Modes of spheroidal ion plasmas at the Brillouin limit
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The confinement properties and collective modes of single-component plasmas are investigated in
a quadrupole Penning trap. Brillouin-density pure ion plasmas are generated by electron-beam
ionization of a low-pressure gas. Large, spheroidal, steady-state plasmas are produced, extending
out to contact one or more of the trap electrodes. With the density fixed at the Brillouin limit by the
high ion production rate, the electrode potentials determine the plasma shape. The frequencies of
azimuthally propagating cyclotron and diocotron modes are found to vary significantly with the
plasma aspect ratio. For oblate plasmas, the frequencies are in good agreement with a simple fluid
model. © 1996 American Institute of Physids$$1070-664X96)02202-5

I. INTRODUCTION There have been relatively few experiments on confined
Brillouin-density plasmas, because most non-neutral plasma
The properties of single-component plasmas in Penningxperiments have been performed with pure electron plas-
traps are of fundamental interest, and they have been th@as, in which the density limit is typically quite high. An
subject of numerous experimental and theoretical studfes. experiment by Dimonte demonstrated a Brillouin-density
Axial confinement in such plasmas is provided by an elec{ i+ jon plasma produced by a relatively simple source. Most
trostatic potential well, while radial confinement is provided jgn plasma devices, however, are designed for use with laser-
by a magnetic field. However, if the plasma density risesnquced fluorescence diagnostics in high magnetic fields and
above a critical value, the repulsive and centrifugal forces oyg not naturally generate plasmas at the Brillouin limit.
the rotating plasma can no longer be balanced by the forcgnough the application of laser torques, microplasmas con-

due to the confining magnetic field. This density limit—the sisting of about 1dions have been compressed to the Bril-
Brillouin limit—was first described in the context of electron louin limit.2° and properties of collective modes in these

beams, but it applies equally to plasmas in Penning traps-plasmas have been studi®

For non-relativistic plasmas, this limit is far more restrictive Single-component plasmas support a wide variety of col-
than the analogous limit for neutral plasmée., B<1,  |octive modes, many of which are similar to those found in
where § is the ratio of plasma pressure to magnetic fleldneutral plasmas. These modes include axial space-charge

pressurg and it is also much less than the present practica\llvav(_}S such as the Trivelpiece-Gould m3d&22purely azi-
. . . 0 H . ’
limit for tokamaks(=5%). A unique feature of plasmas at muthal modes such as the diocotron and cyclotron modes,

the Brillouin limit is that the effective magnetic field van- g g0 C .
. nd “tilted” modes where the plasma motion is both axial
ishes, and the plasmas behave as though they are electrostati- : 3 .

and azimuthaf® Diocotron modes have frequencies near

cally confined. In the reference frame rotating with the . . S .
X . . g oo ultiples of the rotation frequency, which in most experi-
plasma, particles execute straight-line orbits in the interior of"

the plasma, and are then reflected by the sheath at the plasrﬁi??‘ts tls Ilg the range ﬁffa few k|'lohertz toa erV rtu;ndred
boundary!? Plasmas at the Brillouin limit have been studied lioherlz. because such Irequencies are convenient from an

as beanfsand drifting plasmad but there have been only a experimental point of view, these modes have received the
few reports relating to trapped,plasn’?as most attention in pure electron plasnfas?®® Cyclotron

In addition to its basic interest, the Brillouin limit repre- modes have frequencies near multiples of the cyclotron fre-

sents a restriction on many technological applications wher@U€Nncy{}.=aB/Mc, whereB is the magnetic field; is the
single-component plasmas are required at the highest po§P€ed Of light, andj andM are the charge and mass of the
sible density. For example, it represents a stringent limitatiof?l2Sma particles, respectively. For electron plasmas, the cy-
on alternative fusion energy concepts based on Pennir?Otron frequency is inconveniently higin the range of a
traps, and significant theoretical and experimental effortdew hundred to a few thousand megahertz for an adequate
have recently been directed at developing techniques for exéonfining magnetic fieldand cyclotron modes in pure elec-
ceeding the Brillouin limi€~12 Dense trapped plasmas are tron plasmas were not studied until the recent experiments by
now being developed as targets for high-energy bearfPould and LaPointd>*!in a device specifically designed to
experiments? and such plasmas have also been used as f®perate at these frequencies. In that experiment, a family of
cussing elements for high-energy bedith®ense ion plas- radially trapped Bernstein modes was observed, with mode
mas are being investigated as a method of trapping and cogspacing determined by the electron temperature. In ion plas-
ing positrons for the production of low-emittance bedms. mas, the cyclotron frequency again falls in the experimen-
For these experiments, the Brillouin limit restricts the choicetally convenient range of a few tens of kilohertz to a few
of ions to the lighter species. Finally, the Brillouin limit thousand kilohertz, and recently these modes have been in-
places a practical restriction on the accumulation ofvestigated in multispecies ion plasnasn this latter experi-
antiproton&®~8for the production of antihydroge. ment, frequency shifts in the cyclotron modes were ob-
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served, which were quantitatively explained by a multifluid I\
cold-plasma theory.

