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Trapped particle modes and the associated asymmetry-induced transport are characterized
experimentally in cylindrical electron plasmas. Axial variations in the electric or magnetic
confinement fields cause the particle trapping, and enabl& B drift trapped-particle modes.
Collisional diffusion across the trapping separatrix causes the modes to damp, and causes bulk radial
transport when the confinement fields also h&wasymmetries. The measured asymmetry-induced
transport rates are directly proportional to the measured mode damping rates, with simple scalings
for all other plasma parameters. Significant transport is observed for even weak trapping fields
(6B/B~10"3), possibly explaining the “anomalous” background transport observed so
ubiquitously in single species plasmas. 2003 American Institute of Physics.
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I. INTRODUCTION With controlled electric trapping, trapped-particle modes
with variousm, andk, are readily observédat frequencies
Containment of single species plasmas in cylindricalbelow the plasma&xB rotation frequency, i.e.f<m,fg.
Penning—Malmberg traps is used for a variety of experi-The mode consists of trapped particles on either side of an
ments and applications in fundamental plasma physics, tweelectrostatic potential barrier which exec@&&B drift oscil-
dimensional(2D) ideal fluid dynamics, Coulomb crystals, lations that are 180° out of phase, while passing particles
precision spectroscopy, frequency standards, and antimattgiove along field lines to Debye shield the potential from
confinement. These plasmas have exceptional confinementrapped particles. The main damping of this mode is due to
properties compared to neutral or quasineutral plasmas, singgparatrix diffusion, and an analytic treatment is being
radial expansion is constrained by the conservation of cadeveloped® These dissipative separatrix crossings can also
nonical angular momenturR,.? There are also constraints be induced by resonant rf fields, allowing the process to be
placed on the expansion by conservation of total energy angghvestigated in detafl’
by adiabatic invariants associated with the kinetic energy of  When statick,# 0, m,# 0 asymmetriegsuch as a mag-
the particles. However, small asymmetries in the trapping netic “tilt” ) exist in the trapping fields, the plasma equilib-
fields can exert negative torques which change the total anium necessarily has dc “asymmetry currents” driven by the
gular momentum and cause slow radial expansion of th&xB drift rotation through the static asymmetries. Similar
plasma. The broad scaling characteristics of this “anomatilt-induced sloshing currents at the diocotron mode fre-
lous” background transport have been measured experimeguency have been previously identififhut not analyzed in
tally over the past 20 years; but theoretical understanding depth. When some particles are axially trapped, the field
of the transport kinetics has developed only in a few limitedasymmetry creates different drift orbits for trapped and pass-
parameter regime¥. ing particles. The transport then results from neoclassical
Here we present measurements which unambiguouslyteps taken by particles when scattered across the separatrix.
demonstrate that the dominant asymmetry-induced transpoHquivalently, one may say that collisional diffusion across
mechanism on the “CamV” apparatus involves diffusion the trapping separatrix dissipates these currents and causes
across the velocity-space separatrix between axially trappegulk radial transport in the same way as it damps the trapped
and passing particles; and that these dissipative separatrparticle modes. Indeed, one can describe the dc currents as
crossings also cause damping of the observed trappedriving the trapped particle mode off resonance.
particle modes. Similar trapped-particEexB drift modes Experiments over a wide range of parameters show that
and instabilites have been extensively analyzednhe tilt-asymmetry-induced transport rate is directly propor-
theoretically'~*® for neutral plasmas; and instability has tional to the trapped particle mode damping rate when
been identified experimentally in some regimésn cylin-  applied electric barriers create a significant trapped particle
drical traps, axial trapping occurs naturally due topopulation. Wheny, is factored out, the transport rates are
¢-symmetric variations in the magnetic field strength withobserved to follow simple scalings with plasma parameters
8B/B~10"3; and we also apply larger controlled magnetic such as magnetic fieB, line densityN, , lengthL,, and tilt

and electric trapping fields. angleag.

