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STABILITY AND HEATING OF A POLOIDAL DIVERTOR TOKAMAK

¢

.ABSTRACT

Five éxperimental studiesf-two stability and three
heating investigations--have been carried out on.
Tokapole II, a Tokamak with a four node poloidal
divertor. First, discharges have been attained with
safety factor q as loQ as 0.6 over most of the column
without degradafion of confinement, and.correlation of
helical instability‘onsét with current ﬁrofile shapé is
being studied. Secbhd, the axisymmetric instabilify'has
been investigated in detail for various noncircular
cross-sectional shapes, aﬁd results have been compared-
with a numerical stability code adapted to the Tokapo;e
machine. Ihird, application of high‘power fast wave ion
cyclotron resonance heating doubleé the ion temperature
and peﬁmits observation of heating as a function of
harmonic number and spatial 1;cation of the résonance.
Fourth, low power shear Alfvén wave propagation ié
underway to test the applicability of this heating
method to tokamaks. Fifth, -preionization by electron
cyclotron heating has been employed to reduce the

startup. loop voltage by ~ 60%.
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Five experimental studies--two stability and three
heating investigations--have been darried out on
Tokapole 1I, a Tokamak with a four node boloidal
divertor. After a brief machine description in section
I, we descripe discharges with q ~ 0.6 over most of the
cross-section without degradation of confinement (II),
‘observation of axisymmetric instability in dee, inverse
dee and square equilibria (III), high p;wer'fast wave
ion cyclotron resonance heating (IV), studies of spatial
shear Alfvén wave resonances for heating (V), and
reduction of the startup loop voltage by ~ 60% by
microwave preionization at electron cyclotron resonance
(VI). The axisymmetric instability work and
preionization studies have been described in detail

elsewhere and are therefore only briefly mentioned here.

I. Machine Descr‘igt,ion1'2

Four copper toroidal rings inside a 50 cm major
radius 44 x 44 cm vacuum chamber provide plasma shaping
and an octupole vacuum field. Toroidal plasma current
driven in the vicinity of the octupole null creates a
poloidél divertor tokamak with a poloidal magnetic flux
plot as shown in Figure (1) with n ~ 1013 cm'3, Te ~

100 eV, T; ~ 60 eV, B, ~ 8 kG (max), I, ~ 40 kA. 1In
1 T , pl

addition to spectroscopic, interferometric and charge



exchange diagnostics, internal probes allow.direct:
measurement of tﬁe‘poloidal magnctic flux. plot, .and
.profiles of q, electric field gndvcurrentvdensity.
Measured flux plots agree_ﬁith the numerical prediction.
'Proper'ping.boéitioning provides dee, inverse dee or

square cross-section equilibria.

II. g <_1 Discharges

The g(r) profile has been detérmined directly in
*Tdkapole II by measuring the magnetic field on a
2 cm x 2 co grid over the plasma cross section, and
evaluating 1/2j(a¢/ae)'de around a flux surface,_whére‘e
and ¢ are the toroidal and poloidal éngles. The q
profiies thus obtained are typically“constapt over 80%
of the tékamak part of the discharge (Figure 2), |
although the p61oida1 field nulls cause g to become

infinite at the divertor separatrix.

The effect of the q profiles on the internal
disruptioﬁs is being studied. Flat q profiles with q as
low as 0.6 have been obtained. In some c;ses large
sathOth oscillations} as observed Qh_the soft xray and
maghetic probe signals, on;et when'the increasing plasma
current drives q.belqwl1. These sawteeth, which may

produce as much as a 25% fluctuation in the poloidal
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magnetic field at the divertor separatrix, do not-appear
to significantly reduce energy confinement time, Under

other conditions we have obtained the flat g = ‘0.6

discharges with no observed internal disruptions.

The benign quality of thé internal disruptions, -
when bresent, and the absence of sawteeth even though q
= 0.6, may be the result of the flatness of the curréﬁt
density profile or the noncircular shape of the current
vchannel. The energy source which drives the resistivé
teéring mode, responsible for the tokamak and minor
disruptions, is the current density gradient. 1In
Tokapole II the current densiﬁy gradient is localiied to
the region near the divertor separatrix, and thus,
disruptions may be.confined to a small part of the
plasma crossection evén_if q < 1 over thg bulk of the

plasma. Also, recent work by J.A. Holmes et al.3

indicates that noncircﬁlarity has a stabilizihg effect

on the resistive tearing mode.