We have developed a new steady-state mode of opera-
tion of a quadrupole trap that enables us to explore a range of
plasma phenomena including plasma confinement and cyclo-
tron and diocotron modes in pure ion plasmas near the Bril-
louin density**3* The technique releases ions continuously
into the plasma by ionizing a background gas using an elec-
tron beam. Because the ion confinement is relatively good,
the plasma quickly reaches the Brillouin limit, where it can -
be sustained in a steady-state condition. The technique is
convenient in that it can be easily applied to a variety of ion
species, simply by changing the background gas, thus per-
mitting the exploration of mass dependences. The present . i-on
experiments complement the plasma mode studies carried peqm
out in precision quadrupole traps®in that a different fam-
ily of modes is studied in plasmas that are hotter and much
larger than those in the quadrupole traps. The mode frequen-
cies we observe are well described by the same cold fluid
theory% that was developed for the microplasmas. FIG. 1. Exploded schematic of the ion plasma experiment, showing the

The ion cyclotron resonance is the basis of the mostlectron beam, the spheroidal ion plasma, and the electronics used for mode
precise technique for mass spectrometry availablal- excitation and detection.
though the technique is generally applied to small numbers
of particles that are not in a plasma state, space charge ef-
fects can play an important role by shifting the resonant ( 1 2)

P

segmented
ring

Vv

frequency’”** A quantitative understanding of the effects of ~ ®(p.2)= s 7
plasma density on the collective modes could lead to the 0
ability to utilize the larger signals available from dense plas-Wwhere p=(x*+y?)"?is the cylindrical radius an¥ andz,
mas in making precision ion mass measurements. are constants. This potential is often realized by machining

Plasma modes can also provide diagnostic informationglectrodes to approximate the hyperboloidal equipotential
For example, the diocotron mode frequency of a cylindricaisurfaces defined by the equation
plasma is often used to obtain the line charge dersity. 1
spheroidal plasma the analytical theory of Dubiri® which 72— s p?=+72
comprehensively describes all the cold-fluid modes of sphe-
roidal plasmas in Penning traps, provides the basis for thand biasing them to potentialsV. The result is a pair of
measurement of aspect ratio and derfit§y. Temperature  mirror-symmetric “endcaps” biased at a potenthland a
effects lead to a deviation from the cold-fluid mod&kand  “ring” electrode biased at a potentiatV. The trap used in
this enables the temperature to be measured by measuritigese experiments, shown schematically in Fig. 1, is an ap-
mode frequencie® The mode frequencies of the higher- proximation to such a trap, with a scale parametgr 6.3
order diocotron and cyclotron branches in spheroidal plasem. For this geometry, the distance to the endcaps from the
mas have also been predicted to depend on aspect®fatiocenter of the trap ig,, and py=+/2z, is the inner radius of
and could lead to a supplemental or alternative diagnostiche ring electrode. Another technique for obtaining a quad-
These types of non-destructive diagnostics are expected to apole potential, at least over some volume of the trap, is to
particularly important for monitoring the antimatter plasmasuse cylindrical electrodes with specially chosen lengths and
now under study?>17:18:41.42 potentials—the “orthogonalized” cylindrical Penning tr&p.