Magnetic trapping barriers appear to give generically
apaper QI2 3, Bull. Am. Phys. S047, 250 (2002. similar transport, and are probably the cause qf anomalous
Ynvited speaker. Electronic mail: aakpla@physics.ucsd.edu background transport in many long cylindrical traps.
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FIG. 1. Schematic of electron plasma with a trapped particle mode in thé™lG. 2. Phase-space orbits with an applied squeeze potential. The effect of
cylindrical containment system. collisions is greatly enhanced in the shaded separatrix region.

Asymmetry-induced transport is readily observed both from@

_ 7 i ic fi
controlled magnetic barriers and from very small construc- (—30 V)(N./6x107), and the radial electric field causes

tion ripples in the field strength. The associated modes havlé><B rotation at a ratefg(r)=cE(r)/2arB~ (100 kHz)

Y -1 [ ; ;
not yet been identified experimentally, possibly because theg(é:éilto ;(nE(;jllroliSt?on. Figure 3 shows typical profiles of
are very strongly damped, and the theory is less well devel- W?a/ adjust the- plasma radius over the range 0.9

oped. Nevertheless, experimental techniques such as reson 3 5cm. which varies the line densityN
nant enhancement of separatrix diffusion and combinations P ™ : yRL

= \/ —1
of electric and magnetic barriers allow the separatrix-_Fhfederei;rggs’aﬁgvgvzrégﬁtiinagslegm;iﬁfégercm '5
crossing effects to be investigated in detail. Surprisingly, the<6 eV, giving an axial bounce frequency :%yZLO.
transport due to magnetic trapping can remain dominant » gving 4 b=UlLp

. ) e ~(0.5 MHz)TY4(L,/49)"* and a Debye shielding length
even for exceedingly sma#iB/B, making it likely that these ( p _ e L
effects are endemgi]cyto long traps. ’ ’ Ap~(0.25 Cm)-rllz(n/m?) ¥ Thus, the plasma “rigidity
The experiments presented here focusmy+ 1, k,=1 R=Ty/Tg varies over the rangesIR<100.

) ssyrmeries. Hower, apped parice modes e SECOTS0 Wal cnders are use 0 exce and detet
readily observed for highen,, and multiple trapping barri- P ' y

ers give rise to highek,. Asymmetries with any ,, k.) used to apply a statielectric tilt to the plasma withk,~1,

: A andm,=1 or 2. A single wall sector can be used as a re-
will generate equilibrium currents; and strong transport WI"ceiverH or sectors can %e used in combination to verifyéhe
result if trapping barriers have created geometrically similar '

separatrices. This mechanism may thus have wide applicabifJlndz symmetries of mo_des. . .
) . Locally trapped particles occur due to unavoidable varia-
ity for asymmetry-induced transport.

tions 6B(z) in the magnetic field strength, and due to axial
Il. EXPERIMENTAL SETUP variations in the wall voltagesElectric trap.pmg from thg
externally controlledV, causes electrons with axial velocity

The experiments are performed on a magnetized purkess than the separatrix velociiy(r) to be trapped axially in
electron plasma confined in the cylindrical “CamV” one end or the other. For small,, a fraction

apparatus®?° as shown in Fig. 1. A hot tungsten source in-

jects electrons which are contained axially by voltages

—V,.=—100 V applied to end cylinders. A strong axial mag- 1.8 : S : : : 60

netic field (0.3 kG=B<10 kG) provides radial confinement. [ Beeks,

The magnetic field can be aligned with the cylindrical elec- L, =49 cm 7

trode axis, or tilted at an angleOag<3x 102 rad, giving _ N, = 64x107 em’!

anmy,=1, k,=1 magnetic asymmetry. A negative “squeeze” ".*E"'”E %‘2 I Valtbo =106 3 4%

voltage — V¢, applied to a central cylinder generates a trap- l\om; g ] i

ping barrier, with velocity-space separatrix shown schemati- =2 :ﬁ: - -

cally in Fig. 2. =3 06l J20
Thez-averaged electron densityr, 6,t) can be destruc- I N

tively measured at any time by axially dumping the electrons i DR &

onto a phosphor screen imaged by a charge-coupled device - .

