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The outer region of the plasma column of a large, linear plasma device is rotated in a controlled
fashion by biasing a section of the vacuum chamber wall positive with respect to the cathode 共Er
⬍ 0兲. The magnitude and temporal dependence of the observed cross-field current, produced when
the bias voltage is applied, is consistent with ion current arising from ion-neutral collisions. Flow
speeds in the outer regions of the plasma column exceed the local sound speed. In the nonrotating
plasma column, cross-field, radial particle transport proceeds at the Bohm diffusion rate. Rotation,
above a threshold bias voltage, reduces cross-field transport from Bohm to classical rates, leading to
steeper radial density profiles. Reduction of particle transport is global and not isolated to the region
of flow shear. The transition from the nonrotating to the rotating plasma edge in the linear plasma
column is similar to the low confinement to high confinement mode transition observed in tokamaks
when Er ⬍ 0. © 2007 American Institute of Physics. 关DOI: 10.1063/1.2722302兴
I. INTRODUCTION

A key advance in the art of plasma confinement by magnetic fields is the discovery that cross-field bulk plasma flow
leads to reduced cross-field particle transport.1,2 Poloidal
flows in tokamaks are involved in the low confinement 共L兲
mode to high confinement 共H兲 mode transition.3 The L mode
is characterized by density profiles with gentle gradients
while the H mode is characterized by profiles with steep
gradients.4 The difference in profile shape is believed to be
caused by a so called “transport barrier” arising from the
suppression of turbulent transport due to poloidal flow and
flow shear.5,6 Poloidal flows can arise from externally applied biases7 or from internally driven processes 共e.g., zonal
flows8兲.
An important question to answer is what physical
mechanisms are involved in the change of particle transport
in the presence of plasma flow?9,10 To answer this question, it
is useful to have some idea of what processes are involved in
particle transport in the absence of flow.11 Cross-field particle
transport is believed to arise from diffusive or fractionally
diffusive processes,12 and thus inherently involves a decorrelation process either associated with collisions or waveparticle interactions. In tokamaks, diffusive processes are
dominated by plasma wave turbulence, and the key question
becomes, what modes are involved in the turbulence that
drives particle transport?13 Diffusive processes, of necessity,
occur in regions of cross-field plasma pressure gradients.
These same gradients are sources of free energy that can
drive drift modes,14 and it is natural to investigate the role of
these modes in particle transport. Once the modes involved
in transport in the flow-free plasma are identified, the question of how flow effects the mode structure, mode
decorrelation,15 and the growth rates of primary and secondary instabilities16 can be addressed.
1070-664X/2007/14共5兲/052507/14/$23.00

The results reported here are from experiments conducted in the upgraded version of the Large Plasma Device
关LAPD 共Ref. 17兲兴 operated under the auspices of the Basic
Plasma Science Facility 共BaPSF兲 at the University of California at Los Angeles 共UCLA兲. The magnetized, cylindrical
plasma column of the LAPD is 17.6 m long and 60 cm in
diameter. In large magnetized plasmas, drift modes couple
with the shear Alfvén wave to become drift-Alfvén waves,18
and these are the dominant low-frequency, long parallelwavelength modes spontaneously generated by cross-field
plasma pressure gradients. The LAPD plasma column is long
enough to support drift-Alfvén wave turbulence.19 Therefore,
it is of broad interest to study the properties of cross-field
particle transport and the effects of rotation on transport in
the simple, linear magnetic geometry of the plasma column
of the LAPD because the complicating effects of magnetic
field-line curvature, poloidal asymmetry, and trapped particle
orbits are absent.
This paper reports on the general properties of radial
particle transport in the LAPD. Details of turbulence and
turbulence structure are reported in a companion paper. Evidence is presented that the radial density profiles of the nonrotating plasma column in the LAPD are produced by Bohm
diffusion. Plasma rotation reduces radial particle transport to
classical rates and results in density profiles with steep radial
gradients. Changes in electron heat transport are not investigated in this study.
The transition is reminiscent of the L to H mode transition observed in tokamaks, in that azimuthal 共poloidal兲 rotation reduces radial particle transport by large amounts. In
these experiments conducted in the LAPD, azimuthal flows
arise due to cross-field ion currents that lead to radial electric
fields. These currents arise from ion-neutral collisions and
provide the torque needed to rotate the plasma. The reduction
of radial particle transport is global and not isolated to the
region of flow or flow shear.
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FIG. 1. A schematic of the experimental setup. A voltage bias pulse is applied between the cathode and the
electrically floating, central section of the vacuum
chamber wall. The magnetic field is uniform, and the
plasma column is terminated by an electrically floating
grid. Ion current flows across the magnetic field from
the wall to the cathode, producing a torque that spins up
the outer edge of the plasma column.

