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ABSTRACT 

The heating and l oss of plasmas have been studied in three pulsed, 
toroidal multipole devices: a large levitated octupole, a small support
ed octupole and a very.small supported quadrupole. Plasmas are produced 
by gun injection and heated by electron and ion cyclotron resonance heat
ing and ohmic heating. Electron cyclotron heating rates have been 
measured over a wide range o f  parameters, and the results are in quanti
tative agreement with stochastic heating theory. Electron cyclotron 
resonance heating produces ions with energies larger than predicted by 
theory. With the addition of a toroidal field, ohmic heating gives 
densities as high as l013cm-3 in the toroidal quadrupole and l012cm-3 in 
the small octupole . 

. Plasma losses for n = 5 x l09cm-3 plasmas are inferred from Langmuir 
probe and Fabry-Perot interferometer measurements, and measured with 
special striped c ollectors on the wall and rings. The loss to a levi-

." "tated ring is measured using a modulated light beam telemeter. The con
finement is better than Bohm but considerably worse than classical. Low 
frequency convective cells which are fixed in spac� are observed. These 
cells around the ring are diminished when a weak toroidal field is added, 
and loss collectors show a vastly reduced flux to the rinqs. Analysis of 
the spatial density profile shows features of B-independent diffusion. The 
confinement is sensitive to some kinds of dc field errors, but surpris
ingly insensitive to perturbations of the ac c onfining field. 

*This work was supported by the U. S. Atomic Energy Commission. 
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1. PLASMA HEATING 

Electron Cyclotron Resonance Heating: ECRH has been a standard means 
of producing and heating plasmas in toroidal multipoles. Recent experi
ments on the small octupole have permitted quantitative measurements of 
electron heating rates over a wide range of parameters. These studies 
have used a relatively low power (� 100 watts) micrm'lave source to sweep 
through an isolated cavity mode or to excite a number 'of adjacent modes 
whose Q can be measured. The perturbation in Q'due to the presence of 
the plasma gives a measure of the heating rate. Fig. 1 shows the heating 
rate as a function of resonance zone position which is specified by the 
ratio of the resonance zone magnetic field to the maximum magnetic field 
in the octupo1e. G is the normalized heating rate which is proportional 

(-"1 to the average power absorbed 
r-,---r-.,.--r---,-.,--r-r--....,.-� per e 1 e ct ron. G can be cal cu-
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Fig. 1. ECRH rate vs position of 
resonance zone 

1ated from single particle heat
ing theory and it is in reason
ably good agreement with the 
experimental results at low 
electron densities. At high 
electron densities, the pene
tration problem can reduce the 
'heating rate if the microwaves 
are not launched on a magnetic 
beach. Fig. 2 shows the heating 
rate as a ,function of electron 
density with resonance zones near 
the rings of the octupole. The 
accessibility problem accounts 
for the fall off of the heating 
rate at high densities. When 

the resonance zone is near the 
center of the octupole, no such 
fal l off is observed. The 

neutral density, electric field 
strength and electron plasma 
temperature are varied, and 
the' heating rate is not sen
sitive to the variation of 

", these parameters at 1 ow pl asma 
densities a s  expected from the 
single particle heating theory. 

A short (200 �sec), high 
power (100 kW), pulse of micro
waves at the electron cyc lo-
tron frequency produce an 
anisotropic component of 
energetic electrons (� 10 (keV) 
which have a long lifetime 
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(� 10 msec) in the levitated 
octupo1e. Since ma�mum 

Fig . 2. ECRH rate vs electron density 

heating occurs off the separatrix, the long lifetime electrons occur 
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only with high initial density (_1010an-3) and high neutral pressure 
(> 10-6 Torr H2), so they do not dominate the pressure profile. Also a 
slight ST(Bp/BT - 3 at resonance zone) and full levit ation are necessary. 
The latter condition could be superficial. The electrons mirror in the 
low field side of the ring opposite both the detector and the su pports . 

Since the electrons must sustain a collision to be detected, the ring 
supports could just be interrupting the electrons driving the detection 
signal into the noise level. 

For a shorter microwave pulse (� 30 llsec) into a l ow initial density 
(- 5xl08cm-3) and 10'1/ neutral pressure (- 5xlO-7 Torr) , the hot electrons 
dominate the pressure profile. Various large potential oscil lations are 
observed and ions are heated as well as electrons. Average ion energy 
rises about 15 eVe The distribution is non-Maxwel lian with 1 keY energy 
ions observed. 