The remainder of this paper is structured as follows. InThis technique can be applied equally to a geometry with
Sec. I, we review the confinement properties of plasmas iropen or closed endcaps.
quadrupole traps, and present our model for plasma confine- A single trapped ion executes simple harmonic oscilla-
ment at the Brillouin limit. In Sec. lll we describe the ex- tions along thez direction at a frequency
periment. In Sec. IV, we present the experimental data and a 112

. : ; 2qV

comparison with theory. We then discuss the results and wzz(_z)
summarize the paper in Sec. V. Mz,

2)1/2

The motion in thex andy coordinates consists of a rapid

II. ION CONFINEMENT IN A QUADRUPOLE TRAP circular cyclotron motion at a frequency
A. Critical voltage Q¢ 1
. 9 . . . Qé=7+§\lﬂg—2w§, D
An ideal quadrupole Penning trap consists of a uniform
magnetic field,B, directed along the axis and an electro- accompanied by a slower circular drift around thexis at
static potential of the form the magnetron frequency,
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Q. 1 C. Brillouin limit

Qy==— 02— 247, @)

2 2 As in the cylindrical plasma equilibrium, the radial elec-

tric field inside the plasma is proportional (9 having the

where (). is the cyclotron frequency in the absence of theform EpzngpIZqzé. Comparing this with the radial elec-

independent oscilations may be determined from the iniaf'C 1e10,01 (e 12DE, ~Ma£p/2qz, which led © the con-
P Y dition w2<Q2/2, it is clear that a similar condition applies to

pondmons. For example, the radius of the cyclotron rnOtIOI’]the plasma frequency. Just as the trap field prevents confine-

IS ment for V=V., plasma self-fields limit the density of
P2+ p2(p+ Q)2 Y2 trapped particles to the Brillouin denstty,
Pc= Q(Z:_zwg ’ (3) BZ
"o~ gmMc? ®

wherep is the radial position ang andp¢ are the radial and
azimuthal components of the particle velocity. The radiusat which wg=gg/2_ At this limiting density, the plasma ro-
pa, of the magnetron drift motion is found from the sametation frequency iso, = Q /2, and the plasma has the highest
formula by replacingy with Q.. aspect ratio available for the specified valuesvpfand (). .

The confined particle orbits described above are only In a plasma, particles move at nearly constant velocities
possible whenw?<Q2/2; for higher values ofv,, the par- in the z direction and reflect from the plasma boundary,
ticle trajectories inx andy are combinations of hyperbolic rather than undergoing simple harmonic oscillation. There is
sine and cosine functions, and the particle will strike the ringa distribution of axial bounce periods determined from the
electrode quickly. As a resul, must be kept below a critical plasma temperature, as in cylindrical plasmas, and from the
value, particle radius. The motions i andy are similar to those

described above for single trapped patrticles, with the simple

o= 5, (4) changew,— w, in Eq. (1), Eq. (2), and Eq.(3), except that

4Mc motions in the plasma boundary are more complicated. As
the Brillouin limit is approachedwp—>QC/\/§), the orbit size
of the plasma particles diverges, just as the orbit size of
single trapped particles diverges when the confinement limit
is approache(ﬂwze()c/\/i). In this case, however, particles
may remain confined in the trap as long as the plasma bound-
B. Spheroidal equilibrium ary is well separated from the electrode surfaces, because

The thermal equilibrium of a large number of particles their orbit radius becomes finite once they leave the plasma.
confined in a quadrupole Penning trap at a low temperaturf the Brillouin limit is exceeded, the plasma will expand
is a uniform-density spheroidal plasma, rotating rigitfly. across the magnetic field until the density is reduced to
The rotation frequencyy, , satisfies the same equation found N="nsg - In the limit of high magnetic field or low tempera-

B2Z3q

for the trap to work. Conversely, for a particular choicevof
andB, only particles withM/q<B?2z3/V c? will be confined.

for cylindrical plasmas, ture, the particle motions in a plasma at the Brillouin density
) limit are straight-line trajectories followed by specular re-
0= 20 (e~ ), (5)  flections from the plasma boundary, when viewed in a frame

wherew,= (4mq*n/M) "2 is the plasma frequency, amdis rotating with the plasma.