(CCD) camera. The plasma typically has a central density 00 1 2 3 R VO

n,~1.5x10" cm 3, with a length varied over the range 38 r Lem] i

<Lp=49 cm, bounded by a wall radiug,=3.5 cm. _The FIG. 3. Measured plasma densityr) and resultingE x B rotation f(r).
electron space charge creates a central potentid, Also shown is the radial eigenfunctiain,(r) for the trapped particle mode.
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2 ey 15 small Vg, the trapped particle mode is essentially uniform
L ‘T?:é(’slﬁ/ ] with z on either side of the barrier, changing sign at the
15l LP:4'9 om ] barrier. A simple kinetic theory model with a zero-length
- N =64x107em ! ) trapping barrier predicts mode frequencies agreeing with
3 Ya 1 = measurements to within 10%, as shown in Fig. 4.
o 1t O@oo T The eigenfunctiordn,(r) for the mode is obtained from
= 1 < separate camera measurements of the densify,6,t)
& 15 z-averaged ovehalf the plasma. That isY, is raised to
0.5 r Dropoms | —100 V immediately before loweriny, to dump the elec-
L /d OOch ] trons onto the phosphor. The time sequence of density data is
0 Lot d g fit to anmy=1 perturbation as
0 10 20 30 40

Vsq [Volts]
nh(r,e,t)=f dodn,(r) exp—imy0+i2af t—yth. (2

FIG. 4. Mode frequencie§, andfy and decay rate/, vs squeeze voltage
Vgq from experiments and theory.

Figure 3 shows the magnitudin,(r) and phase of the com-
o plex eigenfunctiondn,(r). The outer peak at>1.2 cm is
N/ Vg g , . X .
_Ql_z(_q) (1) predominantly trapped particles executiBegB drift orbits.
bp The inner peak at<1.2 cm is predominantly passing par-

of all the electrons are trapped. The potential barrier fiagn ~ ticles, which partially Debye shield the trapped particle per-

increases in strength with so most of the trapped particles turbation. The minimum obn(r) is observed at~rs, and

are near the radial edge of the plasma =t s, wherergis  Moves radially inward a¥, is increased. We note that the

defined byv(r¢)="0. phase change between pedkere~0.87) consistently dif-
Figure 2 shows the expected phase space orbits abngfgrs from - by more than experimental uncertainty, presum-

sample magnetic field linée.g., atr~r) for an electrically ~ably due to damping effects. This subtlety was missed in

squeezed equilibrium. The dashed/solid lines represerfior experiments?

trapped/passing particle orbits. The shadowed region repre- The trapped particle mode is observed to be strongly

sents the boundary layer near the separatrix where most §gmped, withy,~1Xx10° s™* (i.e., ya/f,~1/15) for small

the diffusion occurs. Vgqat B=10 kG. Figure 4 shows that the damping rate de-
Magnetic trapping is produced from a-localized in- ~ Creases a¥gqincreases, withy,~0 when the column is cut

creasesB in the magnetic fieldB, giving a mirror ratio in half.