Capacative probes observe oscil l ations (00 ) which are - W i � 2 W • 

and have an amplitude of 50 volts peak - t o-pea�. Also a very �ow'freqG�ncy 
(002) fl o ating potential difference of up to 200 volts along field lines 
is observed. ' For wl to be identified as a decay instabili ty product from 
the incident microwaves a third wave (003) must be observed \'1here 
ttl =00 e-oo, Hith a n  unshielded probe tip, no high frequency wave (00 ) 
w�s BY5g�rved to within 50rders of magnitude of the incident micrm'/ave 3 
s i gnal. Hith a screened tip no purely electrostatic v/ave at 001 Vias ob
served either. Oscillations in the range of the electron plasma fre
quency (240 11Hz < W /2rr < 1800 HHz) were observed, however. 

-, ,. � �. ; 

Ion Cyclotron Resonance Heating: RF electric fields at the ion cy
clotron frequency ( - 1 HHz) are produce d by an eiectrostatically shielded 
fifth r i ng coaxial to the four main rings and iocated near the wall. Jhe 
inductive electric field easily penetrates the plasma a t  densities up to 
3xl012cm-3• A 100 klJ oscillator provides a 144 llsec pulse of 1 r·1Hz rf, 
raising the ion temperature from $ 3 eV to - 30 eV as measured by an 
electrostatic analyzer. The fifth ring in parallel with resonating ca
paci tors forms the tank circuit of the oscillator. The resistive loading 
of the fifth ring by the plasma is measured by a null technique. The 
voltage applied to the fifth ring and the drive current of the tank are 
compared , the difference from a null condition being experimentally 
calibrated. The particle heating measured with the energy analyzer and 
the power supplied to the plasma as inferred from the loading measure
ments are compared to stochastic heating theory in Fig . 3. A h i gher 
power (500 k�l) oscillator "lith improved impedance match to the plasma 
and improved coupling structure are being developed. 

Ohmic Heating: The primary ohmic h.eating experim ent in the small 
supported toroidal quadrupole (2xl04cm3'). The time changing poloidal 
confinement field h] ' 2= 1 . 2 msec } is coupled with either a crovJbarred or 
falling toroidal fielB (L1 / ?= .6 msec). In the latter case for peak 
poloidal and toroidal fielti� of 10 and 3.5 kG a maximum <E, ,> of 
200 mV/cm is sustained for 300 llsec. Because of the radial dependence of 
a quadrupole field near its magnetic axis, plasma currents generated 

"'"" 
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Fig. 3. ICRH power absorbed 
by the plasma vs electron
density. 

(lOkA) are not sufficient to 
alter the basic vacuum field 
structure, Toroidal and po1oid
al current components have decay 
times of - 100 �sec determined 
by the time changing rotational 
transform and<E, ,>. Local con
ductivity for the bulk of the 
plasma i� consistent with Spitzer 
(10 eV) except outside the curr

ent peak where large, low fre
quency fluctuations exist. A 
broad spectrum of density fluc
tuations (20-200 kHz) is ob
served in the region of inverted 
pressure gradient outside the 
density peak where electron 
drift and thermal speeds are 
comparable. High frequency 
fluctuations (1 MHz) are present 
near the ring. Densities 
> 1013cm-3 are produced with in
creased input power but carbon 

radiation (CI-CIV) then repre
sents a major loss. kT re

mains in the 10 eV rang� . The 
spatial distribution of the 
profile is shown in Fig. 4. 5x 1fi2 .25 

Similar experiments are 
under way on the small octupole, 
using th e electric field in-

, duce d by the ri se and decay of '
the toroidal field, or the de
cay of the octupole field, 
starting with a microwave
produced plasma. An on-axis 
toroidal current density of 
4.4 A/cm2 was observed for 
an applied toroidal magnetic 
field of 1,3 kG and half 
period 1.8 msec, giving a 

INNER 
RING 

'1'. 

25 

Fig. 4. Spatial distribution of plasma 
current (J 1)' density (n), and den
sity fluc p tuations (8n/n) near the 
inner ring of the toroidal quadrupole. 

q of 11. For the same octupole field 
and H? filling pressure, application of a faster pulsed ,(half pe�iod 
1.0 msec) toroidal �eld of the same ma gnitude resulted in a plasma with 
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toroidal current density of 1.2 A/cm2 on axis s corresponding to q = 40s 
tota·1 current 23A within the main toroidal current channel of radius 
3.5 cm, and n on axis of 2xl011cm-3• Surrounding this plasma is a ring 
of denser pla�ma n �xlOllcm-3, created by a poloidal ohmic heating 
current induced byethe rise of the toroidal field. 

