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ABSTRACT

THE DISSIPATIVE TRAPPED ELECTRON INSTABILITY
IN THE LINEAR MULTI-MIRROR DEVICE
David P. Grubb

Under the supervision of Associate Professor G. A. Emmert

The dissipative trapped electron mode (DTEM) has been predicted to
be a major cause of the cross-field transport of particles and heat in
tokamaks when they enter the banana regime. The basic physical phe~
nomena necessary for the generation of the DTEM are also present in
linear multi-mirror devices.

We have derived a dispersion relation for the DTEM which includes
the physics relevant to the description of the plasma in the Linear
Multi-Mirror (LMM). This dispersion relation has been found to accu-
rately predict the behavior of the two instabilities which we observe
in the collisionality regime ve/e = Wy where ve/s is the effective
electron collision frequency for detrapping out of the magnetic mirrors
and Wy is the electron diamagnetic frequency. The first of these
instabilities dominates in the plasma at high magnetic field strength
and is localized radially in a region of coinciding density and elec~
tron temperature gradients. The second instability dominates in the
plasma at low magnetic field strength and is localized radially in a
region of relatively weak electron temperature gradient. Based upon
the basic drift wave mature of these instabilities, the fact that they

increase in amplitude as the mirror ratio is increased, and the agree-
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ment which we have obtained between the theoretical predictions dexrived
from the dispersion.relation and the experimental measurements, we have
identified both of these modes as trapped electron instabilities: the
first driven by the electron temperature gradient, the second driven by
finite ion Larmor radius effects.

For certain values of the plasma parameters the plasma is unstable
to more than one of the trapped electron modes at the same time. When
this occurs the plasma has been observed to break into ultra low
frequency (ULF) éscillations. These ULF oscillations can be very large
(6101/101 ~ 50%) and extend radially from the center of the plasma to
the walls of the vacuum vessel. They appear to be excited by the non-
linear coupling of the trapped electron instabilities. Many of the
characteristics of these ULF oscillations are explainaﬁle in terms of

convective cells, though other explanations may be possible.

G. A. Emmert
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CHAPTER 1

INTRODUCTION

Recent advances in the study and understanding of magnetically
confined plasmas have led to optimism about our ability to build a
fusion reactor. Many of these advances have been made in tokamak
research; and it ig this device which a majority of researchers believe
offers the surest basis for the demonstration of scientific feasibdlity.
The plasma in tokamaks, however, is now entering a regime in which the
existence of magnetically trapped particles may play an important role
in the stability of the plasma.

Since the magnetic field in present tokamaks is essentially the
vacuum magnetic field ? ﬁT. dE is constant, where BT is the toroidal
magnetic field. The field 1is, therefore, stronger on the inside of the
torus than on the outside. In a mannet which is analogous to that in
mirror machines, a particle may be trapped in the low field region on
the outside of the torus. These trapped particles cannot freely circu—
late around the torus, but are restricted to a bouncing motion in the
jocal magnetic mirrors. The plasma in previous tokamaks was so colli-
sional that the particles executed a random walk motion through the
regions of high and low field strength and were essentially unaffected
by the presence of the mixrors. Tn some of the present devices, how-
“:ever,'the plasma is less collisional; and the electrons in particular

3

‘3are Suff1c1ent1y colllslonless that a substantlal fractlon of,the
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of this digsertation.

Review of the Theory”

¥

i their oviginal papey on the DTEM, Kadomsiey and ngutg@l e

frhe theoretlical analysis of the dissipative trapped electron in-
atabllity is generally complicated and often confusing, especilally to
the reader who has not been introduced te the complexities of toroldal
geometries. W. M. Manheimer has wrltten an excellent monograph on this
subject entitled "An Introduction to Trapped-Particle Instability in



formed their analysis for a simple cylindrical geometry and retained
only the basic physics necessary to generate an instability with a
positive growth rate. Their analysis included finite density and elec—
tron temperature gradients, a class of trapped and a class of circulat-
ing electrons, and an effective collision frequency for the detrapping
of the electrons which was a function of the electron's energy. They
found that, for effective electron collision frequencies greater than
the electron diamagnetic frequency but less than the electron bounce
frequency, the DTEM was unstable. This mode has a finite parallel wave
number, k,, propagates in the direction of the electron diamagnetic
drift at the diamagnetic drift frequency, W = W, ., has a parallel phase
velocity greater than the iom thermal velocity and less than the elec—
tron thermal velocity, and that the maximum growth rate is of order

one tenth of the electron diamagnetic frequency. They also estimated
the instability induced cross field transport (Fig. 1-1) due to the
DTEM by invoking the strong turbulence relation, B, v Y/ki. The values
which they obtained were large enough to predict that diffusion due to
the DTEM might be the dominant cause of plasma transport in propased
devices such as TFR and PLT. Before their theory could be directly
applied to tokamaks, though, the effects of several important physical
phenomena had to be included in the linear theory of the DTEM. These

included shear in the magnetic field, V3 and curvature drifts, Landau

Tokamaks." It is available as TID-27157 from the National Technical
Information Service.



Figuve 1-1 Theoretically predicted cross—field diffusion
coefficient as a function of the electron collisionality in a
tokamak. This figure has been copied from H. Houlberg, Ph.D.
dissertation, University of Wisconsin, Madison, Wisconsin (1976).
1t represents a properly normalized version of the figure

which appeared in WASI 1295, It does not include the destabilizing
effect of the VB resonance which is important at low collision-—

ality.
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damping due to circulating electrons, finite ion Larmor radius effects,
and finite plasma B.

In 1973 Adam et al.2 published a paper dealing with the DTEM in
toroidal geometry. They solved the dispersion relation numerically
using a Fokker-Planck (FP) collision term instead of the simple Krook
model collision operator used by Kadomstev and Pogutse.1 They found

that the growth rate calculated in Ref. 1 was qualitatively correct.
d 1n Tg
d Inn

They also found that the DTEM was unstable even if ne =0 (ne =
and with only a slightly lower growth rate. (Their work was subsequently
confirmed by Horton et aqu who compared a Krook type, pitch-angle
scattering model collision operator to a FP collision term.) Lastly,
Adam found that a Landau type resonance between the wave and the

trapped electrons due to the toroidally directed magnetic curvature

and gradient drifts of the trapped electrons could cause the DTEM to
have a positive growth rate in the low collisionality regime, where it
had initially been predicted to be stable. Adam et al.!’L expounded on
this point in a subsequent paéer where they showed that the DTEM could
dominate plasma transport in small aspect ratio tokamaks even in the
collisionality regime where the dissipative trapped ion instability had
originally been assumed to be the most damaging plasma instability.
Their work, however, showed that the destabilizing effects of the reso-
nance would not be present if an inverted density profile was created
such that n < 0.

Horton6 caleulated the stability of a tokamak with an inverted



density profile., By taking into account the fact that, for a given
electron temperature, some electrons are in each of the three colli-
sionality regimes (collisionless, trapped electron, and collisional),
he found that an inverted profile was more stable at low collisionality,
but that the plasma was not absolutely stable because Ny < 0 destabi-
lizes collisionless drift waves.

FPinite ion Larmor radius (FLR) effects are also important in the
lower collisionality regimes. Liu, Rosenbluth, and Tang7 found that it
was the FLR effects which caused the DTEM to be unstable at high colli-

sionality (v > w) even in the absence of an electron temperature

eff
gradient. At low collisjonality (veff < w), both the FLR effects and
the magnetic curvature resonance must be considered since Ne < 0 is
stabilizing with respect to the resonance terms4 but destabilizing with
regpect to the FLR effects?.

It may be possible to improve the overall stability at low colli-
sionality by having an inverted density profile with a finite plasma B.
Tang et al.8 found that B of a few percent was strongly stabilizing to
the FLR mode. Finite B, however, was found to have little effect on
the DTEM driven by the electron temperature gradient. Landau resonance
with the circulating electrons did have a strong stabilizing influence
on the VTe modes, but tended to destabilize the FLR modes.

. coe o AL
» 10 and the presence of impurities

The effects of ion wviscosity
in the plasma have also been considered. Ion viscosity exerts an

important stabilizing influence only at high collisionality. Impuri-



ties cause an enhanced electron collision frequency with a resulting
change in the growth rate as a function of the collision frequency.
The presence of impurities can also lead to a new trapped electrom
instability with a parallel phase velocity greater than the impurity
thermal velocity but less than the ion thermal velocity. Neither ion
viscosity nor impurities are expected to be important to the stability
of the DTEM in tokamak fusion reactorslo’ll.

The results of a linear stability analysis are the stability cri-
teria and the linear growth rate. If the plasma is stable, then the
calculation is complete and other modes of instability can be consid-
ered. However, if the plasma is unstable the problem becomes one of
determining the dominant non~linear saturation mechanism(s) which
causes the instability to saturate at a finite amplitude. In the case
of the DIEM, one of the first saturation mechanisms considered was the
electrostatic detrapping of the magnetically trapped electrons by the
parallel electric field associated with the instability. Kadomstev and
Pogutse12 found that this mechanism caused wave saturation when
86/Te = £ where $ is the wave potential and ¢ is the inverse aspect
ratio. WHowever, it was later shown by 0tt and Manheimer13 that XKadom~
stev and Pogutse had neglected a term of order 100 so that the wave~
induced detrapping would nmot cause the DTEM to saturate until
e/T_ = 100 €.

The coupling of unstable waves at low wave numbers to waves with
high wave numbers which are strongly damped by shear has heen consid-

. , 14 . . . ,
ered as a saturation mechanism. This mode-mode coupling is effective
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ouly when k! pi << 1 (kJ_is the perpendicular wave number and p_i is the
ion gyro-radius) so that the waves are not dispersive. However, present
linear theories predict that modes with k___pi ~ 1 have the largest
growth rates, so this mechanism is probably not important in the satura-
tion of the DTEM in tokamaks. It has recently been proposed that
trapped electron induced scatteringl5 (analogous to the enhanced colli-
sion frequency associated with ion acoustic turbulence) transfers wave
energy from the unstable modes at k, pi = 1 to shorter wavelength modes
which are damped by ion wufiscos:'vcy.l6 However, there appears to be a
limited range of plasma parameters for which trapped electron induced
scattering dominates over non-linear ion Landau dampinng which trans-—
fers energy from short wavelengths to long wavelengths where ion vis—
cosity is less effective at damping the wave.

Tsang, Callen, and Vahalal7 have applied Dupree's renormalized
quasi-linear (RQL) theory]’8 to the problem of the non-linear gaturation
of the DTEM. They, however, choose to ignor the effects of the turbu-
lent diffusion of the ion orbits and calculate the gtabilizing influ-
ence of the effective electron collisions caused by wave~induced elec—
trostatic turbulence. Their work is especially interesting because
they find that the k, in the strong turbulence relation (Dl \ Y/ki) is
kr for their analysis. This is the first time, to this author's know-
ledge, that a clear choice between ke and kr has been illustrated.
Their theory, however, is subject to a number of criticismslg, not the

least of which is the fact that the logical result of the stabilization
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of successively more linearly unstable modes by wave-induced turbulence
is a state in which only the most unstable mode remains. It is in
exactly this state that the assumptions required for RQL theory fail.
Until this point and others can be successfully resolved, the validity
of RQL theory and its application to the DTEM will remain in doubt.

A final saturation mechanism which has been frequently employed in
non-linear calculations is the quasi-linear flattening of the electron
temperature and density gradients. Two versions of this theory are
used. The first version predicts that the instability saturates when
the fluctuating variation in the density gradient is equal to the gzero

order density gradient, i.e.-yﬁrég u'jL where Ln is the unperturbed

(8] LI].

density scale length. This version of the theory is illogical since it
neglects the fact that a local flattening of the density gradient by
the wave will be accompanied by a reinforcing of the density gradient
at a point where the wave is of the opposite polarity.19 The second
version of this theory predicts mode stabilization when the diffusion
caused by the instability reduces the important zero order gradient to
the point that the growth rate due to the gradient is exactly balanced
by the linear stabilizing mechanism.zo The chief criticism of this
theory is an ad hoc argument that the energy input from the neutral
beams and the ohmic heating current will maintain the zero order gradi-
ents irrespective of plasma instabilities.17 It is worth noting that
the quasi-linear flattening of the electron temperature gradienmt is the

stabilization mechanism observed in computer simulations of plasmas in
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linear geometry which are unstable to the DTEM.21

Based upon a particular author's preference with respect to a non-
linear saturation mechanism, most of the previously referenced papers
included some estimate of the cross field transport of particles and
heat caused by the DTEM. Since no one theory regarding the saturation
of the DTEM has been shown to be clearly superior to the others, it is
difficult to place too much faith in the estimates of the diffusion
caused by the DTEM which these theories predict. The situation 1s
particularly bad if "typical values" are used in the calculations.
Since the values of the plasma parameters vary significantly across the
radius of the plasma, it is easy to make large errors in the theoreti-
cal evaluation of the instability induced diffusion. This point was
clearly illustrated by Chu and Manheimer22 who showed that it is possi-
ble to be more than two orders of magnitude off in the determination of
the amount of shear required to stabilize the DTEM in a tokamak. This
gross error is possible because even a simple stability criteria
requires the evaluation of no less than nine variable parameters.

Their point is well taken, therefore, when they suggest that the most
complete theory possible be used in the stability calculations and that
experimentally determined parvameters be used in these calculations.

The value of magnetic shear for the stabilization of drift waves
in tokamaks, including the DTEM, has been invoked as a part of the
linear stability analysis of almost everyone in the previously refer-

enced papers. The validity of the assumption that shear stabilizes



12

drift waves has recently been called into question.23 In a simple slab
model, the shear in the magnetic field exerts a stabilizing influence
on drift waves because it leads to the radiation of energy away from
the region of localization of the instability to regions where the
energy is absorbed by ifon Landau damping. This analysis of the effect
of shear relies on two assumptions: (1) the shear is uniform and homo-
geneous across the radius of the plasma and (2) the instabllities are
localized radially. Both of these assumptions are of questionable
validity. It has been pointed out by Taylor23 that the shear in a
tokamak is, indeed, not uniform. His analysis shows that a sufficient-
1y large degree of inhomogeneity in the shear will lead to the effec~
tive nullification of the stabilizing influence of the shear.

Until recently, the calculations of the mode structure of the DIEM
have suppressed either the radial or poleoidal variation of the mode
structure. This technique made the resulting eigenvalue equation
solvable, but led to an artificial localization of the instabilities.

Rewoldt et a1,24’25

have recently performed a fully two-dimensional
study of the structure of the DTEM. They found that there was spatial
localization of the trapped electron modes and that magnetic shear
exerts a stabilizing influence on the modes. However, Ross and Miner26
have also published a fully 2~P modal analysis. Their results, however,
indicate that shear does not localize the trapped electron modes. They

find global radial structure similar to that found by Taylor23 for

ordinary drift waves. Therefore it would appear at this time that the
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role that magnetic shear plays in the stabllity of the DITEM remains
unclear. Until this point is resclved 1t will be difficult to assess
the validity of the stability calculations of the DTEM in tokamaks,
much less the estimates of the non-linearly saturated amplitude of the

instability or the diffusion that it causes.

Review of Experimental Observations

Stability analysis of the experimentally measured parameters of
Ormak, TFR, ST and ATC indicate that the DTEM should be active in all
four devices.22 Indeed, measurements of the turbulence spectrum in
ATCZ7 and TFR28 by means of microwave scattering techniques indicate a
broadband spectrum of oscillations which have been attributed to drift
waves. A more definitive identification of these oscillations as
trapped electron modes, however, is nearly impossible due to the turbu-
lent nature of the waves in both devices.

