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Abgract. The UCLA Electric Tokamak (ET), alow fied ITER szed device, has been operating with well equilibrated clean
plasmas since January 2000. The operating scenario is il evolving as the magnetic configuration and the power supplies
undergo refinements. The god of equilibrating near unity beta plasmaswill require 10 second long discharges at 3kV
temperaturesin atoroidd field of 0.25 Tedadueto current shaping reguirements. Short, 0.9 sec, discharges are now routingly
obtained with kT, KT; ~120 eV a atoroidd field of 0.1 Teda The discharges are feedback controlled in up/down position
and in plasma current. Biasad e ectrode driven H-modes have been obtained and compare well to the results obtained on CCT
and to the “neoclassicd bifurcation” theory. Very successful second harmonic ion hegting has been demongtrated with an
ICRF antenna outside of the vacuum system and 50% single pass absorption. These discharges dso indicate that edge
bifurcation can be achieved by RF done dueto fast ion losses. The remaining critical item needed for the exploration of unity
beta plasma stability is the demonstration of RF current profile shaping near the Troyon limit. We expect that ion-ion hybrid
mode conversion (high field side launch) will alow current drive at low beta. This can then be supplemented by high harmonic
current drive & higher beta. Ultimately, near ignition conditions could be reached if magnetic omnigeneity (classica transport
physics) were obtained at a toroidd field of 1 Teda The test of this concept isto be carried out a 0.25 Tedain the coming
year, if RF current profile shaping can be achieved and supplemented by bootstrap and diffusion driven current.

1. Introduction

Initial plasma discharges in the Electric Tokamak (R=5m, a=1 m, b=1.5m, B=0.1 T, I, = 30 kA)
have validated its “ohmic’ desgn. Zg < 1.1, te (0) < 150 ms, Mgn < 2 and Vigep ~ 0.75 V have
been achieved in ohmic discharges with boundary H-mode Mo, is the Murakami dendity index.).
The centrd dectron temperature is nomindly, Teon(0) < 150 V, and it is sufficiently high to dlow for
gas puffing in this very large tokamak with titanium coated wadls. The trangtion to H-mode
discharges is through bifurcetion in poloidal rotetion, achieving Vo < 50 km/s in a 10 cm wide
boundary layer using fird a biased dectrode and now ICRF-induced ion orbit loss. The
characterigtics of the H-mode have been confirmed by examining the eectrode current-voltage
characterigtics, the poloida rotation profile using correlation probes, and from reflectometry using
Doppler shift of the fluctuation spectrum.

In the eectric tokamak, thermal ion trangport can be assumed classica when E: > evy, B where vy, is
the ion thermd speed, e = 1/R, B is the totd magnetic fidd and E is the radid dectric fidd. Thisis
achievable with subsonic poloidd flow but not with toroida rotation or shear. The above condition
on the radid dectric field has been exceeded in the boundary layer during the H-mode in ET and
correspondingly the particle confinement time is longer than the length of the H-mode itsdlf, t, >>
100 msec.

ET has been designed to explore the generation and maintenance of unity beta plasmasin tokamaks
at high aspect ratio [1]. If high beta can be achieved, the mod-B surfaces will dign with the magnetic
surfaces (Omnigeneity [2]). Omnigenous magnetic condition can result in classcd (not just neo-
classca) confinement of dectrons and ions. These conditions cannot be achieved in an H-mode via
poloidd rotation, much less by using toroidd flow shear. We propose to achieve unity beta
equilibrium using relatively inexpensve ICRF technology. Vdidation of the ICRF system, usng low
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fidld sde power insertion for heating and high fidd sde current drive is under way a the second
harmonic of hydrogen and at the ion-ion hybrid frequencies, repectively. Very encouraging results
have been obtained so far with kT ~ 400 eV, kT ~ 1 keV at the second harmonic of hydrogen,
induding ICRF driven poloidd/toroidal rotation viaion orbit loss.