= 5B/B. Here the separatrix makes an angle t§s"?) with Theory work in progress provides some insight into the

v, , and is roughly independent of radius. Inherent magneti@@mping process. The trapped-particle mode dynamics con-

trapping always exists in our apparatus due to small ( Sists of trapped particles moving radially as they B drift

~10~3) magnetic ripples in the superconducting magnet.in the perturbed azimuthal electric field, while passing par-

Larger values ofsB are obtained from a squeeze magnet,icles move axially in an attempt to shield the trapped-

which is az-localized warm magnetic coil, givingg<0.04  Particle density perturbation. Thus, particles on either side of
over a regionrAz=10 cm. the separatrix are involved in completely different types of

motion and there is a discontinuity in the perturbed particle
distribution function. As a result, electron—electron collisions
produce a flux of particles across the separatrix. This con-
tinual trapping and detrapping of particles results in radial
Experimentally, them,=1 “trapped-particle diocotron transport of particles and mode damping, and is readily ob-
mode” is excited on an electrically squeezed plasma with served in computer simulatioRs.
short burst of 1-10 sinusoidal oscillations that are phased These collisions at rate can be treated by a Fokker—
and— on #-opposed and-opposed wall sectors, as shown in Planck collision operator, in an analysis similar to that used
Fig. 1. Using other wall sectors as antennae, the mode wavéer the dissipative trapped-ion instability by Rosenbluth,
form is digitized as the mode “rings down,” giving accurate Ross, and Kostomardv.The collision operator contains ve-
measurements of frequency and damping rate. locity derivatives that become arbitrarily large near the dis-
Figure 4 shows the measured trapped-particle mode frezontinuity, so the mode behavior is affected even when col-
quenciesf, and damping ratey, as the applied squeeze lisions are weak. The analysis suggests that velocity space
voltageV, is varied. The venerable,=1, k,=0 diocotron  diffusion acting for one mode period will smooth out the
mode frequencyfy is also shown. As/, increasesf, de-  discontinuity over a widthSv;~v \/»/fg, and that the damp-
creases from near the edge plasma rotation frequi(@3,) ing will include this dependence. The square root provides a
at low Vg, to the diocotron mode frequendy; at Vo= ¢, . significant enhancement, sineéfg is small. One expects
At large Vg, the plasma is essentially cut in half, and onthe damping rate to have a strong and complicated tempera-
either side of the barrier the plasma suppdgs-0 (dio-  ture dependence through the density of particles at the sepa-
cotron drift orbits which are 180° out of phase. Even for ratrix velocity vg(r), through the collisional frequency,

Ill. TRAPPED-PARTICLE MODE WITH ELECTRIC
TRAPPING
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< ' ' inward. Electrostatic energy is transferred into the wave as
I \o\ particles move radially outward against the equilibrium elec-
10% L O B! 4 tric field, and this process damps the negative energy wave.
F B2 g It turns out the the latter effect of radial transport over-
{ \\\\ \O\ whelms the heating effect and the wave is damped.
2 T~ S
N I~ 050V \O\\Q@ IV. TRANSPORT WITH ELECTRIC TRAPPING
2 0Voe ~ ~
10° FL,=49cm Q@g When #-asymmetries exist in the electric or magnetic
F V., lop=2/3 confinement fields, they create torques which change the ca-
- Ny =6.4x107 cmr! S~ nonical angular momentum of the plasma, causing the aver-
e "0 age radius to vary. If the asymmetry is nonstatic, the sign of
B [kG] the torque can be positive or negative. The “rotating wall”
FIG. 5. Mode damping rate vs magnetic field. At high fields where theCONfinement technique utilizes wall voltages rotating faster
theory is valid, the predicteB~ 2 scaling agrees with experiments. than f¢ to obtain plasma compressiéh?® For the experi-

ments performed here, tlfleasymmetries are static in the lab
L ) frame and exert a negative torque on the electrons, resulting
and through the Debye shielding length ; and to possibly in bulk radial expansion of the plasma.

include fractional powers cB as in ;. , Here, we focus on the,=1, k,= 1 magnetic asymme-

Figures 5 and 6 show the measured dependencieg of try induced by a magnetic tilt, with BB(2+ agj).
onB andT. The measured damping scales approximately as The plasma angular momentum is given by
va*B~1 for B3 kG (where R<5), and asy,xB~ 2 for
high fields. This dependence was missed in early
experiment® because it was counterbalanced by concurrent
transport-induced temperature changes.