the number density of the plasma. The spheroids are biaxial
ellipsoids with rotational symmetry about theaxis, so they D. Brillouin spheroid model
are completely specified by their length, along thez axis

and their radiust ,, atz=0. The ratio of length to diameter, The Brillouin density for argon ions in a magnetic field

of 1 kG isng=6.63x10° cm 3. Small numbers of ions in our
L trap have a confinement time of the ordérlos at aneutral
a= Tp (6) gas pressure of 16 Torr. As described in more detail in Sec.
[, we can fill the trap by ionizing the background gas using
is referred to as the aspect ratio. In equilibriumis related  an electron beam. Therefore, if ions are released into the trap

to the plasma density by the equatidn at a rate greater than 46m~3s%, the density will approach
2 the Brillouin limit in a matter of milliseconds, unless space
wg:wg—, (7) charge is sufficient to allow ions to escape through the end-
As(a) caps. This latter possibility will occur for low confining po-
where tentials. We can estimate the minimum valué/afequired to
prevent such a loss by considering a spheroidal equilibrium
2QYa(a®~1)"17] plasma with the diameter of the electron beam, the length of
Ay(a)= -1 ' ®  the trap, and the Brillouin density. The value\éffor which

0. . ] this equilibrium is obtained is found from E§7), which
and Q; is a Legendre function of the second kind. The may pe written as

plasma frequency is a monotonically increasing function of 5
a which approaches its minimum valug,=w,, asa—0. V=~Az(a)mzqn, (10
Phys. Plasmas, Vol. 3, No. 3, March 1996 Tinkle, Greaves, and Surko 751
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electron
beam

FIG. 2. Model of the steady-state ion plasma far V,,,<V<V,, endcap-
limited plasma(crosshatchedwith halo (dotted, a>1/\/§; (b) V=V,, tran-
sition plasmaa=1/\/§; (c) V,<V<V,, ring-limited plasmapz<1/\/§; and
(d) V=V_, disk plasmag=0. ForV>V,, there is no plasma.

by settingn=ng and a=zy/r peam Wherere,mis the radius

about 2x10° cn®, the largest spheroidal plasma that may be
confined in this trap. This case is illustrated in Figy)2 The
confinement voltageV,, that results in this shape for a
Brillouin-density plasma has a prominent role in the experi-
ment; it may be derived as follows. Assume ng anda=1/

V2 and solve forV in Eq. (10) to find V,=As(1/
J2)12-[B?Z3q/4Mc?]. Then from Eq. (8), As(1/\/2)
—4Q%(—i)=4—, and the term in brackets [§rom Eq.
(4)] the critical voltageV,, so we have the simple result

V= (2—al2)V,. (12)

ForV<V,, the plasma length is fixed &t=2z,, and excess
ions leave through the endcaps. Due to collisions with neu-
tral gas atoms, some particles will be transported radially out
of the Brillouin-density core and will diffuse to the ring elec-
trode. Our inference is that they form a tenuous halo plasma
surrounding the core, as shown in FigaR For V>V,, the
plasma radius is fixed at,=p,, and there is no halo plasma.
As V—V,, the plasma length tends to zero, as shown in Fig.
2(d).

Ill. DESCRIPTION OF THE EXPERIMENT

The experiments were performed in a Penning trap de-

kG, the result isVy,;,=0.45 V. By contrast, for an electron magnetic field of up to 1.3 kG is aligned with the electrode
plasma of the same diameter as the electron beam to have tggycture shown in Fig. 1, which approximates the hyperbo-
Brillouin density would require a confinement voltage |pjdal electrodes of a precision quadrupole trap. The ring
greater than 30 kV. electrode is split azimuthally into eight sectors.

For the ion plasmas we have studi®d; V,,, so charge lons are formed by passing an electron beam along the
is not expected to escape along the trap axis before the Brikyjs of the trap, as shown schematically in Fig. 1. The rate at

louin density is reached. Radial transport due to gas scattefghich jons are formed inside the trap is approximately
ing will be minor on the millisecond time-scale, but once the

Brillouin density is reached, the addition of more ions will ~ 9Nion _2Z0oNnTil beam

cause immediate expansion due to the loss of radial force  dt e '

balance. The ion distribution that evolves as ions are Comim\ivherea- is the ionization cross-section,, is the density of
I n

ally added is probably not a true thermal equilibrium, but o o gas atoms,..is the beam current, andzgis the

becausg of the nearly unmagnetized nature of the interior Qficiance between the endcaps along the trap axis. This ig-
these high-density plasmas, it may be reasonable t0 asSURByag the variation of the beam energy inside the trap, which
that the force balance achieved in equilibrium is approxXi-.o,1d be included by using an averaged valugrafloniza-
mately attained by these plasmas. The data presented in S¢y, cross-sections typically rise rapidly as the beam energy
IV support the contention that the plasmas formed in steadys j,creased above the first ionization threshdi, and
state may be adequately described as Brillouin-density Sph‘?éach a maximum values,..,, at a beam energy on the order
roids with aspect ratios determined by the cold fluid equilib-of 100 eV. For argonE,=15.8 eV ando,,~4x10"16 cn?
. " " max
fium [Eq. (10 ) ) . _occurs at a beam energy of 90 eV. As described below, the
With the qs_pect ratio determlngd by the Brillouin density p oo, energy is kept below the second ionization energy
and the confining voltag® according to Eq(10), the re- threshold (i.e., 43.4 eV for argop at which energy,