2. Ohmic dischar ges and edge H-modes

Figure 1 shows atypical ohmic discharge, followed by an eectrode-induced H-mode. The present
ohmic system islimited to 2 V-s due to power supplies. ET will have a20 V-s OH sysemin the
near term. We are using partially completed magnetic coilsto test RF and control sysemswhile the
tokamak congtruction is being completed.
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FIG. 1 Biased H-mode signaturesin ET.

The titanium-coated stainless sted walls act as giant belt limiters and facilitate the production of clean
and reproducible discharges with 30 kW of power input. Without titanium coating, ET does not
bresk through the ionization barrier which requires 1 MW initid ohmic power input. Edge H-modes
produced by abiased eectrode smilar to the ones observed in CCT [3] have been obtained in ET
on “day one”’. A hifurcation in the dectrode current and in the poloidal rotation speed (in agreement
with neoclassica hifurcation theory [4]) are seen. The plasma densty increases during H-mode,
indicating an improved particle confinement.

3. Analysisand validation

ET has been scaled and designed using our in house understanding of low field ohmic heeted
tokamaks, including the vitues of biased H-mode and that of Zg ~1 plasmas. For operating well
below the Murakami dengty limit we used the loop voltage scaling, Voo = 0.75/a to predict the
performance of ET. Buit after the fact, the 0.75 coefficient has been revised down to below 0.5. The
other parameters used in the projections were based on standard tokamak science with no
adjustable parameters but with the understanding that a dengity limit has no basisin the theory in lieu



of apower balance. Neverthdess, it is prudent to use a Murakami/ Greenwad type dengity
prediction provided it not taken serioudy. All of our projections have been made with M=0.5
athough we have now obtained 5 times higher dengity than the original design assumed. This has
resulted in achieving very efficient 2™ harmonic | CRF heating without the assistance of neutral
beams. However, a such rdatively high dengties ET switches over from neo-Alcator type behavior
to neoclassical ion limited trangport. This observation is summarized in Figure 2, graphically.

For amplicity, only the centra
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FIG. 2. Confinement summary of ET ohmic discharges. | fagt neutral andyzer (CX). Theion
The key variable here is the density and the result_l ng temperature measured in this way
loop voltage. The modified neoAlcator and the original . .
neoclassical limits are combined. agrees with the ohmic electron
temperature.

In the modified neo-Alcator limit we assume: V = 0.75/a"? , Z=1, q(0) =1, n(0) =10° MB/R, M =
0.5 (Murakami coefficient), R=5m, a= 1 m, B = 0.1 Teda, T(0) = 480(B/V)?*® (from Spitzer), T;
=Te j(0) =2*B/mR, dl in MKS, and predict t (0) as.

t£(0) =3n(0)eT(0)/j(0)E(0) = 80 msec

In the neo-Alcator limit, we obtained for ET, V < 0.5 volt instead of V = 0.75 volt. Asthe density
increases, the loop voltage aso increases and no disruptions are seen. The dengity is however
clamped by MHD oscillations if the boundary H-mode is not gpplied. In an H-mode, the net
confinement depends on dengity as summarized in FIG. 1 above. The neoclassical regime cannot be
entered without the boundary H-mode for reasons of incessant MHD oscillations. The H-mode dso
reduces the edge convection and magnetic flutter.

If we turn the above andlysisinto a scaing law, in the spirit of neo-Alcator scaling we get:
t£(0) =(0.15~0.2)M,Ra°B¥* (MKS)

Here the exponent of the minor radius, a, could in fact be unity. This scaling favors high Murakami
number and large, high field devices. Nevertheless, such scaling should not be used for estimating the



performance of ET type devices at high beta, where omnigenety is expected to remove toroidal
effects and possibly alow for dassca confinement. The

favorable confinement projections for ET indicate that the Troyon limit can be reached well below
the anticipated 2 MW hesting requirement.

