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Weak azial variations in B(z) or ¢(z) in “axisym-
metric” plasma traps cause a fraction of the particles
to be trapped azially, with a velocity-space separatrix
between trapped and passing populations. The trapped
and passing particles experience different dynamics in
response to a variety of 0-asymmetries in the E x B
rotating plasma, so a discontinuity in the velocity-space
distribution f(v) tends to form at the separatriz. Colli-
sional scatterings thus cause large fluzes as they smooth
the distribution in a boundary layer near the separatrix.
In essence, this separatriz dissipation damps the AC or
DC longitudinal currents induced by plasma waves or
confinement field asymmetries. This trapped-particle-
mediated damping and “neoclassical” particle transport
often dominates in cylindrical pure electron plasmas,
and may be important in other nominally symmetric
open systems.

I. INTRODUCTION

The main goal of our current experiments is to elu-
cidate the influence of confinement field imperfections
on dissipation and transport processes in magnetically
confined plasmas. In general, this is an overwhelming
task, and to make progress we have intentionally chosen
the simplest possible case: pure electron plasmas con-
fined in the “axisymmetric” cylindrical Penning-Malm-
berg trap. In these plasmas the transport and dissipa-
tion processes are not complicated by the mutual inter-
action between different sign charges.

We find that the dominant mode damping and par-
ticle transport is often due to weak axial variations in
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Figure 1: Penning-Malmberg trap with cylindrical elec-
trodes.

the confinement fields B(z) or ¢(z) which axially trap a
small fraction of the electrons. Moreover, the measured
mode damping rates are found to be directly propor-
tional to the measured particle transport rates, since
they are both caused by the same collisional dissipa-
tion at the trapped particle separatrix. This has pro-
vided interpretation for many prior experiments which
observed “anomalous” damping or transport. The most
surprising aspect of these results is that even small
trapped particle populations (1%) can dominate the
bulk plasma transport. Thus, even weak magnetic mir-
rors (0B/B ~ 1073) or small confinement potential
variations (6v/v ~ 1072) are observed to provide the
dominant transport in these nominally symmetric open
systems.

A schematic diagram for the electron trap is shown
in Fig. 1. There is a nearly uniform magnetic field, Bz,
with weak axial variations 6B/B ~ 0.001. The con-
ducting cylindrical wall is divided axially into several
sections, with the two end sections held at a negative
potential. The electron plasma resides in the central
section, with axial confinement provided by the neg-
ative end voltages, and radial confinement provided
by the magnetic field. The gyro-radius and the De-
bye shielding length are small compared to the plasma
radius, so the cross-field motion may be described by
E x B drift dynamics. To receive wave fluctuations and
to manipulate by plasma by applied potentials, several
sections of the central trap are also divided into iso-
lated -sectors. The detailed description of apparatus
and experimental techniques can be found elsewhere
[1, 2].

Referring again to Fig. 1, one can see that axial con-
finement is guaranteed simply by turning the voltage on
the end electrodes sufficiently high. It is the radial con-
finement (provided by the axisymmetric magnetic field)
that one must worry about. However, there is a very
powerful constraint on radial transport based on con-
servation of the total canonical angular momentum FP;.
Like-particle interactions, however complex and non-
linear, can not cause the single sign of charge plasma
to expand radially, because the total canonical angular



momentum must be conserved due to cylindrical sym-
metry [3]. The total canonical angular momentum Py
is the sum of a mechanical and a vector-potential con-
tribution, as
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here r; is the distance of particle j from the axis, vg; is
its velocity in the #-direction, m. is its mass (let’s con-
sider electrons), and the summation is over all particles.
For kiloGauss fields and elecronVolt energies, the me-
chanical contribution (first term) is several orders less
than the electromagnetic part, and can be safely ne-
glected. If there are no #-dependent external couplings
applying torques, then Py = constant and (r?) = con-
stant; the mean square radius of the plasma is con-
served, i.e. there is no bulk expansion.

f-asymmetries in the confinement fields, however,
enable radial expansion. We define the expansion rate
as the rate of Py/ Py, i.e.,

In practice, confinement times of hours are routinely
obtained [4, 5], allowing some unique research oppor-
tunities. Note that this simple result is not realized for
(quasi) neutral plasmas. The constraint ¥ = con-
stant is replaced by >, ejr? = constant; so an electron
and ion can move radially together and still preserve Py.
This is exactly what happens in electron-ion collisional
processes, both classical and neoclassical transport, as
well as in many instabilities.

II. OUTLINE OF ASYMMETRY-INDUCED
DISSIPATIVE PROCESSES

However, small 0-asymmetries (field errors) always
exist in the electric or magnetic confinement fields, and
they apply torques which change the angular momen-
tum of the plasma, causing the mean square radius of
the plasma to expand slowly.