Similar experiments in the FM-1 device using microwave scattering
have revealed drift-like waves in this device when it is operated in the
trapped electron regime.29 Furthermore, these oscillations appear to
be related to the cross field tramsport of heat.30 The identification
of these modes as trapped electron instabilities has been questioned
becauge thelyr response fo magnetic shear is not in agreement with theo-
retical predictions¢31 In light of the present reevaluation of the
role which shear plays in the stabilization of drift-like instabilities,

the identity of the instabilities observed in FM-1 remains an open

question.
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By Tar the wost definitive study of the PTEM in teoroidai geometry
has been performed by Prater ot al .32 in the General Atomic Octopole.
Under conditions of very low field strengths (B v 100 Gauss) they
observe a large scale (§n/n < 60%), highly coherent oscillation of the
plasma. This mode propagates in the direction of the electron diamag-
netic drift at a frequency which is approximately the theoretically pre-
dicted frequency within the uncertainty associated with the Doppler
shift due to a radial electric field. Tn addition, the wave amplitude
as a function of collisionality occurs at values just slightly less
than those predicted by linear theory. (The interpretation of this
particular data is difficult due to the large erroY bars associated
with the instability amplitude.) Based upon their data they have iden-
rified this mode as a DTEM driven by finite ion Larmor radius effects.
Perhaps the most interesting aspect of the instability that they
observe is that it does not appear to cause significant plasma trans-—
port.33 Experimental confirmation of this observation in another de—
vice is desirable to show that it is not a machine-dependent phenomenon.

As shown in the original derivation of the DTEMl, toroidal effects
are not necessary for the generation of this instability. A linear
multimirror experiment retains all of the necessary physics for the
excitation of the DTEM while avoiding many of the toroidal effects
which complicate the study of the trapped electron modes.

In 1973 Deschamps et aZL.,Bl'L reported experimental observation of

the DTEM in the ODE device, The ODE experiment is a 5 m long mulfi-
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mirror with a mirror ratio of 1.25. Plasma is created symmetrically at
both ends of the device and allowed to flow through cusped fields which
isolated the sources from the experimental region. The instability
which Deschamps and co-wotrkers observed exhibited many of the predicted
characteristics of a DTEM. However, it occurred at collision frequen-
cies which were roughly two orders of magnitude less than the predicted
values. Since no theory has been reported which predicts this phenome-
non, and since no other experiment has observed the DTEM at such low
collision frequencies, thelr data is certainly open to other intexrpre-
tations.

Prager et a1.35 at Columbia have also reported observation of the
DTEM driven by a finite electron temperature gradient. Theilr experiment
is a simple, single cell device. The plasma is created at one end of
the experiment outside of the mirror cell. The loss cone portion of
the plasma then streams through the mirror cell where a small fraction
of the streaming plasma is scattered by collisions into the trapped
region of phase space. For mirror ratios greater than approximately
1.4, they observe an instability which propagates in the direction of
the electron diamagnetic drift with approximately the diamagnetic fre~
quency. This instability exhibits a broad radial extent with a maximum
amplitude in a region where the electron temperature gradient is sig-
nificantly less than it is nearer the center of the plasma. The data
in Ref. 35 appear to be in agreement with their theoretical predictions.

However, the fact that their device consists of only a single mirror
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coll means that the transit electrons in that device do not
repetitively sample the oscillating potential due to the instability,
whereas, in a tokamak the circulating electrons continuously sample
the wave potential and, thereby, develop a Boltzmann distribution.
The extrapolation, therefore, of their observations to a toroidal
device is not straightforward.

Using the same device Dixon et a1.36 have reported experimental
observation of the DTEM driven by finite ion Larmor radius effects.
However, their method of measuring the ion temperature by "time of
flight" is questionable. The same experiment performed in the DC
machine and the Linear Multi-Mirror measures the ion sound speed.
Interpretation of this data as a measurement of the ion temperature
would indicate ion temperatures which are an order of magnitude higher
than those measured spectroscopieally.37 gince Dixon's analysis of the
importance of the ion gyro-radius effects and the degree of ion Landau
damping both hinge critically on the value of the ion temperature, it
is difficult to assess the validity of his identification of the insta-
bility without a more definitive measurement of the ion temperature.

Dixon and Sen38 have also attempted to use feedback stabilization
to determine whether the temperature gradlent driven instability
reported by Prager35 is dissipative or reactive and to measure its
growth rate. It is true that they do not observe the characteristic
frequency jump as a function of the phase shift in the feedback circuit
that distinguishes a reactive instability.39 However, the maximum
reduction in the instability amplitude which they have reported is

insufficient to cause a frequency jump even if the mode is reactlve.
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By the same token, it is difficult to measure the growth rate of an
instability which is not completely stabilized. The growth rate can,
at best, be only approximated under conditions of incomplete stabiliza-
tiou.40

Finally, the work by Primmerman et 31.41 is often referenced with
respect to the DTEM but, in fact, is not concerned with this instabili~
ty. The instability studied by Primmerman is not excited by the colli-
sional detrapping of electroms, but rather, by a resonance between the
bounce motion of the trapped electrons and the wave. 'This bounce reso-
nance mode was theoretically predicted by Coppi.

Based upon the lack of widely accepted experimental evidence of
the DTEM and the obvious need for such evidence to test theoretical
predictions, we felt that valuable research in this area could be
accomplished in the Linear Multi-Mirror (IMM). At the time that these
experiments were proposed (1975), the LMM required several modifica-
tions so that the plasma would be unstable to the DTEM. TIn the follow-
ing chapters we describe the present configuration of tﬁe IMM, our

experimental observations, and their correspondence with the theoreti-

cal predictions.
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CHAPTER 2

EXPERIMENTAL APPARATUS

The Linear Multi-Mirror (LMM) was built by Ray Fonckl and began
operation in 1972 (Fig. 2-1). As originally constructed the device
consisted of eleven short mirror cells in a 4.2 m length. A plasma of
density 10'°% em™? with kT, v 5 eV was continucusly created by an
interdigital Lisitano coil at one end of the device. The plasma then
diffused down the length of the experiment until it terminated on a
metal endplate. This plate was moveable and was used to determine the
length of the plasma column. The plasma was monitored by Langmuir
probes at two fixed axial locations and by probes mounted on a move-
able cart system.l The investigations of the interchange instability

3

and the dissipative drift wave were performed using the LMM in
this configuration.

In order to operate the LMM in the parameter regime where the
plasma would be unstable to the dissipative trapped electron mode
(DTEM)4 a differential pumping column and magnets to contain the
plasma in the column were added in November of 1975 (¥Fig. 2-2}. The
transfer function analyses5 were also performed while the machine was
in this configuration.

Finally, in November of 1976 the machine was shortened from
eleven mirror cells to seven and an aluminum diagnostic pott assembly

was added to the experiment. As shown in Fig. 2-3 the device has been

used for the continuing studies of the temperature gradient driven



Figure 2-1 The Linear Multi-Mirror experiment as constructed

by R. Fonck.
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Figure2-2 The Linear Multi-Mirror experiment after the addition

of a differential pumping system and the conical helix plasma source.
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Figure 2-3 The Linear Multi-Mirror: present configuration.
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trapped electron instability and, most recently, the trapped electron
instability driven by finite Larmor radius effects and ultra low fre-
quency oscillations (Chapters 5 and 6).

The changes which were made tp the LMM have allowed us to signif-
icantly expand the range of plasma parameters which we can explore
without losing the capability to study the interchange instability and
the dissipative drift wave. They have also greatly improved our
access to the experiment for diagnostic purposes.

A detailed description of the device in its present configuration

(Fig. 2-3) will now be presented.

Vacuum systen

The vacuum chamber of the LMM consists of several interconnected
sections of Pyrex Conical* pipe. The vacuum vessel has a 6" (15.2 cm)
inner diameter except in the pumping column which has an 1D of 1.5"
(3.8 cm). The entire vacuum chamber is 4.1 m long with a total volume
of 8.4 x 10" cm®.

The experiment is roughed down from atmospheric pressure by a
mechanical pump (Leybold-Hereaus model DK-45) with a pumping speed of
650 1/min. The pressure is then reduced to its base value of
1 x 10”7 Torr by two oil diffusion pumps charged with Dow Corning
BC 704 silicon pump oil. A 6" (15.2 em) diffusion pump {Consolidated

Vacuum Company model PMC-1440) with an unbaffled pumping speed of

#Trade name of the Corning Glass Works, Corning, N. Y. 14830
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1440 1/s is mounted at the bottom of the source region. A watex
cooled chevron baffle is used to reduce backstreaming of the pump oil
but also lowers the pumping speed to one half of its unbaffled speed.
This diffusion pump is backed by a 500 1/min mechanical pump (Welch
model 1397). A molecular sieve foreline trap is used to prevent back-
streaming of the forepump oil.

When the differential pumping column was added, a 10" (25.4 cm)
diffusion pump (CVC model 4100) with an unbaffled pumping speed of
4100 1/s was installed at the entrance to the multimirror region
(Fig. 2-2). This pump is also topped with a water cooled chevron
baffle with a corresponding reduction in pumping speed. It too is
backed by a 500 1/min mechanical pump (Welch model 1397) with foreline
trap, Both diffusion pumps are protected from loss of cooling water
by overheat cutoff switches and from overpressure by an interlock con-
trolled by an ion gauge metering circuit.

The vacuum is monitored by thermocouple gauges (Veeco model
DV-1M) for pressures in the range 1 atm - 1 micron. Similar gauges
are used to measure the foreline pressure on the diffusion pump sys-
tems. For pressures between one micron and the base pressure, two
Baynard-Alpert ionization gauges (one Westinghouse W5966 and one
Varian 563 gauge tube) are used. One tube ig located at the top of
the source region and the other is located at the end of the experi-
mental region so that the pressure differential between these two

regions can be measured. By selectively adjusting the throttling type
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gate valves over the two diffusion pumps, while gas is bled into the
gource region, this pressure differential can be varied over the range
1 < AP £ 200 where AP is the pressure in the source region divided by

the pressure in the experimental region.

Magnets

Five independently powered sets of electromagnets are used to
create the DC magnetic fields which contain the plasma and to provide
the resonance magnetic field for the plasma source. All the magnets
are water cooled during operation and are protected against loss of
cooling water by water pressure cutoff switches. The power supplies
for three of the magnet sets are shared with the DC machine so a
series of switches and interlocks are used to insure that power is not
diverted to the wrong experiment.

Two magnets are used to create the magnetic field for the plasma
source., By using two coils, both the amplitude of the magnetic field
and the gradient of the field strength can be varied without moving
the source assembly. The first coil was made by winding 3500 turns
of #14 gauge magnet wire on a spool made from two 10" (25.4 cm) diame-
ter copper plates connected by a 3" (7.6 cm) long piece of 2" (5.1 cm)
ID % 1/8" (.32 ecm) W copper pipe. Heat conducting compound was
applied between the layers of turns to help transport the heat from
the center of the magnet to the two water cooled endplates. This coil
is powered by a filtered DC power supply which produces a continuous—

1y variable current from 0 to 5 A at a maximum voltage of 5 V. The
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coil is typically operated at 3.8 A which produces an on-axis field
of 650 Gauss.

The second source magnet is made of three layers of 1/4" (.64 cm)
copper tubing with 22 turns per layer for a total of 67 turns. The
coil is 6" (15.2 cm) long with an ID of 11" (27.9 cm). It is fitted
around the wire coil and is biased so that the fields from the two
coils add. It 1s powered by the "Cube" power supply which provides a
highly filtered, continucusly variable current from O to 350 A at a
maximum of 50 wvolts. This magnet is typically operated at 260 A which
produces an on-axis field of 680 Gauss (Fig. 2-4). An identical coil
is located at the end of the differential pumping column. It is wired
in series with the source coil so that it also produces an on-axis
field of 680 Gauss at 260 A.

There are two coils around the differential pumping columns which
constrict the plasma so that it passes through the column. These
coils were made in the manner described by Fonck.1 A total of 70
turns of 1/4" (.64 cm) copper tubing were wound in two layers along
the 9.5" (24.1 cm) length of each coil. The inner diameter of the
coils is 5" (12.7 em) which allows them to fit around the connecting
collars of the Pyrex tube in the pumping column. These magnets are
powered with an Arc Welder supply which is capable of providing up to
400 A at 30 V. A balanced, 3 phase variac is used to change the cur-
rent to the coils from O to 400 A. At 220 A the on-axis field created

by these magnets is 790 Gauss.



e 2-4 Schematlc representation of the coils which produce

Figur
The multi-mirror region

the resonance magnetic field for ECRH.

lies to the left in this figure.
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The multimirror field in the experimental region is created by
two independent magnet sets. The basic solencidal field is supplied
by the eight 'Main Field" coils. These coils consist of 60 turns of
1/4" (.64 cm) copper tubing in two layers. They are a" (20.3 cm) long
and have an 11" (27.9 cm) ID. They are powered by the Flotrol power
supply, which is capable of providing up to 400 A at 50 V. A high or
low range of currents from the Flotrol is selected by a front panel
switch on the power supply. The low current range is 20-100 A (con-
tinuously variable) and the high range ig 200-400 A (continuously
variable) with the eight Main Field coils connected to the Flotrel in
a balanced arrangement of four coils in series in parallel with the
other four coils in series. In order to obtain currents in the 100-
200 A range, a switch was installed in the circuit which allows two
surplus Main Field coils to be connected in series with the eight
coils on the experiment (¥ig. 2-5). Since the Flotrol works more
like a voltage source than a current source, the inereased load
reduces the supply current of the high range to the desired values.
At a Flotrol current of 200 A the Main Field coils produce an on—-axis
field of 280 Gauss.

The second set of field coils determines the degree of bumpiness
of the magnetic field in the experimental region. These ''corrector
coils" were made by winding three layers of 1/2" (1.27 cm) diameter
copper tubing. Fach layer consists of four electrically parallel

gsections of tubing. The seven corrector coils are powered, all in



Figure 2~5 Schematic representation of the wiring of the eight
Main Field coils. The two surplus Field coils are switched into
the circuit to load down the Flotrol power supply into a pre-

viously unattainable range of currents.
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series, by the Magnuflux power supply. The Magnuflux is capable of
supplying up to 4 kA at 12 Vv, but only in a step-wise variable fashion.
To increase the usefulness of this power supply, C. Strawitch and
D. Grubb added a network of filament transformers and variacs to the
internal wiring of the Magnuflux so that the current can be varied
almost continuously between the stepped values (Fig. 2-6). The
direction of current flow to the corrector coils is controlled by
reversing the power leads to the LMM at the switch which directs the
Magnuflux current to either the DC machine or the LMM. For a Magnu-
flux current of 1200 A% the corrector coils produce an on-axis field
of 160 Gauss.

The on-axis field strength and mirror ratio were determined by
R. Fonckl by sweeping a Hall probe down the axis of the LMM using the
probe cart system (Fig. 2-7 and 2-8). He then empirically determined
the mirror ratio and the average field strength as functions of Flo-
trol current (IF) and the Magnuflux current (IM). For a mirror ratio
defined by M = BMAX/BMIN and an average field strength defined by

B = (B

MAX A BMIN)/Z the relationships are

= -+
B 1.19 IF + 0.103 IM

*We have recently learned that the front panel meter on the Magnuflux
reads 1-1/2 times the actual current 50 that 1200 A on the meter is
actually 800 A to the coils. Since all of the following formulas were
derived according to the readings on the front panel meter, it is this
value which should be used when calculating the magnetic field
configuration.



Figure 2-6 Schematic representation of the circuitry which was
wired into the Magnuflux power supply to make the available

current values analog instead of digital.

38
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Figure 2-7 Magnetic field strength (as detected by a Hall

probe) versus axial position in the Linear Multi-Mirror for

a uniform magnetic field.
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Figure 2-8 Magnetic field strength (as detected by a Hall
probe) versus axial position in the Linear Multi-Mirror for

a bumpy magnetic field.
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-+
1.38 IF * 0.0785 IM
¥ 0.127 IM

o
+

for the mirror cell connection length of 13.6" (34.5 em). The (+) and
(~) sign indicate whether the corrector coil fileld is adding to or
subtracting from the main field, respectively. Lines of constant M
and B are plotted in Fig. 2-9 as functions of IF and IM.