Two possibie effects can contribute to the flat J
profile. Firstly, the'plasma is boundéd by a magnetic
limiter, not a material one, and therefore; the current
is not forced to'ze;o at thé Tokamak edge. Cu}rent is
permitted to flow in the "Scrape-off" region, which is
normally operated without divertor baffles. Sécondly,

although the confinemenﬁ time agreeslﬁith'the empirical
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Tokamak scaling laws, the low toroidal field (= 2.5 kG)

" of these low g experimehts creaﬁeé a short confinement

time (- 300 usec) perhaps making teﬁperature grédienté

difficult to sustain.

Presently we are concentrating on discovéring the
ultimate lower limit on q, blarifying the effect of

shear and noncircularity on disruptive instability, and

measuring the time dependence of q within a sawtooth

period (= 200 usec).

III.. Axisymmetric Instability

The stability of dee, inverse dee and Sqdare'

cross-section plasmas to axisymmetric modes has been

investigated experimentélly thrdughvairect measurement
of the poloidal magnetic flux plot with internal
magnetic probes.25u Experimenfal results are compéred
with predictions of .two numerical stability codes—;the
PEST5 code (ideal MHD,.linear stability); adabted to
Tokapole geometry and a code6 which follows the
nonlinear evolution‘of shapes similar to Tokapole
equilibria. Experimentally, the square is vertically
stable and both dees are unstable to a.vertical nonrigid

axisymmetric shift. The central magnetic axis

displacement grows exponentially with a growth'time
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= 450 psec ~ 103 poléidal Alfvén times ~ plasma L/R
time. Thus, the growth is slowed by passive feedback
from the rings and wall; but the feedback is limited by
the finite plasma resistivity which causes damping of
the induced image currents, Precisg initiallvertical‘ ‘ _ .
bositioning of the plasma allows passive feedback to
nonlinearly restore.vertical motion to a small stahle
oscillation with a period about equal to the above

growth time.

The PEST code, ignoring passive feedback, predicts
all shapes to be unstable with the square having the

o~

slowest growth with growth times ~ poloidal Alfvén
times. With passive fegdbéck,-all are stable. Thus,
bbth experiment and code égree that the square is the.
most stable shape, but expepiment indicates the
destabiliziﬁg effect of'plésma resistivity. In both
code and experiment, squarelike eéuilibria exhibit a
relatively harmless horizontal instability. Further

‘detailed comparisons between code and experiment have

; ’ 1}
also been made.‘
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IV. Ion Cyclotron Resonance Heating

High power fast and sloy wave ICRF studies in a

- single component.hydrqgen plasma have bggn compléted.
The application of 70 kW to the ions at'12 MHz with a
usinglé turn, ceramic insulated, denter-;appgd, Fafaday .
shielded antenna raises the bpdy temperaturg'f?om 35 to
75 eV and generates tails compris;ng 8% of thg plasma to
320 eV as measured by charge exchange (Figure 3). The
second harmonic has been foqu to be the most efficient
heating frequency for a given voltage applied to the
launching structure. Experimentally, however,
application'of §ufficiept power to’overcomevcoppling
inefficiencies wup to the,maximgm attainable 4 times the
cyclbtron frequency on machine axis raiseslthe ions to
the séme temperature. The use of the slow wave at the
fundamental is relatively ineffePtive and inéreases the
ion temperature only = 25%. Magnetosonic heating in a
poloidally diverted tokamak with low edge density below
that needed for propégation requires that the launching
device be as close to the cuprent channel as possible.
Substantial charge exchange loss caused by wall reflux
and rf ionization of the H2 blanket surrounding the
plasma column and magnetic limiters limits the
attainable temperatures. Plasmg loss to the copper
hoops is evidenced by.an ~ 15 increase in the

Spectroscopically’measured Cu I radiation with the
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application of rf. The electron density incfeased :l20%
with the application of rf. The heating is by the m = 0
and m = +1.modes as determined by insertable rf probe
coils'and by the negligible heating in the absence of a
mode. Additionally, substantial edge heating and'severg
"impurity influx occurs below the normal cutoff density
by a!propagating m = +1 mode first described by
IPaoléni7. No electron héatiné occurs. The use of the
antenna as the frequenéy determining'element has allowed
mode tracking due to the imposed r;eactance8 of an
eigenmode with a 40% increase in power deposition of a
passing mode over the theoretical deposition with a
fixed frequency source. This.technique should work wéll

in a large device with a high density of eigenmodes with

suitable preselection of the k;,.