Figure 2 shows a conceptual outline of the plasma
response to these asymmetries in terms of DC and AC
asymmetry-induced currents. These currents are an in-
tegral part of rotating charged plasma equilibrium in
the presence of conducting walls of a finite radius. Due
to Coulomb interaction with asymmetric (mg, k. # 0)
image charges at the wall some plasma particles tend to
accumulate in particular (6, z)-domains. As these par-
ticles E x B rotate around the axis (at frequency wg),
they flow gradually along magnetic field lines into the
next attractive domain, and so on. Thus, in the case of
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Figure 2: Conceptual outline of plasma response to con-
finement asymmetries.

static asymmetries the closed loops of DC asymmetry-
induced currents sustain the rotating plasma equilib-
rium. Addition of a “diocotron” mode displacement
(see Fig. 2) modulates these currents at the mode fre-
quency wp, and these AC currents are readily detected.
In this case they were first called “sloshing currents” [6].

However, these currents alone can not impose any
self-consistence torque on a single-species plasma. There
is a need in strong dissipation mechanism (“drag force”)
breaking the second adiabatic invariant and allowing
2D potential (electrostatic) energy to flow to 3D ther-
mal energy of plasma particles.

One of the most important features that distinguish
real traps from their theoretical idealization is the pres-
ence at some finite level of either magnetic field ripples
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Figure 3: Magnetic separatrix with non-uniform poten-
tials along field lines.



0B(z) or space potential variations ((z) along the mag-
netic field lines. This axial inhomogeneity marks some
area in the velocity space (see Fig. 3) as locally trapped
particles, while the rest of it are the passing particles.
These locally trapped particles do not participate in the
asymmetry-induced DC flows or mode-induced sloshing
current dynamics.

It is noteworthy that even if the fraction of locally
trapped particles may looks negligibly small, the drag
they impose on passing particles is not. In essence, the
electron plasma is not a “single-species” plasma any-
more, and there is a drag between the trapped and
passing “species.” This drag is determined by the dif-
fusive exchange across the separatrix cone in velocity
space. Surprisingly, this drag is roughly constant at
small § B/B when the width of the diffusive layer in ve-
locity space, 0(Vee /wr)'/?, is less than the typical width
of the trapped particle area, 5(6B/B)'/2. Thus, in
nearly collisionless plasmas with ve./wgp=e(B,T) <1,
it is readily place the equivalent limit on the saturation
level of magnetic ripple influence, 6B/B > e.

III. SOME EXPERIMENTAL RESULTS

Electric trapping by axial variations of ¢(z) at the
wall creates trapped and passing populations, with the
trapped particles predominanting at larger radii. This
trapping enables the novel “trapped particle diocotron
modes” [1], which have served as a unique and well con-
trolled diagnostic tool. These trapped particle modes
are readily exited from the wall sectors, and the exited
modes then ring down exponentially with the damping
rate vy unambiguously obtained. What is important
here is that these modes posses exactly the same sep-
aratrix dissipation mechanism as the DC asymmetry-
induced currents, causing yr to be directly proportional
to the bulk transport rate vp.

These modes consist of trapped particles on either
side of an electrostatic barrier which execute E x B
drift oscillations that are 180° out of phase, while pass-
ing particles move along field lines (like sloshing cur-
rents) to Debye shield the potential perturbations de-
veloped by trapped particles. The main damping of
these modes is due to separatrix diffusion, and an ana-
lytical treatment is being developed [7]. Since particles
on either side of the separatrix are involved in com-
pletely different types of motion, there is a discontinuity
in the perturbed particle distribution function. As a re-
sult, electron-electron collisions produce a large flux of
particles across the separatrix. The continual trapping
and detrapping of particles results in radial transport of
particles and mode damping, as it readily observed in
computer simulations [8]. These dissipative separatrix
crossing can also be induced by resonant RF fields [9],
allowing the process to be investigated in detail.

The damping rate yr has a strong and complicated
dependence on the (non-equilibrium) plasma parame-
ters characterizing the separatrix [7]. The bulk plasma
transport arises from the very same dissipation mecha-
nism of asymmetry-induced currents (see Fig. 2), so it
has the same dependence on plasma parameters. Thus,
the ratio vp/yr shows stunningly simple and robust
scalings for all other plasma and trap parameters [2,
10]. Indeed, experiments over a wide range of param-
eters have confirmed that the tilt-asymmetry-induced
transport is directly proportional to the trapped par-
ticle mode damping rate vy, when there is a signifi-
cant fraction of electrically trapped particles to mea-
sure the dynamics of this mode. This transport dif-
fers markedly from the traditional perspective of single
particle resonant transport theory [11]. We emphasize
that the effect is dominant in low-collisionality plasmas
even though very few particles are trapped, because
this separatrix dissipation scales with collisionality like
(Vee/wr)'/?, rather than (Ve./wg)'.

