the

direction cpposite the electron drift,

Tangential photon spectrum viewing (a} nearly parallel (Bd * 28°)

and (b) anti-parallel (84 = 152°) to the direction of the wave for

the discharge shown in Fig. 4.



#83X0102

100 keV

Electron
—_—

X-Ray Intensity
Pattern

Fig. 1




## 83X010C

250 1.5
200 N
—10
150 o
I By +4i/2 4=
\ ®
100 \ @
| \ —JO.5
‘ _J' | \\
\
| 200 kW \
ol \NNNNNVNY i 0
0 0.2 04 06 0.8 10
TIME (sec)

Fig. 2



dN/dhedt

10

3 # B3IX0IZ6
10° T T T 10 T T
L (o) {b)
Time After RF Turn on
® 50-100 msec
2 2l .
0%~ 0 200- 250 msec 4 w0
1z F 4
Y
=
B
)
4
M~ — e — —
10"+ 4 10 -
WAVE DIRECTION
DIRECTION OF ELECTRON
CRIFT BEFORE
RF TURN ON
q
10° . i | 10% I I
Q0 100 200 300 400 0 100 200
he (keV) by [keV)




# 83X0099

250 | —r | , 20
200
15
-0
| —05
_‘
| -
| 270 kW
0 0.2 0.4 0.6 08 1.0

TIME (sec)

Fig. 4

Tt



dN/dhpdt

* 83X0125

T T T T T T
WAVE DIRECTION DIRECTION OF ELECTRON
o) DRIFT BEFORE
] RF TURN ON |
I I
102 N Time After RF Turn on - 102
( \‘ ¢ 50-100 msec
\\ 0 350-400 msec
- 1 -
L 13t \\ ]
= \.\
I z | e
10+~ 1 =0~ ~
L i L N
L \ . L .
\
\\
\
100[— \ - 0% -
—
| | | | 1 |
0 100 200 300 400 0 100 200 300 400
by {kev) by (keV)

Fig. 5

zT



B A S

EXTERNAL DISTRIBUTION IN ADDITION TO TIC UC-20

Plasma Res Lab, Austra Nat'l Unlv, AUSRALIA

Or. Frank J. Psolent, Univ of Woliongong, AUSTRALIA
Prot. iR, lones, Filnders Univ., AUSTRALIA

Prot. MH, Brennan, Unly Sydney, AUSTRALIA

Prof, F, Cap, Inst Theo Phys, AUSTRIA

Prat. Frenk Yerheast, inst theoretische, BELGIW
Dr. D. Pzlurbo, Dg X} Fusion Preg, BELGIM

Ecol!s Royals M11ltalre, Lab de Phys Piamas, BELGILM
Dr. P,H, Sekanake, Unlv Estadual, BRAZIL

Dr, CR, Jorss, Unjv ot Al berta, CANADA

Prof, J, Telchmarn, Unlv of Hontreal, CANADA

Or. H.M, Skarsaard, Unlv of Saskatchewsn, CANADA
Pr 1, S,R, Sreenivasan, UniversiTy of Calgary, CANADA
Pret, Tudor W, lohnston, INRS=Enerqle, CANADA

DOr. Hannes Barnard, Unlv British Cotumbia, CANADA
Or. M.P. Bachvnski, WPB Technologies, Inc,, CANADA
Zhengru LI, SW Inst Physics, CHINA

Library, Tsing Hua Unliversity, CHINA

Librarian, Institute of Physlcs, CHINA

tnst Plasma Phys, SW inst Physics, CHINA

Or. Peter Lukac, Komenskeha Unlv, CZECHISLOYAKIA
The Librartan, Culham Laboratory, ENGLAND

Prof, Schatzman, Observatoire de Nice, FRANCE

J, Radet, CEN-EPS, FRANCE

AM Dupas Library, AW Dupas Library, FRANCE

Or, Tom Mual, Academy fltilographlc, HONG KONG
Prapr'nt Library, Cant Res Inst Phys, HUNGARY

