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Abgtract. This paper describes the newly employed hylrid digita/anaog position feedbad control system for
dternating current operation onthe STOR-M tokamek and addressesissues rdating to the plasmaequilibrium during
the arrent-free phesewithout rotationd transform. Smoath plasma airrent trangtion to the opposing current diredion
with afinite plasma density and H,, radiation levels during the airrent reversal phase has been conastently achieved.
Dired messurement of finite limiter current during the arrent reversd phese suggests that the charge
separation/acaumulaion arising from the grad-B and curvaure drifts coud ke shated aut by the limiter and aher
conducting structures during the plasma current zero-crossng phase to maintain plasmaequili brium.

1. Introduction

Alternating current (AC) tokamak operation is an dternaive reattor operation mode with various
advantages indudng its technica smplicity and its high economica efficiency for plasma heding and
current drive. Especialy when a cleaner D-*He tokamak reactor with a high density is conceived as the
posshble option, AC operdion isthe only known solution having a ques-stealy stae operdion dieto the
low efficiency of the norrinductive arrent drive methods[1]. Although AC tokameak dischargesin some
tokamaks experience the lossof discharge between currents with gopasite palarities[2,3], smoath current
trangti on without losing gasmain some other AC tokamaks has aso been achieved [4,5,6]. Finite plasma
corfinement during the airrent reversd pheseis beneficia for saving energy required to krek down the
gasand for reducing plasmawall i nteractions and the associated impurity rdease from thewall.

Itiswdl known that arotatiord transform of the magretic field in atoroida magnetic corfinement device
(tokamaks, gellarators, reversad-fidd pinches) isessentid for shorting out charge separation/accumulation
induced by the grad-B and curvature drifts. In atokamak, the plasma aurrent induced pdoidd field serves
this purposa. However, the phase when the plasma current crosses zero to switch its pdarity duing AC
operation represents a case without rotationd transform. Déli cate feedbadk control during this phese is
usudly required to adiieve a smoah current trangtion withou losing the plasma  However, the
mechanism for finite plasma confinement withou rotationd transform has nat been well sudied.

Recently, centrd current hdes extending up to radius r/a=0.4 have been observed in the JET and JT-60U
tokamaks during conventiond tokamak dischargeswith wnidirediona currents[7,8]. Rotatiord transform
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disgppearance in this plasma region resembles the zeo-crossng phase in AC operation. Study of
equilibrium and techniques to maintain plasma euilibrium without rotationa transform is important for
AC tokamak operation and may be dso interegting, in generd, for the equilibrium issues rdated to the
current-free region d conventiona tokamaks. In the CT-6B tokamak, dired insertion of magnetic probes
into the AC discharge reveded locdized postive and negative airrents coexiding in different regions
during the arrent reversd phase[9]. However, the scenario o opposing currents has been ruled out in the
current-free regionin JET within experimental uncertainties. Ideas to induce astrong poloidd rotation by
off axis perpendicular neutral beam injedionfor a shart-circuiting effed have dso been proposed [10], but
have not been experimentaly confirmed.

In this paper, we describe an experiment to investigate the role of the limiter in providing the equilibrium
during the current reversd phase, by short-circuiting the darge separation dueto the grad-B and curvature
drifts. In arder to investigate the plasma equilibrium, it is necessry to acieve asmoath current transtion
during AC operation. We will aso describe our new feedbadk podtion control system used in the present
experiments. This sysem has smplified the ajjusting procedure when the Ohmic hegting circuit is
converted from narma operationto AC operationand hasa o provided much needed flexibility to cortrol
the currentsin the feadbeack vertica fidd windngs.

2. Experimental Setup

STOR-M isasmdl tokamak (R=0.46 m, a=0.12 m) with an iron core transformer. It is equipped with a
preprogrammed pused gas puffer for density control and a feedback plasma position controller. Three
capadtor banks triggered consecutively were used to achieve 1.5-cycle AC operaion The man
diagnadtics tods indude a4-mm interferometer to measure the line averaged dedron dendty dongthe
centra chard, a spedrometer for monitoring H, radigtion levels, and Langmuir/Mach probes for
monitoring dasmadendty in the edgeregion

2.1. Feedback Pogtion Control Sysem

In arder to sudy the plasma egulibrium, asmoath current reversd with zero dwell timemust be achieved.
In the previous STOR-M AC operation expeariments, an andog dircuit was used to determine the
harizontd pogition Sgnd AH and this $gnd was used to determine the required currents in the vertica
field windings througha PID (propartiond-integral-derivative) circuit. Thissystem dso provided dfferent
DC offsatstothe AH sigrd for oppaang current polaritiesto aacount for the differencein a rrectionterm
in the position datermination circuit. Sincethe position was oltained using an analog divider (with plasma
current as the denominator and a cmmbination d magnetic pickup coil Sgnds as the numerator), the
pastion signd becames undefined during the current zero crossng phese andthe AH sigrd often saturates
randomly ether a negative or pogtive levels depending onthe pdarity of the noise during the current
reversd phese. To mitigate this problem, severa square voltage pulses, marked as“dig” inFg. 1, froma
st of Sgnd generaors, were alded to the AH sgnd during the current reversd phases based on ou best
guessof the polarity of the AH Sgrdl saturation and the required current in the feedbeck windngs[3]. This
improved feedback postion cortrol system, combined with careful control of ges puffing puses,
significantly reduced the adjuding time when the STOR-M tokamak is converted from the narmal to the
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AC operation. However, due to the increased dtray fields from a new s&t of toroidd coilsin STOR-M,

smooth AC current reversal suffered asetback [3, 5].