(12

maining ingredient of the model is the plasma size. With ionsa_zg J2:

being continually produced, the plasma will grow in size ' ™

(maintaining a fixed aspect rajiontil it contacts one of the dNa+ _ 1

electrodes, after which additional ions formed will flow to a0 10° s7%-ploeam, (13

that electrode, and a steady state will be established. For
fixed value ofB, the aspect ratio varies wit, with increas-
ing values ofV leading to increasingly oblate spheroids.
Therefore, for low values 0¥, the plasma touches the end-
caps, as shown in Fig.(®, while for large values oV, it
touches the ring electrode, as shown in Fi¢g)2A plasma
with an aspect ratio of=1/\/2 has the right shape to touch
both the endcaps and the ring electrode, giving it a volume of

v{\jllhere the beam current is expressed in microamps and the
gas pressurep, is in microtorr.

The electron beam is emitted from the circular oxide-
coated cathode of an electron gun with radiys-0.7 cm in
a magnetic field;=150 G. Its radius as it passes through
the trap will depend on the trap magnetic field:

I'peani=" gVBgy/B.

(14)
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Thus the density of ion production is

Kr'* Kr*

dn  dNip, B

dt dt 27rZzBy’

(19

or about %10° cm™2 s~ for a one microamp beam passing
through 10°® Torr of argon in a magnetic field of one ki-
logauss.

As with other sources of pure ion plasmas, production of
doubly ionized particles is a concern. Again taking the ex-
ample of argon, above the second ionization threshold en-
ergy, E, =43.4 eV, Ai"" ions are formed from gas atoms
with a cross-section that reaches its maximum value,
3x10 1 cn? at an energy of 120 eV. If the beam energy is

11
10
less thanE,, throughout the trap, production of Af ions 9
will be avoided. If this precaution is not taken, a small
amount of the doubly charged species will be produced. This 8
7
6
5

ion signal

12

is common in mass spectrometers, as for example in residual
gas analyzers, which typically produce ions using a 70 eV
electron beam, and it is not important for some experiments.
In some work with pure ion plasmd&however, the impurity
species produces significant complications. By dumping . \ .
steady-state plasmas and measuring the time-of-flight spec- 0 20 40 60 80
trum, we have found that if the beam energy is substantially time (us)
higher thanE, and V>V, the plasma consists predomi-
nantly of doubly ionized particles, which are preferentially FIG. 3. Time-of-flight ion spectra showing transition from singly-ionized to
confined. IfV<V,, the plasma is mostly singly charged par- doubly-ionized plasma as confinement voltage is increased.
ticles. Time-of-flight spectra for these two different condi-
tions are shown in Fig. 3. This change in character can easily
be confused with another interesting phenomenon, whicly. EXPERIMENTAL RESULTS
will be described below. To avoid these complications, theA Total charge measurement
beam energy is kept belok, . At these energies, the ioniza- “~ 9
tion cross section is about half of its maximum value. It would be desirable to measure the plasma profiles di-
The temperature of the ions is difficult to establish ex-rectly by dumping the plasma onto collector plates. There are
perimentally, due to the failure of the charge-dumping pro-two difficulties with this approach. The most fundamental
cedure(see Sec. IV Aupon which the magnetic beach tem- problem is that if the plasmas are indeed near the Brillouin
perature analyzer depends. The energy imparted to a gaensity, then the particles are not following magnetic field
atom during an ionizing collision with an electron is small, lines in the tight helices familiar from low-density electron
so that the initial ion energy distribution will range from 0 to plasmas. It is possible that during the dump the particles may
qV, due to the quadrupole trap potential. Once significanbecome sufficiently magnetized to give some information. A
space charge has accumulated and flattened the potentjaoblem specific to this experiment is that these large plas-
well, ions will be formed with a narrower range of energies.mas must be dumped through the moderate-sized hole in one
Collisions of ions with neutrals are expected to be mostlyof the endcaps. One might still hope to obtain data on the
charge-exchange collisions, in which the ion removes amentral portion of the plasma, but instead a sort of universal
electron from a neutral with very little exchange of kinetic profile is obtained for all but the narrowest plasmas. Al-
energy. The original ions are thus replaced by ions with thehough the total charge received varies, the distribution is
room-temperature energy distribution of the neutral gas. Thialways strongly peaked in the center. This is consistent with
strong cooling mechanism may be one reason that the frex particle orbit radius comparable to or larger than the hole in
quencies of the azimuthal modes described in Sec. IV C arthe endcap, as is expected from the model. The difficulties
in good agreement with the cold fluid theory. The mean freewith charge dumping also prevent us from measuring the
path for charge-exchange of 10 eV'Aions in 1 uTorr of Ar plasma temperature.
is ~7x10°* cm* so that the mean time between collisions is Under some conditions, a measurement of the total
of the order of 10 ms. This is fast compared to the confineplasma charge can be obtained by measuring the image
ment time for a single particle, but it is not clear how it charge flowing onto the confining electrodes as the trap fills.
compares to the confinement time of particles in the unusudecause the filling is rapitabout 100 mk a current spike is
plasmas described in the following section. produced on the ring electrode when the electron beam is
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FIG. 5. Total charge of argon ion plasma wiB+=1.31 kG and various
values ofV. The solid line is from the steady-state model.
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mode frequency data described in Sec. IV C suggests that
this halo is not insubstantial, but we have no other informa-
FIG. 4. Current transient to the ring electrode when electron beam istlon regarding it
switched on at=0, for an argon plasma witB=1.31 kG anda) V=5V,