4. Second har monic heating results

We have made smdl signd loading resistance measurements at the second harmonic frequency (3.2
MHz) and at frequencies above and below the “range’ of the second harmonic domain. The results
are suggestive of good second harmonic absorption. |CRF wave absorption at the second harmonic
and away from it has been evaluated from a dab modd full-wave code. The andysis confirms the
expeimenta finding that a 50% single pass power absorption is possible at the second harmonic
proton resonance. High power (< 3x Poy) |CRF has been applied to ET at 3.2 MHz where single
pass absorption indicated that efficient ion heating may be achieved.

Figure 3 shows atypica
Ip =30 kKA ot of time signds,
vaidaing that high qudity
ion heating is indeed

CX at1KkV possible. No significant
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Doppler shif] windows are about 2
meter tal and 0.8 meter

il - )
0P Radial potential (-300 V) wide. The CRF antenna

Is placed outsde the
vacuum chamber. This
provides us with excdllent
flexibility to optimize the
I|CRF components without
venting ET. Figure 3 dso
shows that the radia
floating potentia
(messured 12 cm into the plasma) becomes more negative during RF hegting. A detailed
investigation shows that this potentia is due to fast ion orbit loss. Bifurcated poloidal rotation
(measured by reflectometry asindicated in FIG. 3), has been achieved by supplemen-ting the ICRH
driven ion orbit loss by an eectrode-driven radid current of 10 A. Using data from bias-induced H-
modes we have determined the plasma-wall contact impedance to be about 10 ohms. A potentia
change of 100 V therefore implies an ion loss current enhancement of 10 Amperes due to the ICRF
hedting.

Time (600 ms)

FIG. 3. Summary of heating and rotation signatures.

Figure 4 shows the charge exchange data from the fast neutral particle analyzer. This dataindicates
the presence of fast ions and an increase of the plasmaion temperature to ~ 400 €V. From power



balance congderations, the observed ion
heating is consistent with neoclassicd ion
transport. With more RF power we expect an 1.00
increase in the negdtive radia potentid. ]
If the potentid can be controlled by varying
the position of the resonant layer then it may
be possible to move towards classical ion
heat transport askT; > 1 keV. At this point
current drive will be needed for MHD
equilibration and gabilization of the plasma
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5. Future expectations
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achievement of current drive. We have high FIG. 4 Fast neutrals energy profile during
fidld sde accessfor thisa 32 possible second harmonic heating.

toroidal locations. MHD analys's shows that
the toroidal current needs to be digned with the gradient for stability. Bootstrap current can do this
but we need to lead the current shift relative to the increase of the plasma beta. Diffusion-driven
current [5], produced by the large outboard pressure gradient at high beta, is aso expected to
contribute. To accomplish thisleve of control ET has been designed for long pulses and elongated
plasmas. The beta should be raised dowly so that the current profile can lead. Thisimplies that
hesting rate needs to be controlled to not exceed 5% per confinement time. Smilar to the advanced
tokamak concept plasma shaping and control become the primary tasks. Theinitid experience with
ET indicates that the large Size and the built in flexibility are important advantages.

6. Conclusions

Clean and controlled ohmic target plasmas have been obtained in ET at low cost with high
confinement. The |CRF hesting needed as atool to reach unity betaregime is performing better than
expected, dong with dl other parameters of ET. It remains to be seen if unity beta, the primary
objective of ET, can be achieved usng ICRH heating and current drive. Plasma edge rotation, an
omnigenous magnetic configuration, and current profile shaping are the critica dements needed for
this exploration. We expect that the required current drive will soon be demongtrated. If the ET
science program is successful at atorida field of 0.1 - 0.25 Tedathan near ignition conditions could
be produced a 1 Tedaat extremely low cog. It is our view that for convenient exploration of
neutron based technologies, a device twicethe size of ET with R=10m, A~4andB =2 T would
till be needed.
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