II. PLASMA LOSSES 

Fluctuations: The low frequency (10-20 kHz) fluctuation spectrum in 
the levitated octupole has been examined using correlation routines 
written for the computer data acquisition system developed here. The 
waves have been examined for gun injected plasmas (n:5xl09cm-3) with the 
poloidal B field only. The results are similar for the fluctuation spec
trum seen both at peak field and in the early, rising B portion of the 
pulse. The frequency is quite sensitive to the presence of obstacles 
such as supports and probes nearby in the plasma. High impedance double 
probes located 1 cm apart along a B line are in phase to within 0.1% of 
the fluctuation period, indicating VI' Potential = 0 and All is longer
than the (closed) field line. The toroidal phase velocity of the waves 
has been measured with pairs of probes separated toroidally. The rota
tional angular frequency is typically 2-3xl03sec-l in the ion diamag
netic d rift direction and is a function of�. The phase velocity is 
typically 3xlOscm/sec with a 20 cm wavelength. Density gradients give 
:the yalue of the di.amagnetic velocity, and potential gradients yield the 
E x B velocity \'Ihich is found to be equal to and parallel with the dia
magnetic·velocity. The sum of these measured values is within 10% of 
the measured toroi da 1 �Ja.ve velocity. These obs:ervati ons i ndi cate that 
plasma potentials and the assoc iated density gradients drive the 

toroidal motion of the waves and the background plasma. The fluctuation 
level oNrms/N rises from a fraction of a percent at the separatrix to 
its maximum value at $ it of typically 25% and it drops only 
slightly outvJard to the wall. cr This fluctuation decreases with in
creas ing field strength. At the wall, 0 N is independent of B but drops 
40% a� $crit with a 60% increase in B. 

The correlation coefficient betv/een cS N at the wall seen by a 
stripped collector and the cS N seen by a movable probe drops from (typ
ic�lly) 80% just outside � -t to 10% at $ . This crossfield corre
lation coefficient of the crl waves at $ �ePdrops by 1/3 with a 60% 

:. increase in B. The crossfield phase cntvelocity is· 2. 5xl04cm/sec 
outwards , essentially independent of B. 

Convection Cells: Closed floating potential contours or cells 
(o�=0.3 kTe /e) are observed in the private flux region of a ring for 
plasmas with n=5xl09cm-3 and 00 i=oo " The r x � circulation times are 
several milliseconds. The p clcell structure is reproducible, 
suggesting that the cells are generated by some permanent structural 
feature of .the machine such as the poloidal gap or sQme inherent field 
error. Since the hoop surface is an equipotential, t x B drifts cannot 
carry the plasma all the way to the hoop, although the obser ved electric 
fields in the body of the plasma c an cause crossfield fluxes of the 
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'order of 1% to 10% of Bohm. These cells are diminished with full levi
tation when a weak torbida1 field (BT=O.l B at the surface o f  the outer 
ring) is added. The observed cells might P�ear a relation to long wave 
vortices predicted by guiding center theory. 

Floating potential c ontours over a 90° azimuthal segment of the pri
vate flux region near the gap for the case of a purely poloidal field 
and the case with the toroidal field are shown in Fig. 5. The hoops were 
fully levitated for both cases. \�hen the toroidal field was added, the 
cell s t ructure was smoothed and the potenti al contours became azimuthally 

WITH TOROIDAL FIELD 

StJ'ARATRIX 2 � ....... I", 
- - 2" 

(0) PSI 3 3", � 
4 1-
4.5 4:5 

HOOP 
SURFACE 285 300 315 330 345 GAP 

THETA - degrees 
PUr{ELYPOLOIDAL FIELD 

S(PIIU!ATRI X 

!�� 
6 6 5 

PSI (. b) 

HOOP 
SURFAS;E 285 300 315 330 345 GAP 

THETA - d�9re.eS ': 

Fig. 5. Contours of equal floating 
potential (volts) i'n the private 
flux region in the vicinity of. 
the insulated poloidal field gap. 

symmetri c. 

The high density plasma has 
wpi-10 wci and, for a purely 

po1oidal field, exami
nation of a qua rter sector of the 
toroid showed a lack of cell 
structure described above. 