II. EXPERIMENTAL SETUP

Figure 1 is a schematic drawing of the arrangement used
to induce rotation in the edge of the LAPD plasma column.
The LAPD device produces plasma using 40– 60 V electrons
created by pulsing a barium-oxide coated cathode negative
with respect to a mesh anode located about 50 cm away. The
fast electrons ionize helium gas at a fill pressure of
10−4 Torr, creating a plasma with 6 – 8 eV electron temperature, about 1 eV ion temperature, and density in the range
共2 – 4兲 ⫻ 1012 cm−3. The cathode-anode arrangement is located at one end of the plasma column. The vacuum chamber
of the LAPD is 22 m in overall length, consisting of two end
chambers 1.52 m in diameter and a central section, containing the plasma column, 1.0 m in diameter. The LAPD
plasma column is 17.6 m in length and 60 cm in diameter.
The central vacuum chamber consists of several segments,
which can be electrically isolated from each other and
ground. The plasma column is terminated with an electrically
floating mesh.
The plasma rotation circuit consists of a 500 V, 2500 A
transistor switch, 0.2 Farad, 500 V capacitor bank, and
0.32 ⍀ current limiting resistor connected as shown in Fig.
1. The rotation bias is pulsed on for 4 ms during the main
plasma discharge, which is typically 10 ms long. The positive side of the capacitor bank is connected to a 10-m-long
central section of the vacuum chamber, which is electrically
isolated from the neighboring sections and ground. The sections immediately adjacent to the central section are also
electrically isolated. Both end chambers with an attached
segment of plasma chamber are grounded. The collector of
the transistor is connected to the cathode. A 50 ⍀ resistor
keeps the cathode potential near ground.
When the bias pulse is applied, current flows across the
magnetic field from the chamber wall to magnetic field lines
connected to the cathode. The J ⫻ B torque associated with
the cross-field current spins up the tenuous “halo-plasma” in
the region between the edge of the cathode and the chamber
wall. A steady state with rotating halo-plasma, radial electric
field, and cross-field current is reached in about 2 ms.
III. NEUTRALS

Ion-neutral collisions are potentially important because
they provide a mechanism for driving ion currents across the
magnetic field. In order to judge their importance, knowledge of the spatial and temporal behavior of the neutral gas
during the plasma discharge is needed. Direct measurements
of the neutral gas behavior are not available, so it is neces-

sary to construct a dynamic model of the neutral density. The
electron temperature in the LAPD plasma is high enough to
lead to significant ionization once the plasma is formed, so
the neutral density is closely coupled with the plasma density. The equations governing the temporal evolution of the
neutral and plasma densities, n0 and n, are

 n0
+ ⵜ · ⌫0 = S0 − L0 ,
t

共1a兲

n
+ ⵜ · ⌫e = Se − Le .
t

共1b兲

⌫0 and ⌫e are, respectively, the neutral and electron particle
fluxes, S0 and Se the particle sources, and L0 and Le the
particle sinks. The ions and electrons are assumed to move
together, so the plasma density and plasma particle flux are
taken to be the same as the electron density and electron flux.
Neutrals are fed into the LAPD by a voltage-controlled
piezoelectric valve located near the center of the main
vacuum chamber. The throughput of the LAPD vacuum
pumping system is about 3 ⫻ 1019 particles/ s at the neutral
fill pressure of 10−4 Torr. In the steady-state operation of the
LAPD, the neutral source associated with the piezoelectric
valve balances this pumping speed. This source strength is
several hundred times smaller than the volume production
rate of plasma and subsequent reduction of neutrals during
the plasma discharge and thus it need not be included in the
source term of Eq. 共1a兲 when discussing the neutral behavior
during the discharge. The other possible sources for neutrals
are recombination and recycling from the chamber walls.
Recombination need not be included in the source term of
Eq. 共1a兲 because recombination rates20 are much longer than
the discharge pulse length at electron temperatures and densities common to the LAPD discharge plasma. The neutral
recycling rate is taken to be equal to the plasma loss rate at
the vacuum chamber walls 共S0 = Le兲.
The sink for neutrals is ionization caused by both the fast
electrons from the cathode and the tail particles in the thermal distribution of the bulk plasma. The sink for neutrals is
equal to the source for plasma 共Se = L0兲. As mentioned above,
plasma is lost when it contacts the chamber wall.
To proceed further, two simplifications are used. All
quantities are assumed to be azimuthally symmetric, and the
axial variation 共along the magnetic field兲 of neutral and
plasma density is ignored, but the machine is assumed to
have finite length. Using these simplifications, adding Eq.
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共1a兲 to Eq. 共1b兲, and integrating over the chamber volume
gives