More recently, a @mpue based dgitd daa
processng unit has been added tothe exitingandog
feedback podtion controller.  In  this  hybrid
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implementation of the new feedback control system FIG. 1. Block diagram of the hybrid
AC operation with zero dwell time and finite densty ~ digital/andog  feedback
has been restored. circuit.

22. Segmented Limiter

To verify our hypahessthet the darge separation without
rotatiordl transform could be sharted out by the @nducting
dructures surrounding the plasma column, a segmented
limiter [11] has been used in STOR-M. Figure 2 shows the
schemdtic diagram of the segmented limiter congsting of
eight dainless ged segments with four segments mounted
oneach Sde of aceramic suppating sructure. Each plateis
insulated from one anather insde the vacuum vess and is
dectricdly connected to a feedthrough conredor that is
accessble outsdethevess. In our current experiments, the
top two plates on bah Sdes of the ceramic are @nrected
together and then connected to two bottom plates througha
conducting wire. The wire goes through a Pearson current
probefor measuring the aurrent flowing between thetop and
batom plates. The same arrangement has aso been made
between the platesin the high fidd Sde and thosein the low
fiddsde
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FIG. 2. Schematic diagram of

the segmented limiter.
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3. Experimental Reaults

Figure 3 (a) shows the discharge waveform during afull AC cycle discharge in STOR-M (shot
number 135545 and Fig. 3 (b) depicts the expanded traces to emphasizethe details of the same
set of signals during the current reversal phase aoundt=20.2 ms. Shown in the figure (from top)
areplasma arrent, 1, loop vdtage, V; , limiter current flowing from the top plates to the bottom
plates, lim, line averaged pasmadensity, ne, Hq radiationlevel, andthe horizontal displacement,
AH. In this discharge, a smoath current transition from +20 kA to —12 kA has been oliained
withou losing the plasma. Asaresult, theloop vdtage switched sign smoothly withou any high
voltage spikes. Theline averaged density maintains above 4x10™ cm™ during the plasma airrent
reversal phase and the H,, radiation level stays above zero. The horizontal displacement is well
controlled duing the discharge, but saturates positively before the plasma current reversal and
then saturates negatively after the reversal. The limiter current is abou -4 A andits directionis
consistent with that determined from the grad-B and curvature drifts. Finite limiter current itself
isalso anindication that the plasmadid na vanish duing the current reversal phase.
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FIG. 3. Evolution d plasma discharge parameters (shot 135545.

Attempts have dso been made to measure e e e
plasma rotations at the plasma edge using two % ’
sets of Mach probes, one set is oriented in the e .
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current trace and ion saturation currents & -oy

h up (MA)

collected by four Mach probe disks. The traces -30 | .

show that theion saturation currents onall four i WQ% g
. . . . r ! -15 :

probes remain finite during the airrent reversal o

phase, corfirming the finite line averaged & -85 U~ .

density and H, radiation measurements. Flow = =8t

time (ms)

velocity analysisis gill underway.
FIG. 4. lon saturation currents on Mach
probesat r=125 cm (shat 1355485.
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4, Conclusion and Discussions

The hybrid dgital/anadog feedbadk plasma position control system on STOR-M has
significantly reduced the adjusting time and simplified the procedure to convert the Ohmic
heating circuits from the normal operation to the AC operation and hes adso provided much
needed flexibility to control the arrents in the feedback vertical field windings. Finite particle
confinement withou rotational transform during the current reversal phase has been confirmed
by finite line averaged plasma density, finite density measured by Mad probes in the plasma
edge, and finite radiation levels. During the current reversal phase, the limiter current from the
top dates to the bottom plates also remains finite and its direction is consistent with the grad-B
and curvature drift direction, suggesting that the limiter and dher conduwcting structure
surroundng the plasma column could short out the charge separation and accumulation caused
by grad-B and curvature drifts to maintain plasma equili brium withou rotational transform.

During the aurrent reversal phase, the vertical field shoud have minimum effeds on the
equilibrium. However, flexible feedbadk control is gill required during this phaseto cancd stray
fields and to ensure asmoaoth current reversal with zero dwell time.

In the current-hole modes, such as those observed in the JET and JT-60U tokamaks, the outer
layers of plasma (with rotational transform) may aso provide some if not al short-circuiting
effect for the plasma in the current-free core region (withou rotational transform). The
interaction ketween the core plasma and the outer layer plasma in the aiurrent-hole mode is
probably ancother set of problems compared with the passible force imbaanceduring the airrent
reversal phase in AC operation. In the latter case, the result isthe direct plasma-wall interaction
that usually terminates the discharge and requires anew break down for the next half cycle. This
represents not only an energy waste in the Ohmic heating circuit but also some mechanical
stresses on the machine structures and thus shoud be avoided.
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