Rough field alignment is accomplished by visibly aligning the
plasma column on the centerline of the machine. TFor this purpose four
small wires separated by 90° in azimuth have been mounted along the
length of the outside of the vacuum chamber to provide parallax free
alignment. This method is usually accurate to &5 mm, Precise field
alignment is obtained using the electron beam built by C. Strawitch.
We have found that using Neon as the fill gas at a pressute of
2 x 10~* Torr a highly visible beam can be fired along the length of
the machine. The same four wires are then used for centering the
heam.

During the studies of the drift and interchange instabilities the
plasma column was terminated on a moveable, metal endplate. In this
mode of operation the plasma diffused down the length of the experi-
ment and terminated on the endplate. This resulted in an axial densi-
ty gradient. In order to eliminate this density gradient, improve the
confinement, and create a class of pseudo-transit particles, we
replaced the endplate with a moveable mu-metal cylinder (3.8 cm diame-

ter X 14 em). This cylinder is situated inside of the wvacuum chambery



Figure 2-9 Lines of constant magnetic field strength at varying
mirror ratic and lines of constant mirror ratio at varying field
strength as functions of the Magnuflux current, IM, and the Flo-

trol current, ZF.
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and centered within one of the Main Fleld coils. The magnetic field
at the face of the cylinder is 2-1/2--3 times the field strength
inside the other field coils. This provides an end mirror which is
approximately equal in height to the mirror at the end of the differ-
ential pumping column (Fig. 2-3). The mu-metal cylinder is encased in
glass so that the plasma is not "line tied" on the face of the mu-
metal.

Probe access ports are located along the length of the experiment
(Fig. 2-3). There are two ports above the source region, one of which
is a swivel port. There are two ports at the end of the pumping col-
umn where the experimental region begins; one of these ports swivels,
The side port assembly contains four probe access ports mounted at 90°
intervals. The end port assembly also has four ports at 90° intervals.
These end ports can accept probe assemblies up to 1-1/2" (3.8 em) in
diameter or a swivel port assembly. The end plate has a 1'" (2.5 cm)
axial viewing port and two axial probe ports. A final probe access
assembly is the probe cart System.l By means of a remotely controlled
synchronous motor mounted outside the vacuum chamber, the probe cart
can be swept along the length of the experiment. The cart is capable
of accepting up to three probes at one time. Generally, however, to

avoid perturbing the plasma only one probe is used,.

Plasma sources used in the LMM

Since the LMM is of modest size with relatively low magnetic

field strength, it was logical to look for a plasma source which would
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jonize low mass gases (H,, He, etc.) and produce warm electrons with
cold ions. Lisitano coils of the interdigital6 and helical7 types
were logical choices. These sources create the plasma by coupling
microwave power into the plasma by electron cyclotron resonance heat-
ing (ECRH).

For absorption of microwave power at the upper hybrid frequency

the resonance magnetic field is determined by the relationship

a UH re ce m m
e e

—- 2 2
f =1 = ‘/f2 + f2 - _:;; ‘/é_@w + {_@,E.]

= 72.83 /n(10l%cm"3) + B (kY2 GHz

where fa is the applied frequency, fUH is the upper hybrid frequency,

fpe 45 the electron plasma frequency, and fce is the electron cyclo-

tron frequency. For plasma densities S 10! em™?, this reduces to

fa i fce . TFor an applied frequency of 3.0 GHz the resonance magnetic
field is B = 1060 Gauss.

The microwave power for the LMM is supplied by a Raytheon 4J63
magnetron. This tube supplies a nominal 50 watts at an adjustable
frequency of 2.985- 3.385 GHz. The tube operates most efficiently at
3 GHz and so is operated at that frequency. 1In otrder to isolate the
microwave supply from variations in reflected power a P & H Laborator-
{es model B1-526317 circulator 1is inserted into the microwave line to

provide 20 db of igsolation. A General Radio model 874-LK10L line

stretcher is also inserted Into the line to improve the impedance
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matceh between the power supply and the plasma source.
The initial operation of the LMM employed an interdigital Lisi-
. 6 ; : . :
tano coil as the plasma source (Fig. 2-10). This source typically

~3 using a

yielded plasma densities in the rapge 10° em™® < n < 10" cem
neutral gas pressure in the source region in the range 1 x 107" < PN <
5 x 10" 3Torr. This source worked admirably for the studies of the
drift and interchange modes. However, to operate the LMM in the

3 was required.

trapped electron regime, a density on the order 10'! cm™
iIn order to obtain this density we designed a simpler and more effi-

cient slow wave antenna.

Design considerations -- Slow Wave Antenna

In order to heat the electrons efficiently by ECRH it is desira-
ble to have as much of the electric field as possible perpendicular to
the resonance magnetic field, To accomplish this, the coil was
designed so that C/A = 1, where C is the circumference of the helix
and ) is the wavelength of the microwaves used to power the coil.
Coils which satisfy this condition have a charge distribution as
iliustrated in Fig. 2-11. As shown in this figure there is also an
electric field between the helix and the wall of the coaxial cylinder
which houses the coil. It is not surprising, therefore, that it is
possible to break down a plasma in this region also. Consequently,
the diameter of the plasma produced by this source is approximately
equal to the ID of the housing cylinder. By varying the ratio of rH

to T (Fig., 2-11) the fine structure of the plasma gradients can be



Figure 2-10 a. The Lisitano coil (shown in half scale) is made
by milling an 1/8" slot in a copper pipe, in the pattern shown

here. There are eight equally spaced slots on a pipe of 2" 1D

and 1/16" wall. The quarter-wave slot at the microwave feed

avoids short circuiting the input current.

b. The source assembly is shown full size. CGas
is fed in at (A), and microwaves at (B) through a modified
Type-N microwave coax connector. The vacuum seal is teflon (c),
and connection to the Lisitano coil is made at (D). The Lis-
itano coil 1s hard soldered into its brass end-plug at (E). The

pipe (¥) is stainless steel, the collimator (G) is copper.

50
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Figure 2-11 Charge distribution and electric field for a con-

ical helix housed in a grounded cylinder.
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altered.

After the initial breakdown of the plasma, cylindrical Lisitano
coils have shown a tendency to produce a plasma which is peaked in
temperature and density on the field lines which run along the inner
diameter of the cylinder.g This_effect is probably caused by the
strong absorption of the microwave energy at this point and a weaken-
ing of the on-axis electric field by the dielectric effect of the
plasma. By tapering the helix, we created a series of concentric
rings so that the outer peaks in the plasma temperature and density
are smoothed out.lo The temperature and density of the plasma created
by this source, therefore, peak on the center-line of the coils and
not on the edges of the plasma (Fig. 2-12).

The coil was designed so that the length of the coil following
the helical windings, L, was much greater than the wavelength of the
microwaves, A. We have mot performed any experiments to determine the
importance of this condition, L << A, but experience with helical
antennas operating in the axial mode indicate that it is necessary to
satisfy this criteria in order to take advantage of the breoadband
nature of these coils. Kraus11 also recommends that the coil have a
ground plane diameter, D = A/2, so this feature was incorporated into

our design.

Construction
One of these source coils and the form upon which it was wound 1is

shown in Fig. 2-13. 1t was produced by a bifilar winding of equal



Figure 2-12 Radial profiles of the density and the electron

temperature in the source region of the LMM.
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Figure 2-13 A conical helix plasma source and the form upon

which it was wound.
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lengths of Beryllium-Copper (Beryleco 25) rod and iron rod on a tapered
iron form, The Re-Cu rod was chosen bhecause 1t provides superior
mechanical durability and still retains 25% of the conductivity of
pure copper.

With the ends of the rods clamped to prevent deformation during
heat treating, the coil was baked at 315°C for 2.-1/2 hr to promote
precipitation hardening of the Be-Cu rod. The coil was thexn left in
the oven overnight for a slow cool down to imsure that thermal
stresses would not deform the finished coil. After complete cooling
the coil was unclamped from the form, cleaned, and polished. The
finished coil is plugged into a source assembly which serves as &
vacuum feed-through (Fig. 2-14).

The source assembly was constructed so that the coil could be
inserted into the vacuum vessel and positioned in a region of reso-
nance magnetic field for ECRH., Care was taken to insure that the line
impedance was 50 Q from the microwave poweT supply to the first turn
of the helical coil. The radiation impedance of an axial mode antenna
is typically 100~200§211, but varying plasma conditions change the
load impedance. It was, therefore, deemed wise to include a line
stretcher in the system to provide impedance matching. Experience has
chown that this line stretcher does, indeed, improve the plasma produc—
tion, but it is not essential to the operation of the source.

Finally, as shown in Fig. 2-14, the source asgembly is also used

to introduce the neutral gas into the coil region. The path which the
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Figure 2-14 Cross sectional view of the assembly used to

house the conical helix and introduce the neutral gas into

the source region.
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gas follows is, by design, a tortuous one. In order to insure a uni-
form filling of the cylinder surrounding the helix, we constructed the
source assembly so that the gas would be turbulent as it entered the

gource chamber.

Qperation

The coil presently in use has been operating faultlessly for over
a year. No form of direct cooling is provided to the coil. Two
electromagnets are used to create the resopance magnetic field and to
control the field gradient in the coil region. A standard operating
field structure is shown in Fig. 2-15.

To date, plasmas of hydrogen, hellum, argom, and neon have been
produced. Neutral gas pressures in the range 2 x 107° Torr to
2 x 10-? Torr yield plasma densities 10'® cn™® S n S 10¥? em™3.  These
values of the density are roughly two orders of magnitude higher than
could previously be produced in the same experiment using an inter-
digital Lisitano coil (Fig. 2-10). FElectron temperatures are typical-
1y 2 eV £ Te < 20 eV. The ion temperature in a similar experiment has
been measured by Fonck and Guss using a Fabry-Ferot interferometer.12
They found Ti < .1 eV for a helium plasma. The ion temperature has
not been measured for a hydrogen plasma; but results similar to those
of I. Brown,l3 who found Ti < 2.2 @V for a Lisitano coil plasma, may
be expected.

Density and temperature profiles in the source region of the

linear machine are shown in Fig. 2-12. The RMS noise level in this



Figure 2-15 Magnetic field configuration in the source region

of the LMM.
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region is typically 1-5%. It should be noted that due to the high
degree of isolation provided by the differential pumping column there
are significant differences in the density, temperature, and plasma

gradients between the plasmas in these two regions.
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CHAPTER 3

DIAGNOSTICS

This chapter is divided into two sections: equipment and tech—
niques. The equipment section describes the actual apparatus used to
measutre the plasma parameters. The techniques section describes two
gpecific methods, which are not in common use, used to study the

plasma: feedback stabilization and transfer function analysis.

Equipment

The primary diagnostic tools used to study the plasma in the
Linear Multi-Mirror (LMM) are Langmuir probes. The probes are
designed specifically to measure the plasma floating potential and the
ion saturation current over the frequency Tange DC - 500 kHz. Both
spherical and planar probes are used. Spherical probe tips give the
highest degree of spatial resolution for a given collection area and
can be made small enough to minimize perturbations of the plasma when
radial profiles are taken. Spherical probe tips, especially small
ones, though, do not exhibit good saturation of the ion current.
Planar probes do show good saturation when the plane of the probe is
perpendicular to the magnetic field; however, planar probes tend to be
larger and, therefore, more perturbing.

The spherical probes are made by applying the flame of an OXy—gas
or an oxy-acetyleme torch to the end of a piece of #32 platinum wire

so that the end of the wire melts and forms a bead due to the surface
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tension of the liquid platinum.1 With care, a highly spherical probe
tip of almost any desired diameter can be made in this manner. Typi-
cally, probe tip diameters of .5 mm or 1.0 mm diameter are used. Both
sizes satisfy the relationship kDe << rp <Py where kDe is the electron
Debye length, rp is the radius of the probe tip, and Py is the ion
gyro-radius.

The remaining length of platinum wire is then inserted into a
7.5 cm length of Alumina tubing. (7.5 cm of tubing allows the probe
tip to be inserted radially into the center of the plasma column with—
out the main body of the probe being exposed to the plasma.) The
exposed wire is soldered to the inner conductor of a shielded microdot
cable. The entire assembly is sealed into a 1/4" (.64 cm) diameter
glass tube with epoxy (Fig. 3-1)-.

Planar probes are made by punching platinum disks from 0.076 mm
thick platinum foil using a variable hole diameter leather punch. The
disk is then spot welded to a piece of #32 platinum wire. The rest of
the probe is assembled in the same manner as & gpherical tip probe.

The circuit shown in Fig. 3-1 is used to bias a probe with
respect to the machine ground. The current drawn from the plasma is
measured as a voltage drop across the biasing resistor.

Tn the LMM these probes are used to measure the ion saturation
current by biasing the probe strongly negative (Va = ~22 to —45 v).
These probes are also used to determine the local values of the elec-

tron temperature and density by varying the bias from -90 V to +90 v
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Figure 3-1 Construction of a typical Langmuir probe used

in the LMM and the circuit used to bias it with respect to the

machine ground.



70

E A

11

IMIM OGNV Qv WOINILVG (D

3dn| WNIWNTH ()
INIOP Y3005 ()

3dn| ssvig VI NI ﬂ\ﬁ@
A0 (T

vy WIXYD) 1000 ()
3N N3 (D)

1L

.ﬂ.ll...ll>i|llv

et

360

I r L L0800

e

JA0% HINWONV]




71

to sweep out the probe I-V characteristic (Fig. 3-2).

A single tip Langmuir probe used to measure the ion saturation
current is susceptible to changes in the floating potential. This
problem arises basically due to the fact that the ion saturation cur—
rent branch of the I-V characteristic (for most probes) is not abso-
lutely independent of the biasing voltage but actually exhibits a
slight slope. Due to this variation of Ioi with V, changes in the
floating potential give rise to apparent changes in Ioi' In order to
avoid these erroneous measurements, a second type of probe, commonly
referred to as a double floating probe, is also used to measure the
ion saturation current in the LMM, They are constructed in the same
manner as the simple single probes (Fig. 3-3). The double probe
obviously presents twice the physical obstruction to the plasma that
a single probe does, but it has the advantage that the relative bias
between the probe tips is a constant independent of change in the
floating potential.

When either type of probe is used to draw a current from the
plasma, the probe circuit should present a minimal impedance to the
current flow. This restriction usually takes the form RB << Va/IOi
where Va is the voltage of the biasing battery and RB ig the biasing
resistor.2 The value of RB should also be kept small so that the
time constant of the circuit determined by RBCP ig small in order to
extend the frequency response of the probe circuit. (Cp is generally

determined by the parasitic capacitance of the coaxial cable used to



Figure 3-2 Current-volta

probe in the .MM,

ge characteristics of a Langmuir
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Figure 3-3 Construction of a floating double probe used in

the IMM and the circuit used to measure the ion saturation

current.
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connect the probe to the oscilloscopemwcp is approximately 100 pf/meter
for either RG58 A/U cable or microdot cable.)

In contrast, measurements of the floating potential of the plasma
require that the measuring circult present as large an impedance as
possible to the plasma so that a minimal current is drawn. This is
accomplished in the LMM by attaching the probe directly to a voltage
sensitive detector with an input impedance greater than the plasma
sheath resistance. The magnitude of the sheath resistance is given by
the relationship R_ = (kTe/e)(llloi).2 For the temperature and density
of the plasma in the LMM, RS = 30 Kk so that the floating potential may
be measured by using an oscilloscope or a DC Null meter which has an
input impedance 2 1 M.