Figure 6 shows thay, decreases strongly with tempera-
ture abovel ~ 1 eV. The dashed lines are merely guides for
the eye, with the generic functional foraj 1 —exp(—b/T)].
Preliminary theory result§ agree qualitatively with these
measurements, but substantial questions remain.

It is instructive to consider the balance of energy during

eB ) )
Py~ _?(Rw_“ ))+m(rv o) N, )

where the( ) represents an average over all particles. For
strongly magnetized electron columns, the kinetic momen-
tum mro , is negligible. The angular momentum is then pro-

portional to(r?), and -asymmetries cause bulk plasma ex-

pansion. The overall asymmetry-induced transport rate is
defined by the rate of plasma expansion

the trapped-particle mode decay. As collisions scatter par- 1 d(r?y 1 dP,
ticles across the separatrix, the net result is that trapped par- Yp~ <TT> at p_e dt - 4)

ticles are transported from the side of low potential pertur- . .
bation to the high side. In the process, the wave does work '1@nsport measurements are typically made by taking
on these particles, and electrostatic energy is converted inf§/© measurements of(r,6,t) separated in time byt

thermal energy. Since the trapped-particle mode is actually 2 9:1 =20 s, chosen so that the plasma expansion

negative energy waveike the normal diocotron modegthis &(r?)/(r?)~0.02. By keeping the plasma expansion roughly
process alone would increase the amplitude of the waveEonstant, the undesirable effect of temperature incrédse

However, passing particles that become trapped after suffef® expansionduring At is minimized.

ing a collision must take a radial step, since their bounce- W€ have found that the transport ratgis directly pro-
averaged azimuthal electric field is no longer zero. On averPortional to the damping rate, which is observed when the

age, more newly trapped particles move outward thar;rapped particle mode is excited. This is shown in Fig. 7 for
a wide range of plasma parameta8s N, , L,, Vg, for

magnetic tilta and for one 3 mrad electric “tilt"(E3, v, /5

TR ' plotted. This provides strong experimental support for the
T idea that a common physical mechanism is responsible for
G \\EF both particle transport and trapped-particle mode damping,
————— D‘%CD-‘Q}\ =a) namely velocity-space diffusion across the separatrix. The
10°L ke o~ 2 o - measured asymmetry-induced transport ratgtiave rather
_______ @0\\0\ f@)ﬂt\:‘ complicated dependencies on plasma parameters; oias
ﬁg \8@3 ‘%\ﬁ a simple proportionality toy, .
= % s In Fig. 8, we plot the normalized transport ratg/y,
| L=49cm N versus magnetic fiel® with other plasma parameters and
xsqiqbg :X21/37 el o the applied asymmetry held constant. The normalized expan-
102 L.~ s sion rate shows a robug ! scaling over more than a de-
0.1 T1[ v 10 cade change in magnetic field. Each point here is a slope
e

obtained from tens of individual points,(y,) by varying

FIG. 6. Mode damping rate vs temperature. The dashed lines are mereQNly T and y,(T) through standard rf wiggle heating of the
guides for the eye, with the generic functional foafil —exp(—b/T)]. plasma2.4'25
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FIG. 9. Normalized transport rate,/y, at constant fraction of trapped
FIG. 7. Measured tilt-induced transport ratg vs the simultaneously mea- particles ¥/q4/¢,) vs plasma line densit\N, for magnetic and electric
sured mode damping ratg, for a variety of plasma, asymmetry, and trap- asymmetries.
ping parameters.