Or. AK, Sunderam, Physical Research Lab, INDIA
Dr, S.K, Trehan, Fanjat Univarsity, INDIA

Dr. Indra, Mohan La1 Das, Banaras Hindu Unly, INDIA
br. LK. Chavda, South Gujarat Unlv, IADIA

. Dr, R, Chhajianl, var Ruchl Marg, INDIA

P. Kaw, Prysical Rasearen Lab, INDIA

Dr. Philllp Rosenau, Israal Inst Tach, |SRAEL
Prot. S. Cuperman, Tal Aviv Unlwverstty, !SRAEL
Prat, G, Rostaanl, Unlv O Padaova, (TALY
Librartan, Int't Ctr Thee Phys, ITALY

Miss Cletla Oe Balg, Assoc cURATOM-CMEN, 1TALY
Bibliotecs, dol CNR ELRATOM, I(TALY

Dr, H, Yamats, Tos4iha Ras & Dev, JAPAN

Prof, M, Yoshikawa, JAER!, Tokai Res Est, JAPAN
Prof, T, Uchids, University of Tekyo, JAPAN
Research Into Canter, Magoya Un!versity, JAPAN
Prof, KyoJi Nishikewe, Unlv of Hiroshima, JAPAN
Prot, Sigaru Morl, JAER!D, JAPAN

Linsrary, Xyoto Unlversity, JAPAN

Prot, Ichiro Kawakami, Nlhon Unlv, JAPAN

Prot., Satoshl |Toh, Kyushu University, JAPAN
Tech Info Divislion, Korea Atomic Ensrqy, KGREA
‘r. R. Cnaland, Clvrad Universitaria, MEXICO
Bitilotheek, Fom=-tinst Voor Plasma, NETHERLANDS
Prof, 9.5, Lljev, Unlversity of Walkato, NEW ZEALAND

Or, Suresh C, Sharms, Unliv of Calsbar, NIGERIA
Prof, J.A.C, Cabral, inst Syperlor Tech, PORTUGAL
Or, Octavian Petrus, ALt CUZA Unlversity, ROMANIA
Or. R, Jones, lat'l Unlv Singepore, SINGAFORE
Prof, M A, Hellberg, Unfversity of Natal, SO AFRICA
Or, Johan de VIlllors, Atomic Enargy Bd, SO AFRICA
Or. J.A, Tegle, JEN, SPAIN

Prot, Hans ¥Wlinelwson, Chzimers Univ Tech, SwEDEN
Or, Lennert Stenfla, Unlversity of WMEA, SWEDEN
Library, Royal Inst Tech, SWEDEN

Or, Erik T, Karison, Uppsala Universitet, SWEDEN
Cuntre de Recherchasan, Ecole Polytech Fed, SwiTZERLARD
Or, WL, Walso, Nat'| Bur Stang, USA

Dr, W M, Stacay, Georg inst Tech, USA

Dr. 5,T. Wu, Univ Alpbama, USA

Prof, Norwen L, QOleson, Univ 5 Florida, USA

Dr. Benjsmin Me, lowa State Unly, . A

Prof, Megne Kristlangen, Texas Te.  iniv, USA

Dr. Raymond Askes, Auburn Unlv, USA

Or., ¥.T, Tolck, Kharkov Phys Tech Ins, USSR

Dr, D.D, Ryutov, S1herian Acad Sci, USSR

or, M.5, Rabinovich, Labedev Physical Inst, USSR
Dr, G,A, Ellreev, Kurchatov Inst|tute, USSR

Dr. V,A, Glukhikh, Inst Electro-Physicel, USSR
Prot, 7,J, Boyd, Unlv Collece N Walas, WALES

Dr, K, Sehindler, Ruhr Unlve=sttot, W, GERMANY

Nuc lear Res Eatab, Jullch L' ¢, ¥, GERMANY
Librorlan, Mex-Plenck Institut, W, GERMARY

Cr, H,J. Xpeppler, University Stuttgert, W, GERMANY
Dicllothek, inst Plasmatorschung, W, GERMANY

o ——T