Measurement of the floating potential oscillations is more diffi-
cult since parasitic capacitance in the coaxial cables lowers the AC
input impedance of the measuring circuit. To overcome this problem a
special probe was constructed which has an FET amplifier built into the
probe (Fig. 3-4). This probe has a very high input impedance, but is
restricted to measuring the AC fleoating potential.

Finally, striped collectors like those used by Cavallo3 have been
used to measure the particle flux to the walls of the LMM. The biasing
circuit used is similar to that of a double probe. However, a high
degree of isolation is desired so a circuit employing optical isolators
was constructed to bias the collectors and measure the collected

current (Pig. 3-5). A typical I~V characteristic of this system is



Figure 3-4

fluctuations in the floating potential.

circuit is built inte the probe tip.

external to the probe.

Schematic of the circuit used to measure the

The top half of the
The bottom half is
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¥igure 3-5 Schematic of an optically isolated ammeter. This
circuit is used for measurements with striped collectors and
double probes when a high degree of isolation between the
plasma and the external measuring circuit is desired. The
output signal is read by taking a difference between the

and V0

signals Vou on a differential amplifier.

t,l ut,2

This circuit is an adaption of an optically isolated
ammeter designed by C. Armentrout [see C. Armentrout, Ph.D
Dissertation, the University of Wisconsin, Madison, Wisconsin

(1977 1.
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shown in Fig. 3-6.

T have only touched on the complexities involved in the construc-
tion and use of Langmuir probes. Extensive consideration of these
problems is reported in Ref. 4-6, Practical considerations for the use
of probes were presented by Sprott in Ref. 2.

The signals from the probes in the LMM are analysed using a
number of electronic measuring devices. Among them are oscillo-
scopes, differential amplifiers, a frequency spectrum analyser, DC Null

meters, RMS voltmeters, an X-Y recorder, and a Lock-In amplifier.

Techniques

Two diagnostic techniques have been developed for the study of
the instabilities in the IMM: transfer function analysis and feedback
stabilization. The former is used to determine the presence and degree
of damping of marginally stable modes; the latter is used to damp an
unstable mode so that the growth rate can be measured and the effect of
the instability on the equilibrium plasma can be determined. Both
techniques can be used to determine whether an instability 1s reactive

or dissipative.

1) Transfer Function Analysis

In a recent paper, Richards and Ernmert8 discussed the diagnostic
utility of transfer function analysisg for the identification of plasma
modes and the measurement of damping rates. They illustrated this

technique in an experiment using a reactive instability, the inter-



Figure 3-6 Current-voltage characteristics of a striped

collector mounted inside of a corrector coil.
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change instability in a magnetic mirror plasma. We have obtained simi-
tar results for both a reactive mode and a dissipative mode in the LMM.
This complements the previous work since it gives an experimental con-
firmation of the transfer function analysis formalism for both dissipa~
tive and reactive modes.

As a function of the mirror ratio and neutral gas pressure an
m=1 interchange mode, which is of the reactive class, and an m= 1
dissipative drift mode can be made separately unstable or damped. The
experiments consisted of "runing" the plasma until the desired mode was
weakly damped and the other mode was strongly damped. A sinusoidal
voltage from an oscillator was then applied to the plasma. The output
voltage and phase relative to the input signal were measured with a
lock—in amplifier as the input frequency, W, was varied.

The input elements consisted of two stainless steel grids in the
plasma as shown in Fig. 3~7. They were biased oppositely to produce an
odd-m signal in the plasma. The output element was a single Langmulr
probe biased to measure the ion saturation current. This probe, also
shown in Fig. 3-7, was at the same axlal position ag the grids. The
system was checked to insure that there was no direct capacitative
coupling between the input and output elements, and that at a given
frequency, w, the output signal responded linearly as the input voltage
was varied. The system is shown schematically in Fig. 3-8.

Before considering the experimental results, we first veview some

of the theoretical predictions of transfer functions. We assume azi-



Figure 3-7 Arrangement of the launching and receiving probes
for transfer function analysis. The probes were mounted in

the port flange (see Fig. 2-3).
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Figure 3-8 Schematic representation of the circuit used for

rransfer function analysis.
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muthal symmetry of the background plasma and Fourier transform the
spatially dependent quantities in the azimuthal angle 0 (i.e.,

~ exp(im@)). The transfer function is defined as the ratio of the
Fourier transform (in time) of the output signal to that of the input
signal. As derived in Ref. 8, it can be written as

A

‘ R Y
'1((*)3“1) - UJZ [e(w’m) E(U),"‘m)

} (3.1)

where m > 0. The dielectric function of the plasma is e(w,m) and Am is
a collection of various constants of no particular concern. The two
terms €7 (w,m) and g~ (w,-m) describe the plasma's response to signalsg
traveling in the (+) or (-) 8 direction, respectively. In the case of
a weakly damped mode, either the term e(w,m) or £(w,-m) will be small
for W near W the mode frequency.

We can define, by choice of coordinate system, the direction of ©

such that (w,m) = 0. Then T{w,m) can be approximated by
T{w,m} = =5 —>——=< . (3.2)

To proceed further we must choose either dissipative or reactive
modes. TFor a dissipative mode we expand both the real and imaginary

parts of the dielectric function in a Taylor series expansion

J
ER(wO,m) + ER(wD,m)(ww~w0) + ...

ER(LU,IEL) AW

R’

EI(w,m) El(wo’m) (3.3)

where 0 is defined by ER(mO,m) = 0. Using these expressions we can
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rewrite the transfer fumction in the form

A_fw
T,m) = Ty F Ay,

(3.4)

where Y, is the damping rate. The amplitude and phase of T{w,m) are

given by
A /02
|T(w,m)| = - (3.5)
- P2
Vis-w )2+,
Yo
tmﬂ¢+¢& =T (3.6)
o

where ¢0 is the phase of Am. Analysis of Eqs. (3.5) and (3.6) shows
(1) in the vicinity of the instability frequency, W there is a rapid
increase in the amplitude |T| and a rapid change in phase 8, (2) the
total change in the phase asymptotically approaches 180° as the fre-
quency is swept by W s (3) the phase change across the-3db points of
the amplitude versus frequency plot is 90°, (4) the damping rate can be
determined from the amplitude vs. frequency plot according to

y = Jel (3.7)

° /3
1/2 MAX

where IAw|1l/2 MAX is the frequency half-width at half maximum, (3} the
damping rate can also be determined from the phase vs. frequency plot

according to

. dw ) (3.8)

o
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A sindlar Tavior serles expanslon may be made for o reactive

B
mode . Using this expansion the transfer function can be written in
the form
2
A Jw
m

T(w,m) = . 3 ; = )
{w wo) + 21iB{w mo) + Y2 + ZBYO

(3.9

where wo is the instability frequency, Yo is the damping rate, and B is

the dissipation constant. The amplitude and phase of T are given by

A [w?
I

|T(w,m){ = 775 (3-10)

2 2 2 2 2
{[(whwo) + v, 2By 1% + 4B (w—wO) 1

2B (w - wo)

tan(¢+d>0) - (w—wo)?- + Yg + 2BY (3.11)

where ¢o is the phase of Am. The amplitude, lTI, can exhibit either
one or two peaks, depending on the dissipative coefficient B and Yo
The phase changes rapidly for @ = w, as the frequency is swept and the
total change in phase is 360°, asymptotically. The phase change across
the~3 db points of the amplitude plot is 130° for Y, = B. 1In order to
determine Y, and B, a least squares fit of the amplitude and/or phase
versus frequency to the data should be made.

The measured transfer function of the dissipative drift wave is
shown in Fig. 3-9. TFor frequencies near 17 kHz, there is a rapid
increase in the output amplitude. (This is also the frequency observed
when the mode is barely unstable.) TFor these same frequencies there is
a rapid change 1n phase; the total phase change is approximately 180°,

and the phase drops by 90° across the-3 db points of the amplitude
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Figure 3~9 Transfer function response {amplitude and phase)

of a plasma which was marginally stable to a dissipative drift

wave.
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plot., Calculating the danping rate, YO, from both the amplitude and
phase graphs yields a consistent value of 9.5 X 10% gsect.

The corresponding results for the reactive type interchange
jnstability are shown in Fig. 3-10. As in the case of the drift wave,
there is a rapid increase in the output amplitude for frequencies
around the last noted instability frequency, in this case, fo = 3.2
kHz; and there is a rapid change in phase. The phase change across
the—-3 dB points of the amplitude plot is 130° which is consistent with
our prediction of the response of a reactive mode. Also shown in Fig.
3-10 are the theoretical amplitude and phase of T(w,m) from Egs. (3.10)
and (3.11), where the parameters B, Yoo W, are obtained by fitting the
theoretical curves to the data. The values obtained in this way are
w, = 2.0 x 10" sec™!, B = 7.0 X 102 sec—!, and Yo = 6.8 x 10° sec™ .

Fig. 3-10 also illustrates a zero of the transfer function at
£ ~ 3,7 kHz. In the vicinity of a zero, one camnot neglect 1/e(w,~m)
compared with 1/e(w,m), and must copsider all the terms in the sum over

m. The zero observed in Fig., 3-10 is apparently a root of the full

transfer function

11
wsm) E(()J,-"m)

Am
rw) =I5 Igg Iy

where the coupling of the input elements to the various m-numbers isg
contained in the Am term. We have tried several theoretical models to

explain the location of the zero shown in Fig. 3-10. So far, we have



Figure 3-10 Transfer function response (amplitude and phase)
of a plasma which was marginally stable to a reactive type
instability — an interchange instability. A zero in the

transfer function was observed at 3.7 kiz.
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been unable to do so.

2) Feedback Stabilization

A feedback stabilization system can be a very powerful diagnostic
tool for the study of a plasma in the presence of instabilities. Among
its uses are the following: 1) it can be used to suppress an instabil-
ity so that the plasma properties can be studied without the perturbing
effects of the instability; 2) it can be used to control the instability
amplitude so the effect that the instability has on the plasma can be
better understood (e.g. measurements of the cross field losses versus
S§n/n can be made); 3) when gated on and off the feedback system allows
the instability to be studied in the linear regime and during its
approach to nonlinear saturation (e.g. nonlinear frequency shifts at
saturation can be measured); 4} mode identification is simplified when
feedback can be used to determine whether a mode is reactive or dissi-
pative; 53) it is one of the few ways that the growth rate of an insta-
bility can be measured; and 6) using feedback, marginally stable or
weakly damped modes (YO < 0) in the plasma can be excited and identi-
fied. Tor these reasons a feedback stabiltization system was developed
for the LMM experiment.

The effect of feedback stabilization on a reactive instability
has been studied in detail by R. K. Richards.lo We will make use of
his work later in this paper. We now turn Our attention to the analy-
sis of the effect of feedback on a dissipative instability. The fol-

lowing analysis is modeled so as to be particularly applicable to the
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where C 1s composed of two parts: CO is the capacitance without the
plasma and Cp is the additional capacitance added by the presence of

the plasma. We assume here that Cp is small so that

c=C . (3.23)
0

Using Eqs. (3.21), (3.22), and (3.23), Eq. (3.20) reduces to

o

C
e J Vgr « K » V dv = - 75 J ¢*V, ds . (3.24)

e o ¥
The dielectric tensor K is now divided into its Hermitian, KH’

Rl
and anti-Hermitian, KA, parts and a Taylor series expansion in @ will

pe made for each part,

Ky

x"‘“ﬁ*ﬂ W) + -5 @-w) +*‘1<*A W)+ .. (3.25)

“+
K

For a dissipative instability near marginal stability
4
Vo* KH (wo) + V¢ av = 0, (3.26)

(which defines wo) so that when we insert Eq. (3.25) into Eq. (3.24) we

obtain
43
Vo "n Vg av + Yok + K. ¢ Vo AV =
Eo(w-mo) ¢ 5 b av + e ) A ¢ =
W
O
“o [ g 27

1f we now divide Eq. (3.27) through by
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o
we obtain an equation in w of the form

@-w) + ib = g (WK , (3.28)

where

J Yo* -*"K*A . V¢ dv

<

va:-%i . Vo dv

w
O

—-% J ¢*Vf ds
(WK = .

e

Ry
J Vi o 3(1‘)_ « Vo dv

0
o}

Note that the Hermitian part of K gives real values for the

scalar product,

o

"
1
J VgE . g - V¢ dv,

and the antiHermitian part gives imaginary values, 8o the constant b is
real; the term g(m)ﬁ will be considered complex since it will be due to
an unspecified feedback poﬁential. ¢(w) contains the phase ghift and
gain of the feedback loop.

fvaluation of the constant b is accomplished by considering the

plasma in the absence of feedback (g(w}ﬁ = (), This gives
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(m-—wo) + ib = 0 . (3.29)
We require that the frequency, w, be given by

o= +ivg
in the absence of feedback, where is defined in Eq. (3.26). Substi-
tuting this into Eq. (3.29) yields

iy + ib = 0, (3.30)

oY

b=~ Yo .

gubstituting this value into Eq. (3.28) and letting

e = Al ?W

we arrive at the desired relationship

i (w) (3.31)

(m-w0) - iyo = Alw)e .

Here we have allowed the feedback gain A{w), and the feedback
phase shift, ¢(w), to be functions of the frequency, w, since this is
the case generally encountered in feedback experiments. By considering
different forms for the frequency dependencies in A{w) and ¢(w) it is
possible to determine from Fq. (3.31) the magnitude of the effect of
these frequency dependencies on the effectiveness of the feedback cir-

cuit and to determine whether frequency compensation will be necessary.
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As an example of the technique employed to study the effects of

frequency dependence on a feedback circult we will consider two cases.

Case L. No frequency dependence.

Aw)

it
o=

¢ (w)

i
-

For this case Eq. (3.31) becomes
. id
- - = 0

(w wO) wo Aoe .
or

(m-—wo) - iy - Aocos¢0 - 1A51n¢o =0 .
Using w = w_ + iy the imaginary part of Eq. (3.33) is

v o= Yo -~ A sin ¢O =0

For stability (y < 0). Then

-A sin ¢ 2 Y,

(3.32)

(3.33)

(3.34)

(3.35)

Examining Eq. (3.35) we note the following: There is a minimum gain

required for stabilization, Ay 3 with sullicioent paln, stablllzation
Q)

can be achieved over a phase range of 180° (- < ¢0 <

no maximum gain above which the feedback signal is destabilizing.

Case 1I. The gain has a~% dependence.
A}

A=A -

o W

¢ = ¢

o}

(1); and there 1s
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Eq. (3.31) now becomes

Yo ifh
e e (3.36)

(w~mo) - Ay = AO .

The right hand side of Eq. (3.36) is expanded in a Taylor series about

W, yielding

id W=,
- -1 = 0 -
(W mo) iy, Aoe il my 1. (3.37)
Rearranging and expanding, Eq. (3.37) becomes
ZAO )
. 2y
(wr wo) + iy (1l + 5 cos ¢0 + Aolwo)
A cos ¢ + -2 A sin &+ A Jw® +
0 o W, © 0 o o
AO
. , . 4 iy 2 )
iv, + 1A0 sin ¢O iy, o cos ¢O R (3.38)

using w = ®_ + iy . Equating the imaginary parts of Eq. {3.38) gives

O 9 2
1+ ——>cos ¢_ + A ) =
Y ( G Cas (I & ()/mo)

A
0
o cos @0 . (3.39)

o)

+ i +
Y0 Ao sin ¢o Yo

The line of marginal stability (y = 0) is, therefore, defined by

Y A

\ oo _
AO sin ¢O + o cos ¢o =Y, (3.40)

for Yo/wo << 1., This reduces to

A sin ¢D 2oy, (3.41)

(o]
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which is the same result we obtained for Case I (no frequency depend-
ence).