fraction of electrically trapped particles is proportional to the
The scaling ofv,/vy, with line densityN, depends on trapped particle mode damping rate, over a parameter range
whether an electric or magnetic asymmetry is applied. Figuref 3 decades inv,/y,.
9 showsv, /v, versusN, for both types of asymmetries. For Similarly simple transport scalings are obtained for ap-
a magnetic tilt, we obtaimp/yacfo. For an applied electric plied m,=1 electrostaticasymmetries, alone or in combina-
“tilt”  (discussed beloyy we obtain vp/yaocNE. Here, we tion with a magnetic tilt asymmetry. Figure (Bl shows the
are keeping the fraction of trapped particlé$]/N, unnormalized transport ratg, versus static asymmetry volt-
xVgq/ ¢p constant. These scalings were observed in earlagesV,, or V,, applied as+ pairs to opposing wall sectors
experiments™"?®without a clear understanding of the under- oriented in thex or § directions, in combination with ang,
lying transport mechanism. magnetic tilt. Figure 1(b) shows similar curves obtained for
Data sets taken with controlled individual variations in v, versus magnetic tiltag, or ag, in thex or ¥ directions,
B, n, Ry, Ly, T, Vg, andag have now established that in in the presence of & electric tilt. For both electric and
the presence of a magnetic tilt asymmetry, the overall transmagnetic tilts, the transport rates scale quadratically with

port scaling is asymmetries near the minimum i),. The deviation from
Vol [eN2| [ L.)2 this quadratic scaling at large, (dashed lingis due to an

ﬁ%7_5>< 1075 ﬂ) (_'-) <_F’ a? . (5)  increase of the plasma temperature caused by fast radial ex-

Ya bp B /IR, ° pansion. Figure 11 also demonstrates that an electric tilt can

Figure 10 shows all measured valuesigfl y,, with each partially cancel a magnetic tilt, and .vice. versa, placing both
point being a slope of a data set as in Fig. 7. We find that théypes of asymmetries on equal footing in terms of transport.

magnetic-tilt-induced transport in plasmas with a significant ~_Indeed, we define an electric tilt angig: based on the
radial (off-axis) shift A that an electric asymmetry induces

10 ————— T N B A S AL, IR
K ] 104 & B =03~ 10kG -
E v, —4-25V E
L, =38 - 49 cm
L [ N, =36~ 10x10" ecm™®
4ap = 02 - 2
velya | 1075 :(32 =02-2 3
10% | J Vp/ Val
C 1076 | <
L L =49 cm
P -3
- ap=10""rad A i
| ]‘\//Sq/¢g: 11/37 -1 10_7 . ] ] .3
108 L& U e 10-3 107® 1071 100
' B ke 10 (Vea/$5) (eNZ/B) (Lp/R0)? o

FIG. 8. Normalized transport ratg, / v, at constant plasma parameters and FIG. 10. Measured normalized transport ratg/y, vs scalings for all
applied asymmetry vs magnetic field. plasma parameters.
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003 —— 11—
’ g | B=06B/B =003 |
I Trapped 0B
0.02
é Untrapped
= 1
0.01 B=4kG Vsq 7
T~05eV
L L,=49 cm | B
V16, 1/6
/ N, =6.7x107cm! I L
0 L PR I R S R ST R R — 0.8 12
-12 -8 -4 0 4 8
@ FIG. 12. Velocity-space separatrices for magnetostatic and/or electrostatic
0.03 trapping.
A wherea= a,X+ @y, and Eq.(1) was used foN[". We note
0.02 that the ag- ag cross term is only approximate, since the
% electric asymmetry is applied only at discretpositions, so
2, AE(Z) 75 ZaE .
= |
0.01
V. TRANSPORT FROM MAGNETIC TRAPPING
. ) ] Axial variations 6B(z) in the magnetic field also cause
oL— v v v trapped particles, with the dissipation from separatrix cross-
4 2 0 2 ings having similar consequences for asymmetry-induced
(b) Opy > Og, [mrad] transport. Moreover, our experiments suggest that exceed-

) _ingly small magetically trapped populations cause significant
FIG. 11. Measured transport ratg from a static asymmetry voltage with gl 9 y bp bop 9

simultaneously applied magnetic t{y); and from a magnetic tilt with si- asymmetrY'lndU_Ced trf'slnSpOI’t. 'I_'he magnetic trappmg effects
multaneously applied electric asymmethy. have been studied using an axially centered coil which gen-

erates a magnetic mirror of strengfl=(6B/B)<4% atB
=1kG; and also using the ripples of strenggh-10 2 in-
herent in our superconducting solenoid.