V. Shear Alfvén Wave Propagation

| Wave coﬁpling to the plasma thbough the spétial
shear Alfvén resonance has been proposed as a plasma
heating techniQue}9’1o Low power (< 50 kW) wave coupling
experiments are underway on Tokapole II to assesé the
applicability of this technique to tokamak;. It is
important to examine the effect of toroidicity and
~noncircularity on the wave coupling as pictured by the

standard one dimensional theory. The internal rings can
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serve as the launching struc;ure, eliminating the need
for constrﬁcted'antennas.' By grounding a ring to tge
tank at one of its supports and driving one of the.other.
two supports, rf current is driven through the rings
with the current returning.through the tank itséif. The
third support reméins insulated and unused and ;hus a
toroidal ﬁode number n = 2 is dominant. "Poloidal mode
numbers may be chosen as m < 1, 2 or 4 simply by driving

the proper number of rings.

One dimepsional theory predicts resonance to occur.
when the poloidal wave phase speed matches the local
Alfven speed, i.e. w/kqq: = Vp(X). Thus the frequency.
may be choseh arbitrarily if a suitable parallel
wavelength is imposed by the anﬁénna structure. In this
experiment, with w/2m ~ .1 MHz, adjustment of the
equilibrium parameters should allow placement‘of'the
resonant magnetic surface either near the axis 6r the
separatrix edge region where q + ®,  lLocal resonances in
the fluctuating magnetic field are indeed observed. For
example, wheﬁ the .antenna is configured‘for an.m = 2,

n = 1 mode by driving each ring 180° out of phase with
its heighbor, resonances are observed on both sidesvof‘
the separatrix (Figure 4) which is located at =~ 8 cm
from the minor axis., In this case, some plasma is
allowed to occupy the "sérape-off" region at r > 8 cm.

.The wave poloidal magnetic field is enhanced locally by
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a factor of 20 over its vacuum value which is roughly
uniform spatially over the displayed region. The
observed surface of resonance does indeed coincide with
a magnetic surface, as expected for this mode.11
Furthermore, as appropriate for a shear Alfven
" resonance, the wave magnetic field is'polarized
predominantely perpendicular to the equilibrium field;
i.e.; the wave radial and poloidal fields are similar in
magnitude and structure but little wave toroidal field
exists. However, as the plasma is noncircular, as well
as toroidal, a prediction of the resonant surface
location by a two dimensional theory is necessary before
the desired waves can be definitively identified as
shear Alfvén resonance. Such a calculation is underway,
as well as power coupling and wavelength measurements to

determine whether an escalation to high power heating is

“in order.

VI. Startup with Electron Cyclotron Resonance Heating
(ECRH) 12

One possible means tpr surmounting the
technological requirement of a high startup loop voltage
is the applicgtion.of ECRH to produce a plasma of modest
conductivity prior to the onset of ohmic heating.12 On

Tokapole II ECRH preionization is applied (16 kW at 9 or
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16 GHz for ~ 1 msec) when the magneﬁig ﬂie;Q,is pubély
toroidai so<tha£ the resonance zone is:ghygrtigay
cylinder. The observgd effgct ié aArgduqtion in phe-
loop voltage on axis by ~ 60% (20 Vlf 8 V)f The .
reduction lasts about 300_usec with,negligiSle effect
after = 1 msec. Detailed measurements of spatial loop

voltage and current profile evplution are obtained

during the starﬁup phase.

This work is supported by the U.S. Department. of

Energy.
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~ FIGURE CAPTIONS
Numerical Poloidal Flux Bloptof-Tokapo}e Ii.
Radial q profiles for q < 1 discharges. Thé
divertor separatrix is at r ~ 6 cm. q.is
measured directly with internal magnetic
probes.
lnerease . in body and tail temperatures vs ICRH
power. |
Radial profile of wave poloidal magnetic fieid
(in arbifrary units) at £ =~ 1MHz, with and
without plasma present, in shear Alfﬁén wave

experiment.