The effectiveness of feedback stabilization on a dissipative mode
with Yo/wo << 1 is, therefore, only slightly affected by the w™?
dependence in the gain. This is in contrast to the feedback stabiliza-
tion of a reactive mode where a w~! dependence in the gain caused a
significant reduction in the gain width.lo

To see how such a 0w~} dependence can be generated in the feedback
system consider the stabilization of an electrostatic instability in
the linear machine. The ion density fluctuations caused by the insta-
bility are sensed by a Langmuir probe. The relationship between the

ion density fluctuations and the potential for an electrostatic insta-

bility is given by12

. dn n
=19 0 w __o
6ni o0 T E |1+ o In ky| » (3.42)
i1 i 0
dx

where éni is the 1on density fluctuation, q is the ion charge, Qi is
the ion cyclotron frequency, k, is the perpendicular wave number, and E

is the electric field,
E = ~V¢p s (3.43)

where ¢P is the potential. TFor low frequency instabilities, w/ﬂi << 1,

Eq. (3.42) is of the form

¢P (3.44)

6“1 z

£ |=
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where B is a function of the plasma parameters. So, in sensing Gni,
the probe has equivalently sensed §~¢p. If this signal is then ampli-
fied (AO/B), phase shifted (eieo) and applied to the plasma in the form
of a potential to suppress the instability, we note that a w~! depend-

ence has been added to the gaing

& . = (A w“lei8
O

B 9, - (3.45)

The major differences in the stabilization of reactive and dissi-~
pative instabilitiles can be discussed in terms of gain-phase plots
(Fig. 3~11). Typlcally, the gain and phase widths over which signifi-
cant suppression of a reactive mode may be achieved are small. The
finite phase width is due to dissipative effects in the plasma (in the
absence of these effects the phase width is zero).l1 The finite gain
width is due to destabilizing frequency dependencies in the feedback
circuit, i.e. if no frequency dependencies are present the gain width
ig infinite.

In contrast, the phase width for a dissipative mode approaches
180°, and while the gain width can be reduced by frequency dependencies
in the feedback circuit, typically, it is a less severe problem.

As reported in Ref. 13, we obtained significant stabilization of
both the interchange instability and the dissipative drift wave using
feedback. Unfortunately, our efforts to stabilize the trapped electron
instability have mot met with this degree of success. To date, we have

been plagued by two problems: nonlinear response to feaedback and the
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Figure 3-11 Stable regilons of feedback gain-phase space

typical of reactive and dissipative instabilities.
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appearance of new instabilities as the mode of interest is stabilized.

We have achieved significant stabilization of the trapped elec-
tron mode (Fig. 3-12), However, the response of the instability to
changes in the phase shift introduced in the feedback loop was not in
agreement with linear theory (Fig. 3-13). 1In a linear theory the fre-
quency shift should be symmetric about fo according to
Af = fo - A cos ¢ (Eq. 3.33), where fO is the instability frequency in
the absence of feedback, A is the feedback gain, and ¢ is the phase
shift. In Tig. 3-13 the frequency shift does appear to vary glightly
as a function of the phase shift, but it varies about a frequency which
is shifted by 7 kHz from fo. Such a response could be due to a change
in the equilibrium plasma as the mede is stabilized. Indeed, such a
change would be expected if the instability had saturated by changing
the equilibrium plasma. However, it is also possible that the feedback
system is modifying the equilibrium plasma and thereby stabilizing the
trapped electron mode indirectly. In order to avoid this point of con-
fusion we have tried a number of alternate arrangements and types of
suppressing elements, but none have been as effective as the external
foils.

The second problem, the appearance of new instabilities, is due
to the fact that feedback can destabilize as well as stabilize. Desta-
bilizing instabilities can occur due to either a direct or an indirect
coupling between the feedback system and an instability. A weakly
damped mode can be directly destabilized if sufficient feedback power

is coupled into the mode with a phase shift which lies outside the
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Figure 3-12 Feedback suppression of a trapped electron in-
stability.

e e
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Figure 3-~13 Frequency shift of a feedback suppressed trapped
electron instability (maximum amplitude reduction factor - eight)

versus the phase shift introduced in the feedback loop.
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stable region of the gain-phase space (Fig. 3-11). A mode can be
indirectly destabilized if it was stable in the absence of feedback
because it had "lost" in mode competition to the instability which is
being feedback stabilized.14 Stabilizing the dominant mode can then
jead to a "freeing'" of the energy source required by the stable mode.
Fig. 3-14 illustrates a situation where a second mode appeared as a
trapped electron mode was being stabilized. Whether the second mode
was directly or indirectly destabilized was not clear. In either case,
the result was the same: no information on a stable equilibrium in the
absence of the trapped electron mode could be made.

1n order to circumvent the problems of nonlinear response and
mode destabilization, we have made a systematic search of the available
parameter space in the IMM. We had hoped to find a regime in which
only a single trapped electron mode was present and in which we could
obtain definitive results using feedback. It was this search which led
us te rthe discovery of the FLR mode and the ULF oscillations described
in Chapters 5 and 6. To date, though, we have not found a regime in
which simple feedback experiments can be performed. Since our search
has been reasonably extensive, 1 feel that we must now turn our atten-
tion to multi-mode feedback schemes like those employed by Richards.l
Such experiments are difficult at best and require a high degree of
tuning and balancing of the feedback networks. At this time, however,

1 do not see a better alternative.
H

v



Figure 3-14 Destabilization of a second instability as the

trapped electron instability is suppressed by feedback.
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CHAPTER 4

EQUILIERIUM PLASMA

All the experiments described in the following chapters were per—
formed in the DC mode of operation of the Linear Multi-Mirror (LMM)
experiment. (A pulsed mode of operation is available by gating the
microwave power supply.) The plasma, therefore, was studied in a fully
evolved, steady state equilibrium. The plasma parameters which
describe such an equilibrium, e.g. n, Te’ ¥, VTe’ etc. are strong
functions of the controllable parameters of the experiment: the neutral
gas pressure, pressure differential between the source and experimental
regions, microwave power, average magnetic field strength, mirror ratio,
and the length of the experimental region. Unfortunately (or realistic-
ally), changing one of the controllable parameters usually results in a
non-negligible change in all of the plasma parameters.

This situation is further complicated by the fact that the equilib-
rium in the LMM is usually unstable, i.e. for almost any set of control-
lable parameters the plasma exhibits oscillations which are due to one
or more instabilities. The effect which these instabilities have on
the equilibrium plasma parameters is difficult to assess. It is nearly
impossible to determine whether the instability modified the plasma
parameters which then caused the mode to saturate at the observed
amplitude or whether the observed equilibrium gives rise to the insta-

bility amplitude subject to a saturation mechanism which does not
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require the alteration of the plasma parameters; Feedback stabiliza-
tion of the instabilities is one of the few methods which can be
employed to clearly reveal the changes in the equilibrium with and
without the presence of the instabilities. As explained in Chapter 3,
we have not yet been able to devise a feedback system which allows us
to cleanly stabilize the trapped electron mode, so this question
remaing unresolved at this time.

With these provisos in mind, sets of typical plasma parameters are
listed in Tables 4-1 through 4-5. Some of the values deserve further
comment. 1In Table 4-3 it is noted that the ioms are so collisional
that they effectively do not see the mirrors and, therefore, random
walk the length of the machine. This ig in contrast to conventional
mirror machine experiments where Ti >> Te and the ions are the magneti-
cally confined species. We can still define an effective mirror ratio
which is analogous to that of conventional mirror machinesl
BMAX/BMIN

R =
1+ Tl/'re

eff

-

Defining the mirror ratio in this manner takes account of the ambipolar
electric field which is established to equalize the flow of ions and

electrons out of the mirrors. For the LMM, however, Ti << Te S0

Also in Table 4-3 it is noted that the jonization and recombina-
tion rates are exceedingly small. The other possible source of plasma

creation in the main body of the experiment would be due to ECRH from



TABLE 4-1

Plasma Parameters

Density n
Electron Temperature kTe
Ion Temperature kTi

Ratio of plasma pressure

to magnetic field pressure g

Low Frequency Dielectric

Constant K
TABLE 4-2
Velocities
Electron Thermal Velocity VT o
»
Ton Thermal Velocity v
T,1i
Ton Sound Speed Cs
Alfeén Speed ' v

4

2

I4

1 x 10!
5 ev

.1 ev

em ?

120

1% 107 (~ m /M)
e 1

1 x 10"

cm/f s
cm/s
em/ s

cm/ s
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TABLE 4-3
Frequencies
FElectron Plasma mpe = 2 % 10'° sec™?
Ton Plasma mpi = 2 x 10% sec™?
Electron Cyclotron f, = 6% 10° sec™!
Ton Cyclotron Qi ~ 2 x 10°% sec™!

Electron Bounce Wy o = 1 % 107 sec”™? (short mirrors)
" " " o» 2 x 10% sec”! (long mirror)
Ion Bounce* Wy o = 1 x 10" sec”! (short mirrors)

Tlectron Diamagnetic Drift Wia ~ 3 x 10° sec™!

Collision Frequencies

Electron ~ lon vei = 3 x 10° sec™?

Electron ~ Electron Vv S AV
ee el

Electron - Neutral v@n e 6 x 10° sec”?

Ton - Ion v.. = 3 x 10% sec™?
id

Ion -~ Neutral v, = 2 X 10* sec”?
in

Tonization Rate Vv, ., = 3 % 102 sec™ !
ionize

Recombination Rate Y] ~ 10 sec™?
recomb .

Since the ion mean free path is typically less than the connection
length of the short mirror cells, the ions are not trapped but
execute a random walk through the mirrors.



TABLE 4-4

Time Scales

Ion Thermalization
Electron Thermalization
Particle Confinement Time

Energy Confinement Time

TABLE 4-5

Scale Lengths

Density Scale Length

Electron Temperature Scale Length
Density Scale Length

Electron Temperature Scale Length
Electron Gyro-radius

Ton Gyro-radius

Ion Gyro-radius evaluated at the

electron temperature
Electron Debye Length

Ion Debye Length

T... ~ 3 Usec
2 usec
T ~ 0.5 msec

.. ~ 50 usec

Vn/n ~ 3 em” ! (radial)

vT /T ~ 3 em™! (radial)
e e

an/dz ~ 0 (axial)

BkTe/8z ~ 0 (axial)

o ~ 2% 1077 cm

e
0y ~ 0.3 cm
pH ~ 2 cm

- -3
ADe 5% 1077 cm

. —t
kDi 7 % 1077 cm

122
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microwaves leaking out of the source. Measurements by the Radiation
Safety department with detectors which are capable of detecting micro-
wave levels as low as 0.1 mW/cm® failed to detect any leaking radia-
tion. In addition, there are no resonance surfaces within the multi-
mirror region except at the face of the end mirror which is over four
meters from the plasma source. It is, therefore, believed that all of
the plasma in the experimental region is created in the source reglon.

ECRH plasma sources are potential sources of anisotropic electron
velocity distributions because the microwave energy is being pumped
selectively into the perpendicular motion of the electrons. However,
ag shown in Table 4-4, the time for an electron to scatter through 90°
by collisions with other electrons is short. The electrons, therefore,
quickly relax to a Maxwellian.

The particle flux to striped collectors mounted on the walls of
the vacuum chamber and the end mirror is shown gchematically in Fig.
4~1. TFor these measurements the plasma was stable at a mirror ratio of
1.38. The dominance of the flux to the wall inside of the corrector
coils is due to the bowing out of the field lines at these points.
Particles that are cross-field diffusing radially outward will encounter
a field line which intercepts the wall inside a corrector coil long
before they reach a field line which intersects the wall inside of a
main field coil.

In equilibrium, the rate at which particles ave lost to the walls
and ends of the device must be equal to the rate at which particles are

being created in the source. An approximate value for the particle
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figure 4-1 Schematic representation of the particle losses

in the LMM as measured by striped collectors.
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confinement time (Table 4-4) was obtained, therefore, by dividing the
total number of particles in the experiment by the rate at which they
were being created in the soutce (as determined by the flux to the
collectors). The value thus obtained compares favorably with the value
obtained by measuring the decay time of the ion saturation current when
the source was gated off, Tn ~ 0.3 ms.

Similarly, the energy confinement time was estimated by equating
the rate at which energy was being supplied to the source coll to the
total energy in the plasma. The low value for Ty probably reflects the
rate at which energy is being lost to neutrals via charge exchange and
electron-neutral collisions.

As noted in Table 4~5 the density and temperature gradients paral-
lel to the magnetic field are zexo. This is in contrast to the opera-
tion of the experiment when the plasma was terminated on a floating end
plate., (For that situation BTe/Bz = (0, but there was a large density
grgdient parallel to ﬁ.) The removal of the parallel density gradient
is attributed to the large mirror ratio associated with the end mirror.
The effectiveness of the end mirror is also apparent when the ion satu-
ration current in the center of the plasma is measured along the z-axis.
Even with a mirror ratio of 2.0, the ion saturation current only peaks
by 10% in the mirrors which attests to the high degree of isotropy of
the electroms.

In Table 4-6 I have listed the ranges over which the relevant

collision mean free paths can be varied in IMM by changing the control-
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TABLE 4-6

Mean Free Path

10° m

2
-
A

20 em = .
el

H
=
PN

20 em S 200 m

en

-

« 2 Ccm < cm

2
g
A
~3

it

I4aY
-t
A

3 cm 10 m

in
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lable parameters. The range of electron mean free paths which are
given in Table 4-6 cover the range from collisionless, Ae >> L., where
L is the length of the plasma column in the experimental region (L =
300 cm) to collisional, Ae < 1c wheye 1C is the connection length of
the short mirror cells (1C = 35 cm).

Tn order to estimate the radial ambipolar electric field required
to make the net current zero to the Pyrex walls of the vacuum chamber,
we solve the zero order fluid equations for the lons and the elec-
trons.2 Using a slab model with a zero order density gradient in the
minus x-direction and a uniform magnetic field in the z—-direction we

obtain for the electrons and ions

N
0= -T E‘l+ev¢m9—(ﬁ*x§)-?ﬁz‘% (4.1)
e n c e Te )
v, e o > Mj"\’ii
Mi-a"t*_’“" = ~aVd + - (Vi % B} -~ T (4.2)

where we have assumed that Ti = 0,

Solving Eq. (4.1) for VO and Fq. (4.2) for VOix we obtain

ex
v = ___,,,P_e__.__ﬁ dd)o - De 1 E?P. (4.3)
oex 1+ (QU)?* dx 1+ (QT)2 n  dx )
e e o
and
b, do
_ i 0
voix - 14~(QT)§ dx (4.4)
et T@Te eb
where b, = ~—l*, D = - , i, =—— , and T, 1is the inverse collision
M e m i M,c i
] e J
£ . th los. - o
frequency for the j species Setting Voix VOex we obtain



-1

2
f&EEifE]+Ejiﬁ£ (4.5)
dx b n dx {7 b 14 QoY :
e o e i
bi
Noting that (Qr)i = EM-(QT)e and assuming (QT)e >> 1 we obtain
(=3
-l
d¢0 _ De 1 dno (QT)i (QT)e
dx b n_ dx 2 (4.6)
e o0 l%—(QT)i

Fvaluating Eq. (4.6) for typical IMM parameters of Te = 5 eV, T, =

5x 1075, ¢t =1x 10 % B =25 G, I/n_dn /dx =
@ O [}

d¢
O L 4 x 1075 statvolts _ 1 % 1077 N

dx cm cm

> -
Since this value would cause an E X B rotation of

3 cm 1, we obtain

the plasma which is

much less than one radian per second, we will assume that the plasma

frame is the same as the lab frame for a stable plasma.

In the unstable state the magnitude of the radial electric field

will be determined by the transport processes characteristic of the

nonlinearly saturated instabilities present. For

example, it has been

shown by Manheimer3 that the trapped electron instability which is non-

linearly saturated due to mode-mode coupling does

not cause a radial

electric field, and Cheng and ORuda& have shown that in the saturated

state convective cells cause an electric field which points radially

inward.

