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Steady-State Confinement of Non-neutral Plasmas by Rotating Electric Fields
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We apply “rotating wall” electric fields to spin up a non-neutral plasma in a Penning-Malmberg
trap, resulting in steady-state confinement (weeks) of uppfoMg™ ions. The resulting ion columns
can be near global thermal equilibrium, with near-uniform temperature and rotation frequency. The
equilibrated plasm& X B rotation ratefy is observed to be somewhat less than the drive frequency
fu.with slipAf = f,, — fr depending on temperature Ag « T''/2 for 0.05 < T < 5 eV. Dynamic
measurements of applied torque versus slip frequency show plasma spin up and compression for
Af >0 and plasma slowing and expansion farf < 0. By gradually increasingf,, density
compression up to 20% of the Brillouin density limit has been achieved. Heating resonances and
hysteresis in plasma parameters are also observed. [S0031-9007(97)02311-9]

PACS numbers: 52.25.Wz, 32.80.Pj, 52.55.Dy

Unneutralized plasmas are confined in Penning traps [lthermodynamics [17]. This process is analogous to an in-
for a variety of experiments and technologies in plasmaluction motor, since the applied electric field both creates
physics [2], precision spectroscopy [3], Coulomb crys-and couples to a perturbation in the rotating plasma. The
tals [4], and antimatter research [5,6]. Conservation ofotating wall technique may also be related to attempts to
(canonical) angular momentuRy in a cylindrically sym-  spin up or stabilize neutral plasmas by coupling to resonant
metric trap suggests that the plasma should be confinddyers [18]. The drive necessarily results in some plasma
forever [7]. In practice, small static field errors and back-heating, and additional heating can arise when unwanted
ground neutral gas [8] exert a drag on the rotating plasmaspatial or temporal components of the applied field reso-
causing slow plasma expansion and eventual particle lossantly excite plasma modes. Since the plagieé& cou-
[9-11]. Two techniques are commonly used to countepling is temperature dependent, these effects can result in
this expansion: torques from laser beams give steady-stakgsteresis or loss of plasma equilibrium.
confinement ofl0°>-10° ions when resonant optical tran-  Figure 1 shows the ion trap with LIF diagnostics, and
sitions are available [12], and “sideband cooling” from rfa schematic representation of the rotating field drive.
fields at the sum of the axial bounce and magnetron freThe ions from a metal vacuum arc [19] are trapped
quencies compresses small numbers of particles trappedthin conducting cylinders of radiu®, = 2.86 cm.
with quadratic harmonic potentials [13,14]. A uniform axial field B =4 T (—2) provides radial

Here, we show that a “rotating wall” electric field confinement, and trap voltagé200 V) on end cylinders
asymmetry [15,16] can balance or exceed the drag on give axial confinement of an ion column of length =~
plasma of up tol0? Mg* ions in a cylindrical Penning- 10 cm and radiusk, = 1 cm, with no confinement of
Malmberg trap, resulting in steady-state confinement foelectrons. The LIF and ion cyclotron mass spectroscopy
weeks, or in density compression up to 20% of the Bril-[20] indicate that the trapped ion plasmas are about 70%
louin limit. Laser-induced-fluorescence (LIF) diagnosticsMg*, with the remainder being mainly MgHand H: .
show that the ion plasma can have near-uniform denThe ions typically cool td" = 0.05 eV due to collisions
sity, temperature, and rotation frequency, i.e., that it iswith neutrals, with collision rate;y =~ 0.1 sec' atP =
near global thermal equilibrium. The equilibrium plasma3 x 10~° Torr of H,. With no rotating field drive, the
E X B rotation frequency at = 0, f£(0), is somewhat plasma expands radially with characteristic time of about

less than the applied drive frequengy, with slip Af = 2000 sec due to ambient field errors and neutral collisions
fw — fe(0) proportional to the thermal ion axial bounce [9,20].
frequencyf, over several decades in temperature. The rotating field drive consists of sinusoidal voltages

Dynamic measurements give the applied torque  &,,; applied to eight wall sectors a; = 27 /8, with
dPy/dt versusA f, showing that the rotating field causes ®,,; = A,, cogm(8; — 27 f,t)]. Fields withm = 1 and
plasma compression and spin up when the drive rotatee = 2 are described here; in generak = 1 is the
faster than the plasnfa f > 0), and causes plasma expan- most effective because the resulting electric field is
sion whenA f < 0. Just as static perturbations produce anonzero at the origin, and because the unwanted co- and
drag that slows the plasma rotation, the field rotating fastecounterrotating spatial harmonics are less significant.
than the plasma tends to increase the plasma rotation; thisThe plasma density, temperature, and rotation veloc-
experimentally observed and intuitively reasonable effecity profiles are obtained from a 0.5 mW cw, 280 nm
can be understood as a consequence of the second lawlager beam which is scanned across the plasma, with a
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FIG. 1.