One expects particles with small pitch angle to be
trapped, giving a simple magnetic separatrix defined by
v, /v, = BY? shown by the long dashes in Fig. 12. The frac-

KB: L ag(L,y/2). (6) tipp of these t(rt%pped particles is expepted to scal@®s

giving 0.03=N;"/N_=0.2 for our experiments.
Simple electrostatics suggests that electric asymmetry volt-  The trapped particles can be directly detected by selec-
ages=* V, applied to wall sectors of length, will shift each  tive dumping techniques, but the relevant parallel velocities

compared to a magnetic asymmettyThe magnetic ftilt
shifts each [,/2) half of the column off the =0 axis (in
opposite directionsby a z-averaged amount

half of the column off-axis by a@-averaged amount are substantially less thamn, so measurements to date are
V, L, only qualitative. Moreover, there are thec_)retical and experi-
AE~O.51RW(M m) = EaE(Lp/Z). (7) mental reasons to expect that the mirror field causes the elec-
L P trostatic potential in the plasma to vary along a field ffe,

Here, the numerical coefficient representsiiye=1 Fourier — giving separatrices as shown by the solid curves in Fig. 12.
component of the applied voltag®.These center-of-mass More significantly, an applied electric squeeze voltagg
shifts can be directly measured by rapidly “cutting” the can move the separatrix, allowing direct control of magnetic
plasma axially, then dumping and measuring only the sectiotrapping effects, as will be shown below.
of interest. The magnetically trapped particles presumably enable
With this definition of electric tilt anglevg, the electric  some sort of mode analogous to that observed with electric
“tilt” transport of Fig. 11(a) looks identical to the magnetic trapping; but this magnetic mode remains ill-defined. Experi-
tilt transport of Eq.(5). The experiments thus determine a ments to date suggest that the mode is either very strongly
rather complete scaling for electamd magnetic tilt-induced damped ¢M/fM=0.1), or zero frequency f{)=0).

transport, as Moreover, the lack of radial separation between trapped and

NI ) untrapped particles make$(" =0 plausible, since the
ﬁ~(6.3>< 10—5)(_L) (&) (ﬁ) [ g+ ag]? (8) charge separation arteixB drifts characterizing the electric
Ya N /\ B /IRy ' mode may not occur.
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BI0% 0. /T=QR,/ jo) fer |7
o= 107
L B=6kG [ I
“ T~07eV |[] 0.06 - 6B/B ~ 103
410% | 6,~30V | i B=1kG
Vp I ] T~68eV
[sect] T ) 0.04 Vep=01V
4 Vp
210 | ey
0.02
[ E:
010° L v I —
0 2 oL v v v v e
Vsq [VOltS] 0 1 2 3 4 5

Jrr [MHz]
FIG. 13. Reduction of the transport ratg with appliedV,, as particles are
excluded from the original magnetic separatrix. FIG. 14. An applied rf field at frequencf; causes enhanced separatrix
crossings for resonant electrons, increasigg

Fortunately, the transport effects of magnetic trapping
are more readily observed than the mode itself. Experiment$4 shows the transport enhancement when a rf wiggle
with controlled 6B/B and magnetic or electric tilt asymme- (0.1V, ;) at 0.2-5 MHz is applied near a magnetic mini-
tries show that the transport from magnetic trapping is quitenum. Here, we have utilized the “sheath transport” reso-
similar to that from electric trapping. Essentially, the trans-nance to interact with particles with smal}: electrons re-
port follows from the dissipative separatrix crossings, indeceive a nonadiabatic kick if they hawg,~L*f;, where
pendent of any details of the mode; measuringmerely L*=2R,/jo, is the axial extent of the electric fields from
guantifies this dissipation. the applied rf drive. The transport response peak in Fig. 14 is