As stated earlier in this chapter the equilibrium in the TMM is

generally unstable to one or more modes of instability.
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1) Flute Instability: One of the first modes of escillation
observed in the LMM was an m = 1l interchange instability driven by the
average bad curvature in the multimirror region of the LMM. This mode
propagates in the direction of the electron diamagnetic direction at a
frequency, f ~ 5 kHz. The interchange mode is highly localized radially
in the region of strong density gradient. The parallel wavenumber is
~ 0, This mode dominates in the plasma for low neutral gas pressures
when the mirror ratio 2 2.0.

2) Collisional Drift Wave: A second instability appears when the
LMM is operated at high neutral gas pressures. This instability has
been identified as an m = 1 dissipative drift wave driven by electron-
neutral collisions.5 The oscillations propagate in the direction of
the electron diamagnetic drift at the diamagnetic frequency. The mode
is highly localized radially in the region of strong density gradient
(Fig. 4~2). The parallel wavenumber is k‘[z 2r/1,, where I is the
length of the plasma column in the experimental region. The drift wave
is observed in the plasma for mirror ratios < 1.4 with neutral gas
pressures greater than 2 X 10~ Torr. Both the interchange mode and
the dissipative wave have been successfully studied using feedback
stabilization.6

A third class of instabilities observed in the LMM is that of
instabilities driven trapped electrons. These modes will be discussed
in detail in Chapter 5.

There are at leagt three other modes which have been observed in
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Figure 4~2 Radial profiles of the ien saturation current and

the fluctuations caused by a dissipative drift wave.
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(he LMM under very atvpleal operating conditions.  Very Fitele is known
about these modes except that they cceur at typleal Prequencices of

8 kllz, 60 kHz, and 100 kHz, respectively. They could be unidentified
instabilities or presently recognized modes with different values of

k, and/or k,. ©Since they only appear for atypical operating conditions,
they were not considered relevant to the present research and, there-

fore, not investigated further.
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CHAPTER 5
THE DISSIPATIVE TRAPPED ELECTRON INSTABILITY

IN THE LINEAR MULTI-MIRROR DEVICE

As noted in Chapter 1 the plasma in a linear multimirror experi-
ment has all the properties necessary for the excitation of the dissi-
pative trapped electron mode (DTEM): trapped and pseudo-transit elec—
trons, radial gradients of both the density and the electron tempera-
ture, and finite ion Larmor radius effects. When operated in the
correct collisionality regime such a plasma should be unstable to the
DTEM. 1In this chapter we derive a dispersion relation for the DTEM
which includes the plasma phenomena relevant to the stability of the
DTEM in the Linear Multi~Mirror (LMM) and compare the theoretical pre-

dictions with the experimental data.

Theory

A slab model geometry (Fig. 5-1) is assumed for the analysis; the
magnetic field is oriented in the (+) Z-direction and the zero-order
gradients of the density and electron temperature are in the (~)
X-direction. A 1list of the symbols used appears in Table 5-1. The
perturbed quantities have the form A= AO exp[i(ﬁ° X - wt)]. Since
B < me/Mi for the plasma in the LMM we will only consider electrostatic
instabilities. We also restrict the analysis to low frequency, drift
type modes such that the frequency of the oscillation is less than the

ion cyclotron frequency, w < Qi, and the parallel phase velocity is
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Figure 5-1 Slab medel co~ordinate system used in the derivation

of the dispersion relation of the dissipative trapped electron

instability.
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Table 5-1

Mirror ratio

(M- 1)/M = V2 r/R in a toroid

fraction of trapped electrons

electron mass

ion mass

plasma density

perturbation of circulating electron density
perturbation of trapped electron density
perturbation of ion density

charge density

electron temperature (k included)

Boltzmann

ion temperature (k included)

Boltzmann
ratio of plasma pressure to magnetic field pressure
potential oscillations associated with a wave
electric field associated with a wave
magnetic field
w4 i

r Y

real frequency

growth rate

o2 Ve v /8

T,e "¢
ion diamagnetic frequency

electron diamagnetic frequency

wy L1+ BT - 3/2)]
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ion - ion collision frequency

electron Coulomb collision frequency
electron - neutral collision frequency
v, /) vy J0F

ion cyclotron frequency

parallel wave number

perpendicular wave number

connection length of mirror cells

ion gyro-radius

ion Debye length

ratio of electron temperature scale length to density scale
length

ratio of ion temperature scale length to density scale length
electron thermal speed
ion thermal speed
guiding center drift velocity
I _(b)e P
(8]
modified Bessel function
dielectric function

1 2
2(ky pi)
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greater than the ion thermal velocity but less than the electron

thermal velocity, Voo g < w/k, < Ve ot Finally, we limit the effective
¥ 3

electron collision frequency to values less than the effective electron

bounce frequency in the short mirror cells, Vorf < SN

The perturbation of the ion density is derived from the continuity

equation

an .
~é~f-:-+V ny o, (5.1)

which to lst order in the perturbed quantities is

om >
— 4+ ¥Yn *+ v
Q

N
= +n (Fev) = 0. (5.2)

d

> -
For the drift velocity of the jons we include the ¥ X B drift with

; . . . 1 . . .
finite ion Larmor radius corrections (FLR) and the polarization drifc,

—ik_§ k?p? k_&
V,oe oYl (1-LEy gL Y § (5.3)
d B 4 Q, B
Inserting Eq. (5.3) into Eq. (5.2) and defining Wy, = 75% ky 11 %? and

b

m'% (kypi)zvmaarrive at the perturbation of the ion density

oy ed Wieq (1-») - b (5.4)
n T, | W : '

Tn deriving Eq. (5.4) we have ignored the following: (1) the ion VB and
curvature drifts, (2) the ion response along the field line, (3) the

presence of trapped ions, (4) ion Landau damping, and (5) iom viscosity.
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For the ions in the LMM Ti =~ 1 eV so it is easy to show that the
first four effects are negligible. We will return to the subject of
ion viscosity later in this chapter.

We consider now the perturbed density of the two classes of elec-—
trons. We assume that the circulating electroms are in equilibrium
with the wave so that they have a Boltzmann distribution, which for

e@/'l‘e << 1 has the approximate form

a_ /o = (eB/T )L - VE) (5.5}

€,

where we have assumed that the fraction of trapped electrons is approx-
imately equal to /& (Table 5.1). The perturbation of the circulating
electron density given by Eq. (5.5) is adequate when the plasma is
deeply in the trapped electron regime so that the plasma is dominated
by the DTEM. However, in the limit that the fraction of trapped elec-
trons goes Lo zZero (/E + 0) this form for the perturbed density will
not give rise ﬁo either collisional or collisionless drift waves in
those collisionality regimes.

7o find the perturbation of the density of trapped electrons we

solve the drift kinetic equation:

of v of of ¥ of
e + [ty 1 i a e el °
Y z 5 + gq/m Ez 3vz + ¥ (vdf) 5y ’ . (5.6)

For the collision term we choose a simple relaxation model operator

Bt - “veff (£- fo) (5-7)
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v 3
where veff =-?? L;%i% . Since a trapped electron need only scatter
through a small angle in velocity space to become detrapped, the colli-
sion frequency for the trapped electrons is enhanced by a factor 1/e.
This term can be derived from a random walk argument. However, in
deriving this term, it 1s necessary to assume that the sine of the
angle of the trapped region of velocity space is equal to the angle
itself, 5in® = 6, This limits the applicability of this form of the
collision operator to mirror ratios less than three. The velocity
dependence in Eq. (5.7) arises from the velocity dependence of the
Rutherford cross section for Coulomb collisions.

This relaxation model collision operator is useful to describe
electron - ion collisions. It is less accurate, though, at describing

*7 have shown, however,

electron~ electron collisions., Other authors
that its use leads to qualitatively correct results, which is all we
require at this time.
+ + * ] - . i

The ¥ X B drift is assumed to be the only important guiding center
drift in Eq. (5.6) so we set v, T ~i ky $/B . In doing so, we have
neglected the VB and curvature drifts. These terms are important in
the low collisionality regime; however, for the experiments described

in this chapter these terms are negligible. After putting v, into Xq.

d
(5.6), assuming that fO is a Boltzmann distribution, and grinding

through a lot of algebra, we arrive at rhe perturbation of the trapped

electron density,

=
[o]
=T
W]
Hlg,
12

1- <:uf+f1$T :> (5.8)
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d In T,

* . _ )
where W, = w*e[l+-ne(E/le—- 3/2)1, N, T TTe and the brackets

indicate that the enclosed quantity is averaged over a Maxwellian dis-

tribution in velocity space, i.e.

9 2

<A> L J A exp(-v /VT’e) cg%

1, (2,”)'2' vT,e (5.9)
Invoking quasi-neutrality, n, = n +1n _, we obtain
i e,c e,t
A
1 ¥ (1-b)-b| _ 1 1= f“< >
T, [ w } T, m~k1v (5.10)

1f we define T = Te/Ti and rearrange the terms in Eq. (5.10) we obtain

the result

:‘c

147 - (T+*-*~*)(l b) w/”<m> : (5.11)
eff

In the limit that the FLR effects are negligible (b -+ 0) and
assuming that the real part of the frequency is approximately equal to
the electron diamagnetic frequency (mr ™ m*e), we obtain the dispersion
relation derived by Kadomstev and PogutseS

(w3 - w
W zm*e+1»7€<"w““2"’“"_l“"{)7‘— eff> (5.12)

xe

Because of the velocity space averaging required to evaluate Iq. (5.12)
it is necessary to employ numerical techniques in order to calculate
the growth rate for an arbitrary collision frequency. The growth rate

as a function of the normalized collision frequency {collisionality)
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calentnted from Bg. (5.12) is shown In Fig. 5.2, The curve labeled
ven/(ve/E) = 0 1s that for a fully ionized plasma. However, the plasma
in the LMM is only partially ionized with the ratio ven/(ve/e) S 1. In
order to predict the effects of electron- neutral collisions, it is
necessary to include a velocity independent collision term in Vg
(For the temperature range Te < 20 eV, the electron - neutral collision
frequency in a Helium plasma 1is approximately independent of the elec-
tron temperature.) The result of one of these caleculations is the
curve labeled ven/(vele) = 1 in Fig. 5~2. As is shown in this figure,
the inclusion of the collisions with neutrals shifts the point of maxi-
mum growth rate towards lower Coulomb collisionmality and reduces the
maximum growth rate. It is easy to show that the growth rate predicted
by Eq. (5.12) goes to zero in the limit that the ratio ven/(vele)
approaches infinity.

Eq. (5.11) is the same as the dispersion relation derived by Liu,
Rosenbluth, and Tang6 in the limit that So(b) = 1 -b and neglecting ion
j,andau damping. In these same limits and assuming that veff > w, they
find that the real part of the frequency and the growth rate are given

by the approximate relations

Wy, (1-1b)
_ ke
We ™ T147H ’ (5.13)
3,201
2 -
v = £ T?E (3n/2)[l4kggTTb§l]4_(14-T)b . (5.14)
[53

Once again, in the limit b = 0, we recover the DTEM driven by the elec-



Figure 5-2 The growth rate of the trapped electron mode as

a function of the electron collisionality calculated without
the finite ion Larmor radius corrections to the theory or

ion viscosity. Since the plasma in the Linear Multi-Mirror
is only partially ionized, the electron - neutral collision
frequency has been included as a parameter. For a fully ion-

ized plasma, v __=0.
en
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tron temperature gradient, the VTe mode. However, in the limit VTe =+ 0
(ne -+ 0) the DTEM still can have a positive growth rate. In this case,
the mode is driven by the finite Larmor radius effects through the term
b, an FLR mode.

In order teo include the effects of ion viscesity in our analysis
we return to the basic dispersion relation for electrostatic instabili-

ties
kz

where K = 1 +5Ke + 6Ki. GKe and GKj are the contributions to the
dielectric function due to the perturbations of the electron density

and ion density, respectively, so that
Kk?
= - —— » .
Sp e (GKe + GKi) i (5.16)

. . o . s ... 8
Using a derivation similar to that of Braglnsk117, Rukhadze and Silin
found that the contribution to the dielectric function due to the

effects of ion viscosity is given by

R ¢ A
S R S S Z 4 z ¥ 4 .

ii 10 w kZr? wt 202 Qe

D i 1
2 4 2,2 "

o NTaawma] [P mkNy sl
w e 9% [4u“ 2wt T 4 0
i i
2
wﬂi ox

for drift waves. Since the ions are not magnetically trapped in the
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mirror cells of the LMM, Eq. (5.17) also describes the effects of ion
viscosity for the DTEM in this device.
For the trapped electron modes observed in the LMM kz << ky s0

Eq. (5.17) can be simplified considerably;

y " 2
SK ~ w_i__ \)ii VT?i 7ky 1 - vaTai d1lnx
ii 10 w k?x2, i Q* w8, ax
Di i i
kY {x v .
+,3~W_X vy T,1i Bln’}fL (5.18)
4 Q; ujﬂi ox ) .

Rearranging terms and using the definitions of b and w*i, we arrive at

w
®4 3
5 (1 -3 ni) . (5.19)

V., ., 2

il b
K© = .71 LA -
8 ii " w k2r2, 1
i

Putting Eq. (5.19) into Eq. (5.16) we find that the contribution to the

perturbed ion density due to ion viscosity is given by

i Vii b2 Y 3
6pii = @ Gnii = .7 T 1- m (1—"§§ ni) d . (5.20)
D1
Recalling that rgi = kTi/éﬁnez , we obtain
v w
_ §é . ii 2 B ik _ 3
bn, . T 0.74 —== Tb% |1 - == (1 - 33 ni) 3 . (5.21)

For the plasma in the ILMM w*i/m << 1 and n, ® 0 so

v, .
on. . = -i e 0.7%1—‘1-1)2 ) (5.22)
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When we add Bg. (5.22) to Eq. (5.4} and reevaluate the quasi-

nevtrality condition we find

U)‘“UJT 9
wl|l - JE<W> + Th mm*e - 0.71 vii b (5.23)

We note that w = W, + iy and assume that Y2 << wﬁ . We further

assume that y < Vv With these assumptions we expand Eq. (5.23) and

eff”’

rearrange terms to get

w2 . m‘ + Vogr Y
(w_+1iy) | (1+7Tb) - /€< " +\)2 > -
r eff

[ )
= - : 2
e < eff wﬁ + v2f£> Wy, = 0.71 7 v, (5.24)

For convenience we define

2 *
LU'_“‘(DLU -V .Y
_ T T eff r
<(1)> _<< o = :) (5.25)
eff
and
(w - W)
<(2)> =< eff T I > . (5.26)
we + v
T eff

Equating the real and imaginary parts of Eq. (5.24) we obtain

(5.27)

it
(=

(L+7Tblw - JE{wr <(1)> ~ v <(2)>] e

and

i

(L+1b)y - /ely <(1)> + w_ <(2)>] = -0.71 v Tbh? (5.28)

These equations reduce to
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ES

Ye T AT < <> (5.29)

memJEy<(2)>

Je w <(2)> - 0.7v,, Tb?
T 11

VTR - e <) ' (5-30)

Values for W and v are found by making an initial guess of the
magnitude of these terms and then numerically evaluating the velocity
space averages <{(1)> and <(2)>. Lq. (5.29) and {(5.30) are then solved
to generate new values for W, and v. This process is iterated until
the values for both W, and Y converge.