lon trap with perpendicular LIF diagnostics, and schematiae &f 2 rotating field wall sector signals.
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detection volume ofl mn? X 3 mm (Ax Az Ay). At
each radial position, the frequency of the laser (bandeollisions. The steady-state plasma is characterized by
width =1 MHz) is scanned 60 GHz across3éSl/2 —
32P3/, “cyclone” transition of Mg in 1.7 sec to obtain in the bulk of the plasma, indicating that it is near
the #-averaged ion velocity distribution, and the den-global thermal equilibrium. The total rotation rate is
sity n(r), temperatureT (r), and total rotation velocity given by fi.(r) = vii(r)/27r, and the dashed line in
vt (r) are obtained by fitting to a shifted Maxwellian dis- Fig. 2 shows that the fitted central rotation rgtg(0) =
tribution. This weak diagnostic beam applies negligible9.0 kHz is significantly less than the drive frequency
torque on the plasma. The plasma is near-Maxwellianf,, = 10 kHz . The diamagnetic drift velocity,(r) =
since perturbations are weak compared to the ion-ion ve—c/enB) (d/dr) (nT) is negligible for this cold plasma
locity scattering rate;; = (16y/7/15) nb*v In(r./b) =
(1.0/sedT~3/2(n/107), wherev = (T/M)"/2, b = ¥T,

r. = v/(eB/Mc). The LIF detection efficiency is cali- v —

ancing the drags from static field errors and neutral

flat density and temperature profiles and rigid rotation

except at the edge, but; can be large for hot plas-
mas. We obtain thé& X B drift velocity asvg(r) =
vy, and theE X B rotation frequency agg(r) =

brated by the total charge measured when the plasma is: /27 r.

dumped, so the measured density) includes contribu-
tions from the impurity ions. Fof > 1072 eV , there is

Motivated by single-particle theory, we define the cen-
tral slip frequency aaf = f,, — f£(0); the slip relative

negligible centrifugal separation of the ion species preserb the fluid rotation frequency,(0) could alternately

in the trap [21].

be used, with little change in the conclusions that fol-

Figure 2 shows the profiles of density, temperaturelow. For fixedm and f,,, the slip of a given plasma
and total rotation velocity for a plasma measured 31 tdecreases as the drive voltage increases from zero,
after being created. This plasma is in dynamical equiand for A,, = 0.5 V, the slip asymptotes to a constant

librium, with torques from the rotating: = 2 field bal-
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FIG. 2. 6-averaged radial profiles of ion density)(tempera-
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value. This slip at larget,, does, however, depend on
plasma temperature, asf o« T'/2. To characterize the
temperature, we define the thermal particle bounce fre-
quencyf, = /2L, = (10 kHz)T"*(L,/10)7".

Figure 3 shows the slid f versus bounce frequency
f» for several plasmas confined by = 1 or m = 2 ro-
tating fields withf,, = 20 kHz . For a given plasma, the
temperature is increased by modulating the axial length
of the plasma, or decreased by auxiliary laser cooling
parallel toB [4,12]. As the temperature increases from
1.5 X 1073 to 5 eV, the rotating field coupling appar-
ently becomes less effective: the plasma expands, de-
creasing the central density froi? to 0.3 X 107 cm3,
decreasing/g, and therefore increasing the slip until the
rotating field torque again balances the background drag.
Over this wide range of plasma temperature, we observe
Af = (0.5 — 1)f}, delineated by the two dashed lines.

ture (+), and total fluid rotation velocity (v) for a steady-state This T'/> dependence suggests that the field-plasma cou-
ion cloud near thermal equilibrium, driven iy, = 10 kHz .
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pling involves single-particle bounce-rotation resonances



VOLUME 78, NUMBER 5

PHYSICAL REVIEW LETTERS

3 EBRUARY 1997

25 [
[ f, = 20 kHz .
AZO:— X me1 /,’ ;
EN A 0 m=2 ,,”x i
< 15 Xy - o ]
~ [ o] o ]
pre]
& i s 8§ o P
Lof I A
[ [ o ,,"’ ]
s [ x .o %@ -7 .
[ [ X ,”Oxf”‘ ]
g Sx s
K.6-C
0 Ko
3 0.25 eV 4ev
Y A N | ! |
0 5 10 15 20 25
fp = v /2L, (kHz)

FIG. 3. Measured®E X B slip frequency vs the thermal axial
The dashed lines show

bounce frequency, fof, = 20 kHz.
Af = f, andAf = 0.5f,.