冕冋

册

1 − n0共0兲R p

 n0共r,t兲  n共r,t兲
dV + 关⌫0,r共R兲 + ⌫e,r共R兲兴4RL
+
t
t
+ 2关⌫0,z共L兲 + ⌫e,z共L兲兴R = 0.
2

共2兲

In Eq. 共2兲, 2L is the length, and R is the radius of the plasma
chamber. The quantity ⌫0,r共R兲 is the radial neutral flux, and
⌫e,r共R兲 is the radial electron flux, evaluated at the chamber
wall. Similarly, ⌫0,z共L兲 and ⌫e,z共L兲 are the axial fluxes evaluated at the ends of the machine. Equation 共2兲 is used to relate
the plasma density to the neutral density to obtain a single
equation for the evolution of the neutral particle density.
To construct a model of the behavior of the neutral particle density in the LAPD, it is convenient to begin by considering the ionization processes occurring on a single field
line in the presence of a stationary 共i.e., zero velocity, ⌫0
= 0兲 neutral population and no plasma losses 共⌫e = 0兲. Ionization of neutrals occurs due to two separate electron populations, the monoenergetic electrons emitted from the cathode
共the so called “beam” electrons兲 and the thermal electrons in
the bulk plasma. Both electron population densities are functions of time, with the temporal duration of the beam population under the external control of the experimenter. The
ionization process is assumed to produce a single electron
and a single ion. The ionization rate due to a single beam
electron is Rb = 共Eb兲vb, where Eb is the beam energy, vb is
the beam velocity, and 共E兲 is the ionization cross section at
energy E. The ionization rate due to all beam electrons is
Sb = Rb nb, where nb is the number density of beam electrons.
The beam density is known from measurements of the discharge current and voltage. The beam density is typically
small compared to the plasma density and it is not included
in the bulk plasma population in these calculations. The ionization rate due to the thermal population of plasma electrons
is R p = 具共T p兲v典, where the angular brackets denote an average over the velocity distribution of the thermal population
with temperature, T p. The ionization rate due to all plasma
electrons is then S p = R p n, where n is the number density of
the thermal plasma electrons. The values of both 共E兲 and R p
are readily available from published data.21
The temporal rate of change in the neutral density from
Eq. 共1b兲 is then

 n0共t兲
= − L0 = − Sbn0共t兲 − R pn0共t兲n共t兲.
t

共3兲

共4兲

where n0共0兲 is the initial neutral density. Using this relation
in Eq. 共3兲 results in

 ln关n0共t兲兴
= − Sb共t兲 − R pn0共0兲 + R pn0共t兲.
t
The solution to Eq. 共5兲 is

再冕

冕

;

t

A共t⬘兲dt⬘

0

冎

t

A共t兲 = exp −

共6兲

关Sb共t⬘兲 + R pn0共0兲兴dt⬘ ,

0

as can be verified by direct substitution. Equation 共6兲 can be
used to determine the temporal evolution of the neutral density and plasma density on a single field line.
The behavior across a diameter of the actual machine
can be found by allowing the beam ionization rate to be a
function of position, Sb共t兲 → Sb共r , z , t兲. To simplify things,
consider a slab model in which the axial variation can be
ignored, and reduce the spatial dependence to one dimension
across the plasma column. With the spatial dependence of the
source specified, Sb共x , t兲, Eq. 共6兲 gives the spatial and temporal evolution of the neutral density, n0共x , t兲, for each field
line. With the assumption that electrons created by ionization
are tied to the field lines on which they are created 共i.e.,
ignoring cross-field diffusion兲, so that field lines evolve independent of each other, Eq. 共2兲 has the solution n共x , t兲
= n0共0兲 − n0共x , t兲. The expression for the plasma density obtained under these assumptions is valid only if the neutrals
and plasma do not move across the field.
To consider the case in which the neutrals are moving 共in
the radial direction only兲, we note that the mean free path
length of neutrals at 10−4 Torr is about 60 cm, the width of
the LAPD plasma column, so we treat them as ballistic particles. It is also convenient to first consider the case of a
single velocity and then generalize to the case of a distribution of velocities. For the case in which the neutral velocity
is v0, it is useful to change variables from 共x , t兲 to 共w , z兲,
where