Even though we cannot measuv@” directly, the ex- as expected for a Maxwellian distribution of particles along
periments suggest that transport from magnetic trapping habe naive(A¢$=0) magnetic separatrix of Fig. 12. The more
essentially the same scalings as in ER).for electric trap-  subtle effects ofradially dependenipotential variationg! if
ping, with one surprising exception: the transport from mag-significant, have yet to be determined.

netic trapping appears to liedependenof trapping fraction These trapping experiments strongly suggest that the ill-
N{"/N_~ (8B/B)*¥2 over a wide range. That is, preliminary understood “background” transport and loss observed in
experiments suggest that many long cylindrical traps is dominated by magnetic trap-

M o 5 ping and magnetic asymmetries. As caveat, we note that the
vp o (NU/NLD ((eNE/B) H(Lp/Ry) T g + e, ©) scalings of Eqs(8) and(9) are only valid for a single central
Even smallsB/B can have significant transport effects. trapping region, whereas noncenti@r multiple) barriers
The transport from magnetic trapping can be decreasednight exist in a long trap. Also, E¢9) for magnetic trapping
however, by altering the separatrix at law. Figure 13 is still incomplete, sincey™ is unknown.
shows that a small electric squeeze applied to the magnetic Nevertheless, the scalings of E&) show striking cor-
mirror region decreases, by up to 5 times. Moreover, the respondence to many prior results on asymmetry-induced
exponential dependence by, is consistent with a Maxwell-  transport. For magnetic field, we expeetx va(B)B ™1
ian distribution of particles being excluded from trapped—o(B~1®°to B~2), using they,(B) scaling of electric trap-
untrapped crossings, as pictured in Fig. 12. At larger valueping. The observed length dependence givaries fromv,
of Vg, the diffusion across the electric separatrix becomes- L,ZJ for fixed magnetic tiltag (open and solid circles in Fig.
dominant, andv, increases with/, (not shown. 7), to vpocL,;2 for electric asymmetries, since fixad, and
Separate experiments in which the plasma confinemerit, give anchz in Eq. (7). The oft-observedand oft-
region did not include the magnetic ripple peak show essenviolated L?/B? scalind for “anomalous” background trans-
tially the same reduction im, . The original magnet position port probably results from magnetic asymmetries acting on
in the CamV apparatus results in a magnetic perturbatiomagnetically trapped populations in low rigidity plasmas.
peak inside the containment region. After moving the magneHowever, the scalings of Eq8) will not directly apply to
by Az=9 cm, we are able to confine the plasma in a ripple-plasmas with noncentered or multiple trapping barriers, so
free region between adjacent magnetic peaks. This results the observation of other length scalifdss not surprising.
the same factor of 5 decrease in the background transport The temperature dependence gf is due only to the
rate as does applying a small electric squeeze. In additiormode damping rate,(T), which decreases exponentially in
for the ripple-free plasmarp(Vsy) has a minumum aVg, the regions of prior experiments. This probably explains the
=0 since there is no magnetic separatrix to destroy. abrupt decreadein transport observed for rigidityR =10.
Alternately, the transport effects from magnetic separaMore importantly, R is not a globally relevant scaling pa-
trix crossings can benhancedy applying an rf field which  rameter for transport due to trapped particle separtrix cross-
scatters particles with resonant parallel velocitie§igure  ing, since unperturbed particle parameters such,ad fg
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cannot describe the nonlinearities of trapped orbits and nonsariety of apparatuses may contribute substantially to our
Maxwellian separatrix velocity distributions. understanding of plasma transport processes.
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