Similarly, the nominally stable electron plasma dio-
cotron modes (k, = 0, mp = 1,2,...) exhibit strong
exponential damping when the confinement fields have
weak f-asymmetries and z-variations. It is known that
the confinement asymmetries cause these ordinary dio-
cotron modes to excite “sloshing currents” [6], which
may be treated as a variation of the general class of
asymmetry-induced currents. Hence, they are subject
to the same damping due to collisional dissipation at
the velocity space separatrix between axially trapped
and passing particles (see Fig. 2). Indeed, we find
that the damping rate vp of the diocotron mode with
frequency wp exhibits robust scaling (see Fig. 4) of
vp/wp =~ (vp/w:) o2, where the term with magnetic
field tilt angle o represents the fraction of the diocotron
wave energy carried by the sloshing particles. The di-
mensional factor w, has magnitude w, ~ 2w sec™!, and
is independent of the plasma and trap parameters; but
it is not yet understood theoretically. This scaling is
observed for a wide range of plasma parameters, for
various asymmetry types and strengths, and for both
collisional and stimulated separatrix crossing. Taking
into account that vp o a?/B~2 [2, 10] we obtain vyp o
a*B73. This scaling has been verified in our exper-
iments independently on the vp/vp scaling, and its
strong dependence on the magnetic field and its asym-
metry explains the anomalous diocotron mode decay
observed in prior experiments at low magnetic fields.

IV. CONCLUSIONS

Recent experiments and theory on pure electron plas-
mas have shown how containment field asymmetries
cause bulk plasma transport due to a collisional cou-
pling between asymmetry-driven axial currents and lo-
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Figure 4: Measured damping rate yp of the my = 2
diocotron mode normalized by the measured transport
rate vp versus applied magnetic tile asymmetry o.

cally trapped particles. The axial currents are sloshing
particles driven by the equilibrium plasma rotation (or
by mode induced plasma dynamics) in response to con-
finement field asymmetries. The trapped particles arise
due to exceedingly small azimuthally symmetric ripples
in the magnetic or electric confinement fields; surpris-
ingly, even weak mirrors create a separatrix in velocity
space with a substantial diffusive flow of plasma parti-
cles across its surface. This separatrix crossing breaks
the longitudinal adiabatic invariant, allowing 2D poten-
tial (electrostatic) energy to flow to 3D kinetics, and
thus enabling external asymmetries to generate strong
transport. The effect is dominant in low-collisionality
plasmas even though very few particles are trapped,
because this separatrix dissipation scales with collision-
ality like (vee/wr)'/2, rather than as (Ve./wg)'. This
loss mechanism appears to be dominant in a variety of
pure electron plasma containment regimes; and it may
also be relevant to quasi-neutral plasma transport since
comparable and even higher level of charge imbalance
(resulting in plasma potential of order 10*-103 V) is
commonplace in mirror traps.

This collisional scattering across the separatrix is
the main dissipation mechanism of these asymmetry-
induced currents; for both equilibrium currents and
mode-driven currents. Experiments over a wide range
of parameters clearly show that the asymmetry-induced
transport and the observed mode damping rates are di-
rectly proportional to the dissipation rate of the asym-
metry-induced currents. The scalings of transport and
mode damping with all plasma parameters (magnetic
field, plasma density and temperature, fraction of trap-
ped particles, asymmetry strength) have been measured,
with unrivaled correspondence to this simple model.

ACKNOWLEDGMENTS

This work was supported by National Science Foun-
dation Grant No. PHY-9876999.

References

[1] AL A. KABANTSEV et al., “Trapped-Particle
Asymmetry Modes in Single-Species Plasmas,”
Phys. Rev. Lett. 87, 225002 (2001).

[2] A.A. KABANTSEV et al., “Trapped Particles and
Asymmetry-Induced Transport,” Phys. Plasmas
10, 1628 (2003).

[3] T.M. O’NEIL, “A Confinement Theorem for Non-
neutral Plasmas,” Phys. Fluids 23, 2216 (1980).

[4] C.F. DRISCOLL, K.S. FINE and J.H. MALM-
BERG, “Reduction of Radial Losses in a Pure
Electron Plasma,” Phys. Fluids 29, 2015 (1986).

[5] C.F. DRISCOLL and JH. MALMBERG,
“Length-Dependent Containment of a Pure
Electron Plasma,” Phys. Rev. Lett. 50, 167
(1983).

[6] G.W. HART, “The Effect of a Tilted Magnetic
Field on the Equilibrium of a Pure Electron
Plasma,” Phys. Fluids B 3, 2987 (1991).

[7] T.J. HILSABECK et al, “Damping of the
Trapped-Particle Diocotron Mode,” Phys. Rew.
Lett. 90, 225002 (2001).

[8] G.W.MASON, “Decay of Trapped-Particle Asym-
metry Modes in Non-Neutral Plasmas in a
Malmberg-Penning Trap,” Phys. Plasmas 10, 1231
(2003).

[9] A.A. KABANTSEV and C.F. DRISCOLL, “Diag-
nosing the Velocity-Space Separatrix of Trapped
Particle Modes,” Rev. Sci. Instrum. 74, 245002
(2003).

[10] A.A. KABANTSEV and C.F. DRISCOLL,
“Trapped-Particle ~Modes and Asymmetry-
Induced Transport in Single-Species Plasmas,”
Phys. Rev. Lett. 89, 245001 (1999).

[11] D.L. EGGLESTON and T.M. O’NEIL, “Theory of
Asymmetry-Induced Transport in a Non-Neutral
Plasma,” Phys. Plasmas 6, 2699 (1999).