(b) V=12.5 V. Thearrows indicate the integration end points correspond-
ing to the bounds of the error bars in Fig. 5.

B. Transition in ring current

Less direct, but more convincing, evidence for the Bril-
louin spheroid model can be obtained by monitoring the
first switched on. Folv<V,, this spike is clearly distin- Steady-state current to the ring electrode. As may be seen in
guishable from the direct curreDC) which is established the transient current traces shown in Fig. 4, the steady-state
once the trap has been filled. Typical current traces, obtaineeurrent depends owi. It also depends oB, on the electron
using an electrometer, are shown in Fig. 4. The total chargeeam current| ., and on the gas pressure, and all of the
is obtained by integrating the current spikes from all elec-observed dependences are consistent with the model. In Fig.
trodes and correcting for the contribution from the image6, the steady-state current to the ring is plotted as a function
charge of the beam, which causes the small negative curreff V for various values oB andl ., In each case, the ring
spike seen at=0. The measurement is unambiguous for
small values oW, but asV approache¥,, the current traces
become more complicated, as shown in Figh)4making it 1000 T T T
difficult to decide when to stop the integration. The reason
for these complicated features is not understood, but may be
involved with the formation of a plasma sheath at either the
endcaps or the ring electrode. Pér-V,, there is no clear
separation between image charge current and the arrival of
the steady-state current, and the technique is not applicable.

Figure 5 shows how the measured stored charge in-
creases a¥ is increased. The error bars represent the uncer-
tainty introduced by transient features of the sort shown in
Fig. 4(b). The solid symbols represent the most plausible
analysis. Using the model described in Sec. II D, the total
charge in the Brillouin core is given by

4 3
Q=§7-rrpanB, (16) ] 1 1
10 20 30 40
which is shown by the solid line in Fig. 5. The agreement endcap voltage
between the data and the model is reasonably good, and at _ ,
least verifies that the total charge is within about a factor of 'C: 8- Steady-state current to the ring electrode as a functianfof an
. . argon plasma at a pressure of 240 ° Torr and with ((0) B=290 G,
2 of the model fON<Vt . This analySlS Ignores the halo of I pean=10 pA; (O) B=290 G, | poar=40 pA; (M) B=580 G, | pour=10 pA;

particles believed to surround the Brillouin spheroid. The(®) B=580 G,l,0,,=40 uA.