Py is predominantly electromagnetic rather than Kki-
netic. Thatis,Py =~ (eBL,/2c) [2mrdr(R2 — r)n
(NeB/2c) (R — (r?), where N is the total num-

ber of ions. We define the scaled torque as
7 = (2c/eBNR2) (d/dt)Py = —(d/dt){r*)/R2.

In equilibrium, the rotating field torque., > 0 ex-
actly balances the background drag and the plasma has
a slip Af > 0; this equilibrium is represented by circles
in Fig. 4. We obtainr., by abruptly turning the rotat-
ing field off and measuring the expansion rate.,. Al-
ternately, if £, (and thereforeA f) is abruptly changed,
the plasma contracts (or expands) at a rajg propor-
tional to the amount the modified torque differs from the
background drag. The total torqu€A 1) supplied by the
slipping field is thenr(Af) = 755, + 7eq. The torque is
positive (giving plasma compression) farf > 0, nega-
tive for Af < 0, and goes to zero for large f|. Also,
the torque appears to be less for hot plasmas, as noted
above. The scatter in the data arises from inaccuracies in
measuringfz(0) and(r?) (shown by representative error

[17], but collective effects such as waves propagating gpars), and from irreproducibility in reequilibrating to the
 are not precluded. Experiments have shown, moreS@Me plasma after each temporary changg,of

over, that applied fields with n@ dependence couple
less well to moderate temperature plasmas, supportind®

The experimental observations agree qualitatively but
t quantitatively with a recent kinetic theory [17] of the

a z-dependent interaction. Note that the collisionality@dial transport of particles satisfying a boupkation

varies widely in this data: taking: = 10’ cm™3, we
obtain2.5 X 10° > f,/v; > 25for5>T > 0.05 eV,
whereas ions in the laser-cooled plasmas at 1.5 meV

diffuse rather than bounce axially, wiffa /v;; = 0.02. =l
We have measured the torque applied by the rotattheory are not well satisfied; for example, the length of the
ing field as a function of the slip by measuring the ion plasma may not respond adiabatically to the applied
rate of compression or expansion following an abrumperturbation. In contrast, experiments on the related effect
change inf,. Figure 4 shows the measured scaled®f diocotron mode damping from “rotational pumping” of

torque 7 from an m = 1, f,, = 50 kHz rotating field

resonance. Theoretical estimates of the torque have the
same form as Fig. 4, but are 50—200 times larger than
observed experimentally. However, over much of the

experimental parameter regime, the assumptions of this

the length of electron plasmas show close agreement with

versusAf/f, for two different plasmas. The torque is the kinetic theory in the adiabatic regime [22].
proportional to the rate of change of the mean-square Thg rotating flel_d torque allows us to control the plasma
radius of the plasma, since the angular momentun§i€nsity and rotation frequency by gradually varying the
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FIG. 4. Measured torque vs slip frequency from an= 1

frequency of the drive. Figure 5 shows the evolution of the
central charge density(0) and temperatur&(0) asf,, is
ramped; for generality, ramps with = 1 andm = 2 are
both shown. The dashed line in Fig. 5(a) indicates the “no-
slip” condition whereAf = 0, i.e.,f£(0) = f,,. The den-
sity increases almost linearly with drive frequency, up to
about 13% of the Brillouin density limity = B*/87Mc>.
By adding laser cooling, compression above 20% of the
Brillouin limit has been observed. Fgy, = 100 kHz, the
plasma temperature and slip increase markedly; note that
here Af = (4 — 10)f,, and the plasmas are not near ther-
mal equilibrium, having nonuniform density, temperature,
and rotation profiles. Above 150 kHz, the plasma is no
longer in equilibrium with the drive: the plasma is expand-
ing and cooling ag’, is ramped.

Heating resonances associated with, k) plasma
modes are clearly visible in the central plasma tempera-
ture: these modes vary as ¢osz/L,)expiimb). The

rotating field at 50 kHz acting on two plasmas differing mainly Strongest heating resonances are= 0, k # 0 plasma

by a factor of 20 in temperature.

modes excited by the small unwanted= 0 component
877
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