冉

z= t+

冊

x
,
兩 v 0兩

x = 共z − w兲兩v0兩,

冉

w= t−

冊

x
,
兩 v 0兩

t = z + w,




→ + v0 .
t
t
x

共7兲

Equation 共1a兲 then becomes

 ñ0共z,w兲
= − S̃b共z,w兲ñ0共z,w兲 − R pñ0共z,w兲ñ共z,w兲,
z

共8兲

where

Since we are considering the ionization processes occurring
on a single field line in the absence of particle fluxes, Eq. 共2兲
can be written as n / t + n0 / t = 0, or
n共t兲 = n0共0兲 − n0共t兲,

n0共0兲A共t兲

n0共t兲 =

ñ共z,w兲 = n„共z − w兲兩v0兩,z + w… = n共x,t兲.

共9兲

Equation 共8兲, which is for right-going 共i.e., w⫽const兲 particles, has a companion equation for left-going 共i.e.,
z⫽const兲 particles. The solution for right-going particles is
ln n0r共z,w,v0兲 = −

冕

z

关S̃b共z⬘,w兲 + R pñ共z⬘,w兲兴dz⬘ ,

共10兲

−w

共5兲

with a similar expression for left-going particles in which the
integration is over the variable, w, while z is held constant. In
integrating Eq. 共8兲, neutral particles are assumed to specu-
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bution at room temperature with thermal velocity v0th = 7.8
⫻104 cm/ s,
N

ñ0共z,w兲 = 兺 f 0共v0i兲n0共z,w, v0i兲.

共12兲

0

FIG. 2. 共a兲 The predicted temporal behavior of the neutral helium density
and the plasma density at the center of the plasma column from a model that
does not include plasma losses. The neutral density is normalized to 3
⫻ 1012 cm−3 and the plasma density to 5 ⫻ 1012 cm−3. The temporal behavior
of the discharge beam current is an input to the model. The rotation bias
pulse is applied near the end of the discharge in the region marked “rotation
study.” This model predicts a neutral density below 30% of its starting
value. 共b兲 The predicted profile of the neutral and plasma densities across
the plasma column 13 ms after the initiation of the ionizing beam current.
The increase in neutral density near the walls arises from very slow neutrals
that are encountering the wall for the first time. Neutrals with velocities
above half the thermal speed have flat profiles across the column.

larly reflect off the walls of the vacuum chamber. The technique for solving Eq. 共10兲 is iterative. In the first iteration,
the expression for the electron density obtained under the
assumption of stationary neutrals and no particle losses is
used. This approach assumes that the ionization time is
shorter than the time it takes a neutral to traverse the plasma
column. This is true only for the slower moving neutrals.
Furthermore, in the results presented in Fig. 2, only one iteration is used in the solutions.
The final expression for the neutral density is then obtained by adding the contributions of left- and right-going
particles,
1
n0共z,w, v0兲 = 兵ñ0r共z,w, v0兲 + ñ0l共z,w, v0兲其.
2

共11兲

The neutral density behavior for a thermal distribution of
neutral particles can be found by using Eq. 共11兲 for N discrete values of velocity, v0i, and summing the resulting neutral density profiles, n0共z , w , v0i兲, weighted with the velocity
distribution profile f 0共v0i兲, where f 0 is a Maxwellian distri-

The predictions of the neutral model are shown in Fig. 2.
Figure 2共a兲 shows the temporal evolution of the plasma density and neutral density at the center of the plasma column.
The electron temperature is 7.0 eV and is assumed constant
across the plasma column. The neutral density is normalized
to a value of 3.0⫻ 1012 cm−3 and the plasma density is normalized to a value of 5.0 ⫻1012 cm−3. The temporal form of
the discharge current, obtained from measurements, is an input to the model, and is shown as well. The discharge current
is normalized to a value of 4000 Amps. In the experiments,
the rotation bias is applied to the plasma during a 4 ms period near the end of the discharge pulse. The location of this
time interval in the neutral model is denoted as “rotation
study.” Figure 2共b兲 shows a radial profile of the neutral density, and the plasma density, corresponding to a time of
13 ms in Fig. 2共a兲. The slight rise in neutral density outside
the plasma column results from very slow neutrals that have
moved out of the central plasma column. The radial profile
of neutrals with velocities greater than about half the thermal
speed is essentially flat. In constructing the neutral profile,
nine discrete velocity bins were used; the first centered at
v0 = 0.0625 v0th with width v0th / 8, and the remaining eight
bins of width v0th / 4 centered at 0.25 v0th, 0.5 v0th, etc. The
neutral model predicts that, during the period of plasma rotation, the neutral fraction is between 10 to 20%, and the
profile is nearly constant across the plasma column.
This model of neutral evolution ignores both radial and
axial plasma losses and thus greatly overestimates the rate of
neutral depletion and the final plasma density. An improved
model of the temporal evolution of both the neutral and
plasma density is obtained by including losses due to plasma
particle transport. In the particle transport model, a detailed
study of the radial dynamics of the neutrals is not included.
Rather, the lessons learned from the neutral model are incorporated by assuming that the neutral density profile is constant across the plasma column.