100

ring current (pA)

10

o
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FIG. 8. Spectrum of azimuthal modes of an argon plasma, showing dio-
cotron modes(0 to 10 kH2 and cyclotron mode$20 to 30 kH2. The
numbers indicate experimentally determined valuemof
1
0.2 0.4 06 08 1

B k&) the Brillouin spheroid model. No adjustable parameters were

FIG. 7. Measured transition voltage as a functioBdbr four different ion used. The excellent agreement seen in Fig. 7 between the

species(CJ) CH,, (M) argon,(O) krypton, (®) xenon. Solid lines are from Model and the experiment was not obtained for plasmas

the model. made from He or K. We suspect that this reflects a combi-
nation of highng (due to low ionic magsand low ionization
cross-section compared to the cross-section relevant to radial

current is small for low values o¥, corresponding in the ansport, resulting in insufficient ion formation to balance
model to the conditiofiFig. 2@] in which the core plasmais |ysses.

not in contact with the ring, and most excess ions leave via |1 \was also found that fof poar>10 A the measured
eal

the endcaps. The current increases steadily Withntil @ \4jyes ofv, began to rise above the predictions of the model.
small jump occurs followed by a change in slope, presumap extra trapping effect from the field of the beam was con-
ably whenV=V, and the plasma contacts the rifl§ig.  gjgered(as in the Electron-Beam lon Trabut the presence
2(b_)]. The transition often _shows substantlal_ hysteresis, i the beam electron density,, should simply result in an
which case the value obtained by approaching from lowef,creased local ion density, = ng+n,, resulting in almost
values oN is recorded, since |t_rr_1atches the result_obtameq:omplete shielding of the beam. In any case, the beam cur-
by dumping the plasma and refilling. The hysteresis may bgant \was kept low to avoid this effect.
associated with the formation of a plasma sheath when the
ring is contacted. Further increasesMrresult in only slight C. Plasma modes
increases in the ring current, which should now be the entire™
ion formation current. Comparing the different cases, we Plasma modes are excited by applying a signal to one of
note that the value dB affects the value o¥/,, but not the the sectors of the ring electrode and detecting the plasma
current forV>V,. The beam current affects the ring currentresponse on another sector, as shown in Fig. 1. Frequency
for V>V, as expected, but not f&f<<V,. This is consistent spectra are measured using a spectrum analyzer and a track-
with gas-scattering-induced radial current from the Brillouining generator. In the typical spectrum shown in Fig. 8, two
core. As long as the ion formation rate is sufficient to keepfamilies of modes are discernible. One family has frequen-
the core filled, additional ions will leave through the end-cies neaK).. The lower-frequency family are the diocotron
caps, having no effect on the current to the ring. Finally, it ismodest We note that for both families, the mode amplitudes
found that the ring current is approximately proportional todecrease with increasing mode number, suggesting some
the gas pressure for all valueséf For V>V, this simply  k-dependent damping mechanism, possibly Landau damp-
represents another way to get extra ion formation, whiching, or ak-dependence in the excitation coefficient. The rela-
should add to the ring current. FgV, , the additional ions tively large peak width does not appear to be an experimental
have no effect, but the rate at which ions scatter out of thartifact, but the reason for its origin is not clear at present.
core and migrate toward the ring is increased. A series of spectra like that shown in Fig. 8 were taken
Because of the large hole in each endcap, most of the iofor steady-state argon plasmas for various valueg of the
current that would flow to them foav <V, passes through the rangeV,,<V=<V,. Figure 9 displays the frequencies of the

hole. The maximum endcap current is collected Yot V,, resonances observed as functiond/ofA striking feature of
as expected, since these wide plasmas might be expectedtte data is the discontinuity in the behavior of the modes that
make some contact with the endcaps. can be seen af=V,. The existence of this discontinuity is