Surface Plasma Flux: The 
region around an internal ring in 
an oc tupole can have absolute fvlHD 
stability when the plasma density 
gradient is directed away fr om the 
ring. For this reason the details 
of plasma transport and behavior 
near such a ring are of special 
interest. Plasma losses to an 
outer ring \'Jere measured by the 
striped surface collectors de
veloped at the University of 
Wisconsin. 

Adding a weak toroidal field 
to the octupo1e (BT�O. 1 Bp at the surface of the outer ring) reduced 
particle loss to a fully levitated ring by about a factor of 10 for a 
hot,ion (kTi�20-40 eV, kT �5 eV) plasma. Losses had to be measured via 
a telemeter, with all wir�s, probes, and supports removed from the 
vicinity of the ring since such obstacles alter the natural loss. Under 
these circumstances, a large burst. of plasma loss near injection is" 
follo\,/ed by a qui et peri od, then, under some circumstances, by a burst of 
noise on the collector cu.rrent, and then a further quiet period. It was 
found that even a 0. 75 mm diameter wire obstacle 6 mm from the ring but 

1 
for a discussion of vortices associated with guiding-center theory see: 
J. B. Taylor and B. tkNamara, Phys. Fluids 14, 1492 (1971) and H. Okuda 
and J. 14. Dawson, Phys. Fluids 16, 408 (1973) and G. Joyce and 
D. Montgomery, Journ. of PlasmaPhysics 10, T07 (1973) • .  

" 

" 
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"600 away from a collector around t he major circumference of the ring 
drastically affected collector current. This obstacle eliminated the 
burst of noise on the collector current and somewhat reduced the magni
t�de of the current at all t imes. Evidently, probe measurements made 
near a fully levitated ring must be interpreted with great care since the 
probe itself is an obstacle . 

. Floating potential profiles were taken near the ring with a high im
pedance Langmuir probe. For the po10ida 1  field only case, the profile 
was quite flat, and the ring floating potential was quite close to the 
floating potential of the main body of t he plasma. With the added tor
oidal field, the floating potential profile was similar to that of the 
poloida1 field only case, but the ring itself floated to a much higher 
positive voltage ( �+lOV ) . Evidently , the added toroidal field strongly 
inhibited elect ron transport to the ring with the hot ion plasma. Using 
a ring itself as an electrode give an ambiguous result since the measured 
loss changes as the collecting potential is raised. 

A local �rossfield diffusion coefficient was defined as fol lows: 

o (cm2) = Particle flux to collector 
sec Density gradient near the ring 

This was-determined for different magnetic field strengths with and with
out the added toroidal field. Loss to the ring was measured via tele
meter, with all obstacles removed from the vicinity o f  the ring. The 
density gradient near 1;h@ -ring \'Ias measured witn a Langmuir probe, and 
it was assumed that th is did not change when the probe was removed from 
the regfon next to the ring. The results of these measurements and 
calculations are shown in Table I. 

Thus, from direct measurement of particle loss to a ring via a tele
meter and observations of the floating voltage of a support free ring, 
we conc1 ude that confi nement properti es in octupo] es are different \,/ith 
and without a t oroidal field. When such a field is added, a shearless 
layer is formed near the wall and within the last t'1HD stable flux sur
face. This layer is highly sensitive to field perturbations. Striped 
collectors on some sections of the octupole wall have measured large in
creases in plasma loss with t he added toroidal field. 

Field Errors: Various types of magnetic field perturbations were 
applied and the floating potential in the vicinity of the perturbations 
was scanned. Field errors which left poloidal field lines inside �crit closed did not generate any observable structure. Relatively large 
field errors can leave field lines closed if ce2tain symmetry and per
turbation orientation c onditions are satisfied. On t he other hand, 

2J.-R• Drake, in the Proceedings of the 1 st I�ternational IEEE 
Conference on Plasma Science, Knoxville, Tennessee (1974). 