IV. PLASMA PARTICLE TRANSPORT

Equation 共1b兲 determines the behavior of the plasma
density. It can be written 共assuming azimuthal symmetry兲 as

 n共t兲
 n共t兲
 ⌫e,z
+ ⵜ · ⌫e =
+ ⵜr · ⌫e,r +
t
t
z
= Se = Sbn0共t兲 + R pn0共t兲n共t兲,

共13兲

where ⌫e,r and ⌫e,z are the particle fluxes in the radial and
axial directions, respectively. Se is the plasma production rate
as discussed above in connection with the neutral model.
From the force balance equations for the electron and ion
fluids, the particle flux in the radial direction resulting from
transport due to Coulomb collisions 共classical transport兲 is
found to be22–24
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⌫e,r = −

再

冎

c F  p 3 T  Te
−
n
,
eB ⍀e  r 2 ⍀e  r

0

where F is the collision frequency associated with the frictional force, and T is the collision frequency associated with
the thermal force. For classical transport, F = T = ei, where
ei is the electron-ion collision rate due to Coulomb interactions, ei = 2.9⫻ 10−6 n⌳ / T3/2
e , with ⌳ the Coulomb logarithm. To allow for the possibility of anomalous, or nonclassical, transport, the collision frequencies in Eq. 共14兲 are
written in a generalized form.
The total plasma pressure is denoted by p = n共Ti + Te兲,
where Ti is the ion temperature and Te the electron temperature. In the LAPD, the ion temperature is much smaller than
the electron temperature 共Ti ⬍ ⬍ Te兲, so the plasma pressure
can be written as p = nTe. The radial particle flux then has the
form

n
 ln共Te兲
,
⌫e,r = − DF − DTn
r
r

共15兲

where the diffusion coefficients DF and DT are defined as
DF =

c F
Te
eB ⍀e

and

DT =

冋

冕冋
R

共14兲

册

c F 3 T
−
Te .
eB ⍀e 2 ⍀e

共16兲

Note that, if F / ⍀e is taken equal to 1/16, DF becomes the
Bohm diffusion coefficient, DB. The magnitude and sign of
the diffusion coefficient DT is determined by the details of
the collision cross sections involved in the processes of slowing the bulk flow of electrons through ions 共frictional force兲
and scattering of gyrating electrons off ions 共thermal force兲.
In particular, the negative sign of DT arising in classical
transport, that is, when F = T = ei, is due to the 1 / v3 dependence of the Coulomb collision cross section 共i.e., fast particles make fewer collisions兲. Collision cross sections involved in anomalous transport might be expected to result in
a significant deviation of DT from its classical value, −DF / 2.
The term involving axial particle flux, ⌫z = nvz, is taken
to represent loss of plasma along the magnetic field to the
ends of the device. The plasma interface at the end walls of
the device involves the formation of a Bohm sheath and the
plasma loss rate should be proportional to the ion sound
speed at the beginning of the sheath. Thus the axial loss rate
term ⌫z / z is taken to be n / L with L = Lc / cs, where Lc is a
characteristic length and cs is the ion sound speed, cs
= 共Te / M兲1/2, at the center of the plasma column. The appropriate value of the end loss rate can be found by comparing
the rise time of the measured plasma-discharge current to the
plasma density as discussed below.
The plasma production rate, Sbn0 + R pn0n, depends on
the neutral density, n0. As mentioned earlier, the radial profile of the neutral density is assumed constant in this model.
The temporal behavior of the neutral density is obtained
from the temporally evolving plasma density by using Eq.
共2兲. Recall that it is assumed that the ionization process produces a single electron and ion, and that any plasma lost to
the walls is immediately recycled into neutral particles
关⌫0,r共R兲 + ⌫e,r共R兲 = 0 and ⌫0,z共L兲 + ⌫e,z共L兲 = 0兴. Equation 共2兲
becomes