A code using this process was developed and used to calculate the
variations of the growth rate as a function of the collisionality. The
result, shown in Fig. 5~3, indicates a very different parametric depend-
ence of the growth rate on the collisionality than that shown in Fig.
5_2. These differences arise due to the non—-zero value of b (FLR
effects). For the values of the growth rate shown in Fig. 53, Th =
0.84. The shift in the peak of the growth rate toward lower collision-
ality is due to ion viscosity, which causes the rapid decrease of the
growth rate at high collisionality and the addition of the TLR driving
terms in the growth rate, which allow the DTEM to be unstable at lower
collisionality. The inclusion of electron — neutral collisions again
shifts the peak in the growth rate toward lower Coulomb collisionality.
However, with the inclusion of large FLR effects the maximum growth
rate is now slightly larger with electron - neutral collsions than

without. It appears, therefore, that the trapped electron instability



Figure 5-3 The growth rate of the trapped electron mode as

a function of the electron collisionality including the finite

ion Larmor radius effects and ion viscosity. Since the plasma

{n the Linear Multi-Mirror is only partially lfonized, the electron-
neutral collision frequency is included as a parameter. For

a fully ionized plasma, ven=0.
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described by the parvameters given in Fig. 5-3 is not damped by the
presence of electron ~ neutral collisions even for Ven/(vo/g) = 1,
Other theoretical predictions obtained using this code will be

presented later in this chapter.

Experimental Observations

The initial experiments aimed at the detection of the DTEM were
performed in the low collisionality regime where Deschamps et al.9 had
reported observation of this instability. The plasma density was a few

-3

times 10'% cm™? with electron temperatures in the range 10~ 20 eV. The

collisionality of this plasma was in the range 0.01 = (\)e/E)/w*e < 0.1.
In this regime we observed an instability which had an azimuthal mode
number, m, equal to one, propagated in the direction of the electron
diamagnetic drift, and increased in amplitude as the mirror ratio was
inereased. However, the mode frequency was much less than the electron
diamagnetic drift frequency, and the mode exhibited a parallel wave-
length which was at least many times the length of the experiment. We
subsequently employed feedback stabilization techniques to determine
whether the mode was reactive or dissipative.

The change in the mode freguency and amplitude as a2 function
of the phase shift introduced in the feedback loop are shown in Fig.
5-4. The frequency jump at the point of maximum suppression is clearly
evident in this figure; this labels the mode we were studying as being

reactive, DBased upon this data, it appeared that the only instability

which we observed in the very low collisionality regime was a collision-
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Figure 5-7 Response of the VTe mode to an increase in the

mirror ratio: saturation amplitude versus mirror ratio.
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dissipative. (The phase change would have been 2130° for a reactive
mode.)

The data presented so far are in agreement with the theoretically
predicted behavior of the DTEM. A closer check on the correlation be-
tween the theory and the experiment required us to vary a critical
parameter, such as the collisionality, and relate the observed changes
to those predicted by the theory. This is mot an easy experiment tO
perform in the LMM. As noted in Chapter &4, changing one of the con-
trollable parameters typically results in changes in more than one of
the plasma parameters. It 1s possible, however, to vary either the
microwave power or the neutral gas pressure without significantly
changing the gradients of the density and electron temperature. The
density and electron temperature change almost uniformly across the
plasma column as these parameters are varied. By monitoring the
changes in the density and electron temperature as the microwave power
or the neutral gas pressure 1is varied, it is possible to determine the
values of (ve/e)/w*e and ven/(vele) and put these terms into the dis-
persion relation code and calculate the resulting frequency and growth
rate for each incremental change of the controllable parameter.

The dispersion relation predicts the value of the growth rate.
Without feedback stabilization we are only able to measure the saturated
amplitude of the instability and assume that is directly related to the
growth rate. The comparisons which are made between the experimental
data and the theoretically predicted growth rate, therefore, are only

of a qualitative nature and are not meant to imply quantitative agree-



Figure 5~8 Transfer function response - amplitude - of a

plasma which was marginally stable to a trapped electron in-

stability.
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Figure 5-9 Transfer function response - phase - of a plasma

which was marginally stable to a trapped electron instability.
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Figure 5-10 Variation of the theoretically predicted and the

experimentally observed frequency of the VTe mode as functions

of the microwave power supplied to the source.
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Figure 5-11 Theoretically predicted varlation of the growth
rate and the experimentally observed change in the fluctuation
anpllitude  of the VTe mode as functions of the microwave

power supplied to the source.
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e 5-12 Variation of the cheoretically predicted and the

Figur
node as Tuncibions

experimentally observed frequency of the VTQ

of the nmeutral gas pressure.
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Figure 5-13 The theoretically predicted variation of the growth
rate and the observed change in the fluctuation amplitude of

the VTe mode as functions of the source gas pressure.
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observed.,  The comparison beiween phe prodicied growth yoave A the
changes in the satury ted amplitode are shown in Pig. -3 qualiia (RGE

agreement is found in this figure, also

dominatad in

These experiments weie pprformed whan an e L
the plasma. We have since observed the m= 2 and = 3 azimuthal mode

numbers of this instability. Whether an m=1, 7, or 3 mode dominates

in the plasma appears to he a complex function of the collistonality,

mirror ratio, and the average field strength. It hasg boen pos

observe the transition from a mode with one se-numbar ve 4 mode with

higher m-number as the magnetic field strenglh was increasad.

transitions are marked by the onset of ultra low Tiec

TUENeY O
which will be discussed further in the next chapter.
For the initial investigations of the instahilicy the Tield

strength was large enough that the additions te the growth vate ¢l the

=

DTEM due to finite ion Larmor radius effects weve auch smaller than the

driving term due to the electron temperaivre gradlent. Baged apon o

agreement belween theoretical predictions for a BTEM and our

tal observations, therefore, we have identified this mode ag al

driven by the electron temperature gradient (VI modai.
£
We found that at very low magnetic field strengiis, wheve the FLE

corvecitions to the theory are very important, a secoml new fnetability

appeared in the plasma of the LMM when it was opevated in o

electron regime. The fluctuations of the ion saluration cuvrent and

yhe floating potential sssociated with the dnstability were highiy

i
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coherent and monochromatic (Fig. 5-14) with 6Ioi/Ioi = eﬁf/Te . The
oscillations propagated in the direction of the electron diamagnetic
drift with a frequency which was w14 to 1/2 of the diamagnetic drift
frequency. The mode had an azimuthal mode number, m, equal to 3.
Radially, the mode was not well localized (it extended almost all the
way out to the wall of the vacuum chamber, Fig. 5-15), and the fluctua—-
tions peaked at a radial position where the electron temperature gradi~
ent was significantly reduced from its value near the center of the
plasma columm.

This second new instability was also a full wavelength standing
wave parallel to the magnetic field with AL = 1.2 1, where L is the
length of the plasma column in the experimental region. Similar to the
VTe mode, it exhibited nodes at the entrance to the experimental region
and in the center of that region (with 180° phase {nversion), and did
not have a zero fluctuation 1evel at the face of the end mirror. With
this parallel wavelength, the parallel phase velocity of the wave was
greater than the jon thermal speed, but less than the electron thermal
speed: Ve i =~ 2 x 10° em/s < w/k¥|= 6 % 10°% cm/s < vT,e = 1 % 10% em/s.
Therefore, this second new instability also appeared to be a drift type
of instability.

When the response of the instability to an increase in the mirror
ratio (at constant average field strength) was measured, it was found
that the saturation amplitude of the instability increased with increas-

ing mirror ratio (Fig. 5-16). This new instability appeared to be very
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Figure 5-14 Frequency analysis of the fluctuations in the

ion saturation current, unfiltered signal.
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Figure 5-15 Radial localization
ion saturation current due to th

driven by finite ion Larmor radi

of the fluctuations in the
e trapped electren instability
us effeets (FLR mode). The

radial profiles of the density and the electron temperature

are also shown.
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5.16 Response of the FLR mode to an increase in the

Figure
saturation amplitude versus mirror ra

magnetic mirror ratio: tio.
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gimilar to the VTe mode identified earlier except that it was localized
at a radial position where the electron temperature gradient was rela-
tively weak. This second new mode, therefore, also appeared to be a
DTEM, but driven primarily by the FLR effects (FLR mode).

Theoretically, the amplitude of an FLR mode is very sensitive to
the magnetic field strength. In order to check our hypothesis that we
were now observing a DTEM driven by FLR effects, we varied the magnetic
field strength at a constant mirror ratio and recorded the changes in
the amplitude and frequency of the instability. The plasma parameters
for each value of |Bi were then used to calculate the frequency and the
growth rate of a DTEM with the same azimuthal mode number as the mode
which we were studying, m=3. The results of this experiment are pre-
sented in Fig. 5-17 and 5-18. The agreement between the theory and the
experiment shown in Fig. 5-17 is both qualitative and quantitative for
B 2 100 G, e.g. for 1B§ = 250 G the predicted frequency was 22kllz and
the observed frequency was 23.5 kHz. Since the difference between the
two values lies within the range of experimental errors, the data in
Fig. 5-17 were normalized to give agreement for this value of IBl. As
shown in Fig. 5-18 the theory correctly predicts the change in the
instability amplitude over the entire range of values fbr IB‘ if one
assumes a direct relationship between the mode's amplitude and its
growth rate.

For ]B[ < 100 G, however, the theory and the experiment no longer

agree in Fig. 5-17. This may be due to a breakdown in the theory at



187

Figure 5-17 Theoretically predicted and experimentally ob-
served changes in the frequency of the FLR mode as a function

of the magnetic field strength.
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Figure 5-18 Theoretically predicted variation of the growth
rate and the experimentally measured change in the saturation
ampiitude of the FLR mode as functions of the magnetic field

strength.
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this point because the FLR parameter, b, is 2 0.1 for 1Bi <100 G so
that it is necessary to retain higher order terms in the expansion
So(b) ~1-b+... , which is used in the theory. It is not clear
at this time why a similar departure from the theoretical values was
not observed for |B| < 100 G in Fig. 5-18.

Based upon the basic drift wave nature of this gecond new insta-
bility and the fact that its amplitude increases with increasing mirror
ratio and is a strong and predictable function of the magnetic field
strength, we have identified this mode as a DTEM driven by FLR effects
(FLR mode).

We have observed azimuthal mode pumbers m=1, 2, 3, and 4 of the
FLR mode. As in the case of the VTe mode, the determination of which
m-number dominates in the plasma appears to be a complex function of
the collisionality, mirror ratio, and average field strength. We have
observed the transition from a mode with one m-number to another mode
with a higher m-number as the magnetic field strength was increased.
These transitions are marked by the excitation of ultra low frequency
oscillations which are the subject of Chapter 6.

Tt should be noted that both the mode which we have labeled the
VTe mode and the one which we have labeled the FLR mode are the same
instability: the DTEM. Since the two modes are localized in regions of
different plasma parameters so that the driving terms for the two modes
are different, it was possible to label the modes in this manner to

facilitate bookkeeping. In general, however, it is necessary to retain
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Figure 5-19 Frequency analysils of the fluctuations in the lon

saturation current measured when the plasma was unstable to

both the VTe and FLR trapped electron modes, unfiltered signal,
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Figure 5-20 Radial localization of the VTe mode and the FLR

mode measured when the plasma was unstable to both modes simul-

taneously.
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the FLR corrections to the theory to correctly predict the behavior of
the VTe mode; and, conversely, the VTe terms must be included to
correctly describe the FLR mode.

For values of the magnetic field strengih between those where the
VTe mode is present alone and those where the FLR mode is present alone,
the plasma can be unstable to both modes simultaneously (Fig. 5-19).

In this intermediate field strength regime the VTe mode is again
localized in the region of strong electron temperature gradient, and
the FLR mode has a broad radial extent in the region of weak tempera-
ture gradient (Fig. 5-20). The two modes typically appear at different
frequencies, but the frequency of each mode is accurately predicted by
the dispersion relation if the local values of the plasma parameters
are used in the calculation for each mode. When the two trapped elec-
tron modes are present at the same time it has been noted that the
fluctuations due to each mode are uncorrelated one with the other. It
has also been noted that the two DIEM's (VTe & FLR) do not appear
together with the same m-nuwber. The most commonly observed phenomenon
ig an m= 1, VTe mode with an m= 3, FLR mode.

In Figs. 5-21 through 5.24 the growth rate as a function of the
azimuthal mode number is plotted for plasma parameters which are typi-
cal of the following regimes: fig. 5-21, VTe mode alone; Fig. 5-22,
transition regime pzrameters for the region where the VTe mode 1is
localized; Fig. 5-23, transition regime parameters for the region where

the FLR mode is localized; and Fig. 5-24, FLR mode alone. TFor the
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parameters ol cach of the four figpures only one mode with a unique azi-
muthal mode number was unstable in the region of the plasma described
by those parameters; and yet, the theory predicts many linearly
unstable modes at each location. This may be interpreted as additional
evidence that the mode competition which we believe to be a major cause
of the problems which we have experienced while trying to perform feed-
back stabilization experiments is indeed occurring.

As noted earlier in this chapter, we have observed the plasma o
be simultaneously unstable to more than one m-number of the same insta-
bility. When this occurs the plasma exhibits what appears to be
another kind of mode - mode interaction: the excitation of ultra low
frequency oscillations. We now turn our attention to this phenomenon

in Chapter 6.



Figure 5-21 Growth rate versus azimuthal mode number for the
trapped electron instability. The dispersion relation was eval-
uated using plasma parameters typical of those for which the

VTe mode is the only unstable mode.
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Figure 5-22 Growth rate versus azimuthal mode number for the

trapped electron instability. The dispersion relation was
d using plasma paramefers which are typical of those

mode has maximum amplitude

evaluate

at the radial position where the VTe

in the transition field strength regime.
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Figure 5-23 Growth rate versus azimuthal mode number for the
trapped electron instability. The dispersion relation was

evaluated using plasma parameters which are typical of those
at the radial position where the FLR mode has maximum ampli-

tude in the transition field strength regime.
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Figure 5-24 Growth rate vergus azimuthal mode number for the

trapped electron instability. The dispersion relation was

evaluated using plasma parameters which are typical of those

for which the FLR mode is the only unstable mode.
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CHAPTER 6

NEAR ZERO FREQUENCY OSCILLATIONS

While operating in the trapped electron regime it was noted that
the plasma would sometimes break into ultra low frequency (ULF¥) oscil-
lations, £ = 100 Hz, as the plasma parameters were varied., Initial
investigations of these oscillations centered around attempts to corre-
late them with ripples in the power supply currents, variations in the
microwave power, and similar phenomena. No such correlations were
found. Indeed, these investigations revealed that the ULF oscillations
were confined to the multimirror region (Fig. 6-1) except in cases of
extremely large scale ULF oscillations, in which case a perturbation
of the plasma in the source could he detected. {(The data presented in
this chapter were taken only for the case of oseilllations which did not
perturb the source.) It was also discovered that the frequency of the
ULF oscillations was weakly dependent upon the source gas pressure and
the magnetic field strength. Based upon these observations it appeared
that the oscillations were actual plasma phenomena so they were subse-
quently investigated as such.

Careful examination of the available data on the ULF oscillations
revealed that they were present only in the parameter range in which
two trapped electron instabilities were unstable at the same time. The
two trapped electron instabilities can be either two VTe modes or two

FLR modes with different azimuthal mode numbers, m, oY a VTe mode and
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Figure 6-1 ULF oscillations of the ion saturation current
as measured by Langmuir probes in the source region {(top
trace) and in the experimental region (middle trace). The
bottom trace is a frequency analysis of the signal from

the probe in the source region (top trace}.

The two sets of trace (top three and bottom three traces)

were recorded a few minutes apart.
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a FLR mode localized on different radial surfaces (Fig. 6-2 and 63,
The characteristics of the excited ULF oscillations appear to be a
function of the type of trapped electron modes present. More will be
said about this point later in the chapter.