". 
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e rrors which drew field lines 
from the containment zone out 
through the conducting vacuum 
tank wall (dc field errors) or 
errors which drew field lines 
through the obstacle-like per
turbation (field errors pulsed 
with the same time dependence 
as the main field and located 
between � . and the vacuum 
tank wall,rt�uld generate 
structure in the plasma. When 
the field error was applied to 
a plasma (n�5xl09cm-3) with no 
ring supports present a p ositive 
center cell was generated. 
Similar positive-center cells 
were generated by ring support 
obstacles. When both the 
fie ld error and the su pports 
wer e present both positive
center and negative-center c ells 
appea red. Examples of the cell 
structure generated by a dc 
pe rturbation and ring support 

obstacles are shm'ln in Fig. 6. 
,. � � 

The field errors �pp1ied 
to the toroidal quadrupole are 
always dc because-of the stainless 

, SUPPORTED 8 B' 0 ��--��--�==r---------------� 

260' 

275' 260' 

.3V 

2.5 V 

245' 230' 215' 
OUTER HOOP SUPPORTS 

n I 5 X fO' eni! 28 m •• e 

2.0 V 

245' 230' 215' 
ER HOOP SUPPORTS 

DC 
LEVITATED ¥ < ti5 0' '¥e \ � 18 n' 8 X 10' em' 28 m •• c 

--- v� 

� ---

� 
275' 260' 245' 

-+-
230' 21S' 

1.5 V 
2.5 v 

3.5 v 
45 v 

4.5 V 

Fig. 6. Convection cells generated 
by a dc field error. 

steel vacuum vessel. At four azimuthal locations, pairs of dipoles, " 
above and below the vacuum vessel, produced a 4% perturbation in the 
po1oidal field. The plasma density was 101ocm-3 and kT",, =l eVe For par
allel moments, large losses to the walls and rinqs resulted with a dis
tribution consistent with plasma streaming along-field lines leaving the 
confinement region. Antiparallel dipoles produced no change in the 
losses over the unperturbed plasma. 

Behavior at High Densities: A longer version of the coaxial plasma 
,gun has been constructed giving a higher efficiency of plasma production. 
About 60% of the neutral gas initia lly injected is expelled as plasma 
from the gun. The gun has been placed directly on the side of the large 

octupole resulting in peak densities of - 2xl012cm-3 and trapping 
effici encies of - 80% with very good reproducibility « 5% shot-to-shot 
density variation). 

, At this density the initial ion temperature is - 10 eVe The ions 
rapidly cool (- 200 �sec) to 1 eV due to charge exchange with the neutral 
gas accompanying injection. The electron temperature cools to 1.5 eV in 
4 ms e c  and remains constant fo r the duration of the exper iment. At these 

" 

-7-



.. .' 

temperatures, densities, and neutral densities the plasma is dominated 
by Coulomb interactions with A ... 10 em. Profile evolution (see Fig. 7) 
is toward a rather flat profil@; La rge fluctuations are observed, 
localized in the bad curvature region (ballooning mode) propagating 
perpendicular t o�. The fluctuations extend fr om well inside � out to 
tP

c
wi th 1 argest ampl itude oc curing midway between ljJ 

c 
and 1JJs' At that 

point �n = 0.4-0.5 with o� _ 0.3 volts, w=104-105sec-l, and K'I-l em-I. 

. w i ncreases roughly linearly 

10 

- ·····'·-1· with Band K'I decreases v/ith 
increasing B. The calculated 

....... _- . .  -

(cm"'alO 

• 1 

r 
• 01 � __ -+ ___ � ___ :!;-----' 

. 0 .1 2 3 
HOOP INCHES FROM HOOP 

Fig. 7 Evol ution of profile f or a 
high density plasma in the levi
t�ted octupole . 

. ' 
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diffusion c oefficient 
o = �onio0>/vn- 1 m2sec-1 

is roughly equal to the Bohm 
value and agrees with the ob
served plasma lifetime of . 
.. 5 msec . 
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Table I. Diffusion Coefficient (D) vs Magnetic Field (8) 

B Poloidal only 0 . 
(cm2) 

sec 
. ,. �. 

B Poloidal and Toroidal 

Bohm Diffusion 

1. 2 kG 1.8 kG 2.4 kG 

800 620 780 

63 62 55 

'. 
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3.0 kG 

765 

48 

10,000 
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Figure Captions 
'. 

ECRH rate vs position of resonance zone. 

ECRH rate vs el ectron density. 

I. 

ICRH power absorbed by t he pl asma vs electron density. 

spatia l distribution of p lasma current CJ
p1)' density (n), and 

density fluctuations (on/n) near the inner ring of the 
toroidal quadrupole. 

. 

f. t: :. 

5. Contours of equa" fl oat ing potential (volts) in t he private 
flux region in the vicinity of the insulated poloida l field 
gap . 

6. Convection cel l generated by a dc field error. 

7. Evolution of  profil e for a high density plasma in the levitated 
octupole. 

". 
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