Figure 7 shows the measured value of the transition volteonsistent with our model of the formation of a spheroidal
age as a function of magnetic field for four ion species andcore plasma at the Brillouin limit surrounded by a lower-
the expected dependenceés,=(2— w/2)V,~B?/M, from  density halo plasma. The discontinuity occurs at the precise
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cylindrical casé, it is possible to include the effects of the
0.0 02 0.4 06 0.8 10 imgge charge of.the plasmg. The mode frequencigs again
50 T T T T T satisfy Eq.(17), with geometrical factors now depending on
vy the ratio of the plasma radius,, tor,,, the radius of the
- cylindrical wall, according to the relationG,(r,)=1
—(rp/rw)zm. If image charges are neglected in the cylindrical
case by lettingr,—o, the geometrical factors reduce to
Gm(rp)=1, and the mode frequencies match those of the
; M3 a—oo limit of the spheroidal case, which did not include
3 aias image charge effects.
: We infer the rotation frequency of the plasma from the
2 measured mode frequencies as follows. We first determine
< . : m=2 o] the azimuthal mode numben of each mode by applying a
o Seeeeee: - o< ' 110 3 signal at the mode frequency to one of the electrodes, and
v Q. then measuring the phase differences between the signals
detected on several of the other electrodes. The measured
. ) g values ofm are indicated in Fig. 9. We next select pairs of
o : m=1 cyclotron and diocotron modes with the samevalues and
. .M% 5105 apply Eq.(19). The open circles in Fig. 9 are the valuesupf
10 m= 9 ¢ " ’ obtained by applying this procedure, usimg=2, m=3, and
2 A M m=4 modes folV<V, and them=2 modes foV>V,.
- o We first consider the modes fof<V,. As shown in Fig.
Ao 5 9, the inferred rotation frequendghown by open circlgss
0.0 close to &), rather thar()./2, which would characterize a
V (Volts) plasma at the Brillouin limit. FoW <V, , we expect the Bril-
louin core plasma to touch the endcaps, but to extend only
FIG. 9. Azimuthal mode frequencies of argon plasmas Eith640 G as part way out to the ring electrode. It would appear that the
func'tiolns ofV. Values ofm declermined expe?imeﬁtally. Values of calcu- ob§erved modes in this case are not supported by the Brll'
lated from mode frequencies using E49). Solid lines obtained from the louin core plasma, but rather by a more tenuous surrounding
model are as described in the text. plasma that forms a halo around the Brillouin core and
shields it from the electrodes. Since this plasma is in contact
with the ring electrode, it is reasonable that modes should be

o ) ] excited in this plasma rather than in the Brillouin core. Using
voltage where the Brillouin core is predicted to contact thehage inferred rotation frequencies, we find that the fre-

ring electrode, i.e., where the halo plasma is predicted t%uency data may be fit to Eq(l7) by assuming

disappear. No fitted parameters are used in calculating w2G, =K, w2, where K;=0.69 andK,=1.24 for m>1
m m*z» " m " "

The cold fluid theory of spheroidal non-neutral plasmaT{,gge fit curves are the solid lines plotted ¥6x V, in Fig.
modes® predicts that modes of the formib~g'(M#~ et

_ ! ) , ) 9. Also shown, for the whole range &, areQ, andQ/,
which are expected to be excited by this technique, will hav‘?/vhich should not depend on plasma parameters. The impli-
frequencies

cations of this fit and of the observation that=2Q,, for
B c 5 ) " the nature of the halo plasma are not understood at present.
om=(M=1) o+ =+ [(Qe—201) *+ 205G ()12 Consider now the modes faf>V, shown in Fig. 9. The
(17) inferred rotation frequencies are only slightly beldw/2,
which is the value that we would expect if the plasma were at
the Brillouin limit. By substituting the measured rotation fre-
™ (Ky) -1 quency into Eq(5), we obtain values fowj, and hencen.
Gm(a)=2| M- ————p— , (18 This procedure gives values farthat vary from 0.96 to
a(a®—1)"Qq(kp) B
greater than 0.9%; for all values ofV aboveV,. Knowing
wherek,=a(a?—1)""? and the primes indicate differentia- w3, we can also calculate from Eq.(7), which then yields
tion with respect to the entire argument. The plus and minughe mode frequencies predicted by the cold fluid theory from
signs in Eq/(17) give solutionswy, andwy, corresponding to  Eq. (17). The results are displayed in Fig. 9 as the solid lines
the cyclotron and diocotron branches of the dispersion relaghown forv>V,. Except for them=1 modes, the experi-
tion, respectively. The plasma rotation frequency may benental data are in remarkably good agreement with the
found from wy, and oy, for anym>1: theory without using any fitted parameters. The discrepancy
for the m=1 modes could result from the effects of image
(29 charge, which are not included in the model and which are
expected to be most pronounced for modes with the lowest
These azimuthal “flute” modes are very similar to the analo-m-numbers.
gous modes in a cylindrical single-component plasma. In the Two nonlinear features of the data are the weak mode

40 -

frequency (kHz)
©
o

N T

n
[=]
1
-

for positivem. The geometrical factoG,,, is given by

ot o,—Q
W=~ ~
' 2m—2
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