The waveform of the ULF fluctuations is very nonlineat, but may be
quite coherent. In Fig. 6-4 the frequency spectrum of the floating
potential oscillations and the oscillatieons in the ion saturation
current at the same Gpatlal locatlon are shown. The high degree of
nonlinearity is appareut 1n the spectrum of fluctuatlons of the ion
gaturation current where the fundamental and threc harmonlcs are
clearly visible. 61 /I oi evaluated for Lhe fundamenta] is 13% and the
total, summing over the harmonlcs, ie 214. It is a llttle more diffi-
cult to evaluate the oscillatlons of the floatlng.potentlal since we
cannot resolve the contrlbutlon due to electron temperature fluctua-
tions. Recall that V. =V - | o] kT where !al = 4 45 for a Helium
plasma so évf = GV - 4?&5 GkT cos. 0 where b is the phase angle
between the oscillations of the space potential and the electron
temperature. This eoupllng oi space poLentlal oscillatlons and elec—
tron temperature fluctuetions may exﬁlain the fact that the amplitude
of the first harmonic is equal to that of the fundamental (the peak at

120 Hz is pick-up from a full wave rectified 60 Hz power supply}. The
¥

f . ay a; "

value of e T is 5% for the fundamental and 10% for the fundamental
e

plus the first harmonic.

When the ULF oscillations are coherent, defipitive measurements of



Figure 6-2 Frequency analysis of the fluctuations in the ion

saturation current measured when the plasma was unstable to both

the \'}’Te mode and the FLR mode: unfiltered signal.
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Figure 6-3 Radial localization of the VTe mode and the FLR

mode measured when the plasma was unstable to both modes simul-

taneously.
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Figure 6~4 TFregquency analysis of the fluctuations in the
floating potential (top) and the ifon saturation current (bottom)
measured at the same radial position. (The peak at 120 Hz in
the spectrum of the floating potential oscillations is due to

pick up.)

The total fluctuation amplitudes (summing over harmonics)

are 81 /1 = 21% and eV _/T_ = 10%7.
ol £f'7e
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the acimuthal mode nuwber, divection of propagation, radlal cxtent, and
parallel wavelength can be made. We have found that the azimuthal
waveforms are nonlinear and, therefore, difficult to assign a single
azimothal mode number (Fig. 6-5). To correctly describe the waveform,
many mode numbers--both odd and even-~would be required. However, in
a rudimentary sense we can describe the waveforms which we have
observed as being either m=1 or m=2; i.e. the waveforms, while not
true sinusoids, exhibit the correct phase relationships between probes
separated by 90° and 180° in azimuth from a fixed reference probe.
These oscillations propagate in the direction of the electron diamag-
netic drift, but at a frequency far less that that corresponding to
either the diamagnetic frequency (f = 30 kHz) or the electron magnetic
curvature drift frequenmcy (f = 5 kHz). Radially, the ULF oscillations
extend from the centerline of the plasma column to the walls of the
device (Fig. 6-6). Finally, the parallel wavelength appears to be
infinite, or at least many times the length of the machine. This is in
sharp contrast to the trapped electron modes which are one full wave-
length standing waves parallel to the magnetic field.

The method of excitation of the ULF oscillations can be clearly
seen in Fig. 6-7. 1In this figure the fluctuations of the ion satura-
rion current detected by two Langmuir probes are displayed as the
magnetic field strength is continuously increased from 154 G to 340 G
at a fixed mirror ratio of 1.38. The probes were 180° apart in azimuth

and on slightly different radial surfaces. The signals in ¥Fig., 6-7 are



Figure 6~5 Coherent ULF oscillations of the ion saturation
current as recorded by two probes seperated by 180° in azi-

muth and on slightly different radial surfaces.
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unfiltered as are all the signals in this chapter and all other chap-
ters.

At 154 G the plasma was observed to be unstable to a single,
highly coherent oscillation. This mode was identified as an m=1, FLR,
trapped electron mode at a frequency f = 18.0 kHz. (Using the disper-
sion relation derived in Chapter 5, we calculated a frequency f = 18,7
kHz for the measured plasma parameters.) As the field strength was
increased a second trapped electron mode was destabilized and grew
larger. At the same time the m=1 mode decreased in amplitude as B
wag increased until, at B = 196 ¢, the only instability present in the
plasma was the new mode. This mode was identified as an m= 2, FLR,
trapped electron mode at a frequency, £ = 19.0 kHz (theoretically
predicted frequency, £ = 22.0 kHz). 1In the transition regime (B ~ 181
G) both the m=1 and m=2 modes were present and the plasma broke into
highly coherent ULF oscillations at a frequency, £ = 170 Hz. (The high
frequency oscillations superimposed upon the ULF oscillations in Tig.
7b are due to the trapped electron instabilities.)

As the magnetic field strength was increased still further, the
plasma evolved into a third high frequency oscillation which was iden-—
tified as an m= 3, VTe, trapped electron mode at a frequency, f = 30.0
kHz (theoretically predicted value, £ = 33,0 kHz). Again, the transi-
tion field strength vegime was characterized by ULF oscillations. This
time, however, these oscillations exhibited a broadband frequency spec—

trum. A pattern, therefore, appeared with respect to the type of ULF



~1

WO /SW G

W/IT0A 20

¢-9 'Sl




Figure 6~6 Radial profile of the coherent ULF oscill

ations.
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Figure 6-7 a,e Excitation of coherent ULF oscillations during
the transition from an m=1 FLR mode to an m=2 FLR mode at
nearly the same frequency (a-c). Excitation of broadband

ULF oscillations during the transition from an m=2 FLR mode

to an m=3 \7'1‘e mode at very different frequencies {c—e).

The signals shown in this figure are the fluctuations in
the ion saturation current as measured by two probes seperated

by 180° in azimuth and on slightly different radial surfaces.
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oscilattons being exclteds T the fwoe yapped electron modes appeared
at nearly the same [requency, ihe ULV oscillations were highly coherent;
if, however,\the two trapped electron modes had very different frequen-
cies, the ULF oscillations exhibited a broadband [requency spectrum.

This pattern has been observed several fimes in subsequent experiments.

This point can be ampllfled by considering Figs. 6-8 and 6-9. In
both figures the frequency spcctrum of the osclllatlons of Lhe ion
saturation current are shownt In Tig. 6~8 an FLR mode at £ = : 19 kHz
and a VTe mode at f = 25 klHz ére'shown at B %_282 G.;IAS tﬁé magnetic
field strength is incréaséé the frequency sﬁectrum in the vicinity of
the trapped electron modes bhecomes smeared out and_the_amplitude of the
near zero frequency oscillations increases until, at B = 366 G, it is
impossible to resolve the modes ar £ = 23 kHz and the plasma exhibits
large scale, broadband, ULF ogelliations with an approximately /£
gpectrum.

In contrast to this, Figi_6—9 shows the frequency_spectrum in a
plasma which was exhibiting large scale,_coherént uLF Qscil}ations.
(The large division mark on the y-axis marks.the amplitude bf the zero
frequency marker gemeratgd by the frequency analyzer.) In this case,
the frequency spectrum at 18 Kz was highly coherent and the.presence
of two separate Lrapped eiectron modes witﬁ.ﬁifferent aziﬁﬁﬁﬁal mode
numbers could not be determined uﬁLl] we spatially.FOUIier decomposed
the instability spectrum.

Figs. 6~8 and 6~9 also reveal ancther interesting difference



Figure 6~8 a,b Onset of broadband ULF oscillations as the
magnetic field strength is increased. (Note the smearing
out of the frequency spectrum peaks at approximately 20 kHz.)
The lower frequency mode (f = 18kHz) is an FLR mode; the

higher frequency mode (f = 25 kHz) is a VTe node.
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Figure 6~9 ¥requency analysis of the fluctuations in the ion

saturation current which are shown in the oscillogram in the

upper right hand corner of this figure.
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between the two types of ULF oscillations. There are a number of
frequency spectrums shown in Tig. 6-8. The broadband ULF oscillations
appear to be of the soft onset type since a slow increase in the ampli-
tude of these oscillations can be recorded as a eritical parameter(s)
is changed. However, the coherent ULF osc¢llat10ns gshown in Fig. 6-9
exhibit hard onset, iﬁé. these oscxllatlons appear quite suddenly as
the critical paféﬁefér(s)”is changed_and are excited at nearly maximum
amplitude at the time of onsét, -

At this tlme we have not.determlned a rheoretical explanation for
the ehcltatlon of Lhese ULF osc1llaLLonS. The broadband, near zero
frequency 0501llat10n5 which we observe, ‘howevetr, are quite similar to
those observed by Okabayashll in Lhe FM—l device when it was unstable
to more than one. drlft type of 1nstab111ty Tt is not illogical,
therefore, to conslder the same, mechanlsms listed in Ref. 1l: convective
cellszmq, negatlve phase Qeloc1ty 1§n aéoustlc 1nstab111t1esj, and
ballistic clumps6v | o

The nonlinear excitation of convective cells in the trapped elec-
tron regime has been noted by a number of auth0r53’7"9. The mechanism
by which the convective cells are excited is essentially the same for
trapped electron instabilities as it is for collisionless drift waves.
Okuda and Cheng2 have shown that for these modes the nonlinear beating
of two drift waves can generate the convective cells due to the differ-
ences in the electron and ion responses to the radial EG/B drift. Con-

vective cells generated in this manner have been ohserved in computer
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simulation of plasmas which are Pinearly unstable to hoth collisionless
. 3 . - . s 7
drift waves and dissipative trapped electron instabilities.

Tn the simulation in Ref. 3 they observed that the convective cell
saturated at approximately the same amplitude as drift waves, i.e.
ep/kT S .1 .

a

Our experimental observations of the ULF ogcillations can be com-
pared favorably with these theoretical predictions. As shown in Fig.
6~7 a-c we observe the highly coherent ULF oscillations when two
trapped electron instabilities with nearly the same real frequency, but
different values of k , are present in the plasma at the same time.

The resulting ULF oscillations are typical of convective cells in that

(1) they are k{lw 0 modes, (2) they occur at nearly zero frequency, and

it

(3) they saturate with e$f/kTe 5-10% {recall that we are measuring
the oscillations of the floating potential only). At this time there
are no published theoretical predictions available with which to com—
pare the level of fluctuations in the ion saturation current which we
observed. Work is being done in this area, though.4
Numerical solution of the dispersion relation for the trapped

electron instability in the LMM (Chapter 5) predicts that modes with
different azimuthal mode numbers, m, but the same real frequency, W,
can be unstable in the regime where the temperature gradient driven
mode dominates (Figs. 6-10), in the transition regime where both the

temperature gradient mode and the finite Larmor radius mode are present

(Figs. 6-11 and 6-12), and in the regime where only the finite Larmor
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radius mode is present (Fig. 6~13). Since the theory by Cheng and
Okuda2 predicts that convective cells can be excited whenever there are
two drift waves present with the same frequency, but different azimuth-
al mode numbers, this may explain the fact that ULF oscillations have
been observed in all three of the above regimes.

The mechanism by which ballistic clumps or negative phase velocity
ion acoustic waves could be excited by trapped electron instabilities
has only been intimatedl without direct theoretical predictions, so0 no
such comparison between these theories and our experiment can be made.

Tn conclusion, we note that we have experimentally observed ultra
low frequency (ULF) oscillations in a linear multimirror device when
the plasma was unstable to two dissipative trapped electron instabili-
ties at the same time. When the two trapped electron modes have nearly
the same frequency the ULF oscillations are highly coherent. Many of
the characteristics of these highly coherent oscillations can be
explained in terms of nonlinearly excited convective cellsz’g, though
other theories may be possible. In addition, we observe large ampli-
tude, broadband ULF oscillations when the plasma is unstable to two
trapped electron instabilities at different frequencies. This appears
to be a related phenomenon and may be relevant to similar oscillations

observed in the FM-1 devicel and the Culham Levitronll.



Figure 6-10 Instability frequency versus azimuthal mode number
for the trapped electron instability. The dispersion relation
was evaluated using plasma parameters typical of those for which

the VTe mode is the only unstable mode.
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Figure 6-11 Instability frequency versus azimuthal mode number
for the trapped electron instability. The dispersion relation
was evaluated using plasma parameters which are typical of those
at the radial position where the VTe mode has maximum amplitude

in the transition field strength regime.
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Figure 6-12 Instability frequency vexsus azimuthal mode number
for the trapped electron instabidlity. The dispersion relation

was evaluated using plasma parameters which are typical of those
at the radial position where the FLR mode has maximum amplitude

in the transition field strength regime.
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Figure 6-13 Instability frequency versus azimuthal mode number
for the trapped electron instability. The dispersion relation
was evaluated using plasma parameters which are typical of those

for which the FLR mode is the only unstable mode.
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CHAPTER 7

SUMMARY

We have derived a dispersion relation for the dissipative trapped
electron mode (DTEM) which includes the plasma phenomena relevant to
the Linear Multi-Mirror (LMM). This dispersion relation correctly pre-
dicts the behavior of the two instabilities which we observe in the
collisionality regime ve/e H g s where Ve/e ig the effective electron
Coulomb collision frequency for detrapping out of the magnetic mirrors
and W is the electron dismagnetic drift frequency.

At high magnetic field strength we observe an instability which
exhibits highly coherent oscillations of bhoth the ion saturation
current and the floating potential with 6101/101 = e gf/Te' This mode
propagates in the direction of the electron diamagnetic drift at a
frequency which is slightly less than the diamagnetic frequency.
Radially the mode is localized in a region of coinciding density and
electron temperature gradients.

Parallel to the magnetic field the mode is a full wavelength
standing wave. Tn addition, the amplitude of the instability increases
with increasing mirror ratio. Based upon the basic drift wave nature
of this instability and our ability to predict its parametric dependen-—
cies using the dispersion relation for a DTEM, we have identified this
instability as a trapped electron mode driven by the electron tempera-

ture gradient (VTe mode) .
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At Tow magnet fe flold strenglh we observe a socond new fnstabilicy
in the trapped clectron regime. This mode also propagates in the
direction of the electron diamagnetic drift at a frequency which is,
typically, 1/2 to 1/4 of the diamagnetic frequency. This mode is also
a full wavelength standing wave parallel to the magnetic field and
increases in amplitude with increasing mirror ratio. This mode, how~
ever, is not well localized radially and has a maximum amplitude in a
region of moderately weak electron temperature gradient. Based upon
the basic drift wave nature of this instability and the fact that the
mode is a strong and predictable function of the magnetic field
strength (using the DTEM dispersion relation), we have identified the
second instability as a trapped electron instability driven by finite
ion Larmor radius effects (FLR mode).

In an intermediate field strength region the plasma can be unstable
to both the VTe mode and the FLR mode simultaneously. The VTe mode is
localized in the region of strong electron temperature gradient and the
FLR mode has maximum amplitude closer to the wall of the vacuum chamber
in a region of weak temperature gradient. It was in this regime that
we first observed a class of ultra low frequency (ULF) oscillations of
the plasma. These ULF oscillations can be very large with Gioilloi up
to 50%. Fluctuations also appear in the floating potential with
e{ff/Te x 5-.10%. The ULF oscillations propagate in the direction of the
electron diamagnetic drift but at a frequency of only a few hundred

Hertz (or less), which is much less than either the electron diamagmetic
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drift frequency or the VB drift frequency. Radially, these oscilla-
tions are not well localized, extending from the center of the plasma
out to the walls of the device. Parallel to the magnetic field they
exhibit a wavelength which is infinite or at least many times the
length of the machine.

It appears that these oscillations are nonlinearly excited when
the plasma is unstable to two trapped electron modes at the same time.
1f the two modes have nearly the same frequency the ULF oscillations
are coherent. However, if the two trapped electron modes have very
different frequencies the resulting ULF oscillations have a broadband
frequency spectrum.

The characteristics of the ULF oscillations which we observe
compare favorably with those of convective cells which have been
predicted to be excited by the nonlinearly coupling of drift waves.

Other explanations may be possible, though.
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