ESY



' FIGURE 1



2.0

.5

0.5

| o I.4m‘s'

] | | i

| 2 3 4
r(cm)
FIGURE 2



& LDYUT

.

TEVMIFERATURLE (\EV)

40

W
e

N
O

10 -

|
O BODY TEMPERATURE
O TAIL TEMPERATURE 7320
w=2wci 0 :
Ip=36 kA : 1280
O | >
Y
0 ~240
| o
O 2
O 1200 <] -
o
O o
S
160 &
-
| dieo =
O,SM
— 80
@)
—40
35 70
P kW
1GRH (kW)



8r X
- | e
/ WITH PLASMA
~ br X
~ ' X
> A A \
4+ X XN S/ ~x
N
oF X
WITHOUT PLASMA ___-
T e |

O 2 4 6 8 0 2 14
- 'MINOR RADIUS (CM)

FIGURE 4



EXTERNAL DISTRIBUTION IN ADDITION TO UC-20

R.W. Conn, University of California, Los Angeles,

J.W. Flowers, University of Florida

H.S. Robertson, University of Miami, FL

E.G. Harris, University of Tennessee

M. Kristiansen Texas Technical University

Plasma Research Laboratory, Australian National University, Australia
P.E. Vandenplas, Association Euratom-Etat Belge, Belgium

P. Sankanak, Institute de Fisica-Unicamp, Brazil

Mrs. A.M. Dupas, C.E.N.G., DPh-PFC-SIG, France

M.A, Layau, Centre d'Etudes Nucléaires,'France

.G. VonGierke, Max-Planck-Instiute Fur Plasma Physic, Germany

R. Toschi, Associazione Euratom-Cnen Sulla Fusion, Cento Gas Ionizzati, Italy
K. Takayma, IPP Nagoya Imoversotu, Japan .

K. Uo, Kyoto University, Japan

K. Yamamoto, JAERI, Japan

B. Lehnert, Royal Insititute of Technology, Sweden

E.S. Weibel CRPP, Ecole Polytechnique Federale de Lausanne, Switzerland
A. Gibson, Culbam Laboratory, UK '

R.S. Pease, Culham Laboratory, UK . .
D.R. Sweetman, Culham Laboratory, UK '
J.B. Taylor, Culham Laboratory, UK : : ' ’
M.H. Hellberg, University of Natal , Durban, South Africa

G.M. Budker, Siberian Academy of Sciences, tssr

V.E. Golant, IOFFE Physico-Technical Institute, Academy of Sciences, Russia

I.G. Gverdtsiteli, Phisico-Tech. Inst. State Com. for Utilization of Atomic

Energy, USSR
"B.B. Kadomtsev, Institute of Atomic Energy, USSR
M.S. Rabinovich, Lebedev Institute, Academy of Sciences, USSR
CHeng-chung Yang, Chinese Academy of Sciences, Lanchow, Peoples Republic of China
Chi-shih Li, Chinese Academy of Sciences, Peking, Peoples Republic of China
Hsiao-wu CHeng, Chinese Academy of Sciences, Shanghai, Peoples Republic of China
Yi-chung Cho, Chinese Academy of Sciences, Peking, Peoples Republic of China
Fu-chia Yang, Futan University, Peoples Republic of China
Mei-ling Yeh, Chinese Academy of Sciences, Lanchow, Peoples Republic of China
Wei-chung Chang, Chinese Academy of Sciences, Shanghai, Peoples Republic of China
Kuei-wu Wang, Chinese Academy of Sciences, Loshan County, Peoples Republic of China
CHun~hsien CHen, Chinese Academy of Sciences, Peking, Peoples Republic of China
Li-tsien CHiu, Chinese Academy of Sciences, Peking, Peoples Republic of China
Miao-sun CHen, Chinese Academy of Sciences, Peking, Peoples Republic of China

6 for Chicago Operations Office
9 for individuals in Washington Offices

INTERNAL DISTRIBUTION IN ADDITION TO UC-20

90 for local group and file