=

册

 n0共r,t兲  n共r,t兲
+
rdr
t
t
R2  n0共t兲
+
2 t

冕冋
R

0

册

 n共r,t兲
rdr = 0.
t

共17兲

The spatial integration over the neutral density is trivial because the neutral profile is assumed constant. A discrete form
of Eq. 共17兲 is used to temporally evolve the neutral particle
density. At each time step, tk, the change in neutral density is
obtained by radial integration of the change in plasma
density,
n0共tk兲 = n0共tk−1兲 −

2
R2

冕

R

关n共tk兲 − n共tk−1兲兴rdr.

共18兲

0

Using the expressions for ⌫e,r and ⌫e,z / z, the equation
governing radial plasma dynamics in the LAPD is

n 1 
 ln共Te兲
n 1 
rDF −
rDTn
−
r r r
r
t r r
= Sbn0 + R p共Te兲n0n −

n
.
L

共19兲

It should be noted that the plasma ionization rate, R p, is a
sensitive function of temperature, and this dependence is included in the calculation of the production rate. In using Eq.
共19兲 to solve for the plasma density profile, the electron temperature profile is assumed known. In practice, the measured
electron temperature profile is used to evaluate the terms in
Eq. 共19兲 containing the temperature and its radial derivative.
Equation 共19兲 can be numerically solved using the tridiagonal method. The coefficients needed to implement the tridiagonal solution are given in the Appendix.
Note that, in the absence of axial and radial losses, the
only steady-state solution to Eq. 共19兲 is n0 = 0, i.e., complete
burnout. On the other hand, with particle losses, the neutral
recycling assumptions embodied in Eq. 共18兲 allow for a
steady-state solution in which the neutral density is not zero.
The steady-state plasma profile produces just enough ionization to balance the neutral recycling created by plasma losses
to the walls. Such behavior is illustrated in Fig. 3, which
should be compared to Fig. 2共a兲. The temporal development
of the neutral and plasma density is shown at the center of
the nonrotating plasma column. The neutral density is normalized to a starting density of 3.8⫻ 1012 cm−3 and the electron density is normalized to 2 ⫻ 1012 cm−3. The details of
obtaining the model curves are discussed in the next section.
In contrast to the model with no plasma losses 关Fig. 2共a兲兴, a
steady state is reached in which the neutral density is much
higher during the period when the plasma is rotated
共11– 15 ms兲. The temporal evolution of the model plasma
density 共short-dash curve兲 is compared to the columnaveraged density 共solid curve兲 measured by an interferometer
located near the axial center of the plasma column. The end
loss rate is adjusted to give the good fit between the model
curve and the observed column-averaged plasma density.
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FIG. 3. The predicted temporal behavior of the neutral helium density 共dotdash curve兲 and the plasma density 共dotted curve兲 at the center of the plasma
column from a model that includes plasma losses. A steady state is achieved
after about 12 ms. The neutral density is normalized to 3.8⫻ 1012 cm−3 and
the plasma density to 2 ⫻ 1012 cm−3. The dashed line 共beam current兲 represents a fit to a measured discharge current profile. The model plasma density
is compared to the column-averaged density measured by an interferometer
共solid curve兲 located axially at the machine midpoint. The radial neutral
density profile is constant across the machine in this model. In this model,
the neutral density decreases to only 60% of its initial value during the time
period of the rotation study.

A. The nonrotating plasma

The radial density profile of the plasma column in the
LAPD is observed to change appreciably due to rotation of
the edge plasma. To gain an appreciation of the change in
particle transport due to rotation, an understanding of particle
transport in the nonrotating plasma is essential. For this purpose, Eq. 共19兲 is solved, together with Eq. 共18兲, to obtain the
plasma density as a function of radial position and time and
the temporal evolution of the neutral density. The temporal
behavior of the beam ionization term, Sb, is fit to measurements of the discharge current while the radial dependence
of Sb is modeled as
Sb共r兲 = Sb共0兲兵1.0 − tanh关共r − rs兲/Ls兴其/2,

共20兲

where rs is the radius of the beam source and Ls determines
the steepness of the edge of the source. In the model profiles
used for comparison with data, Ls is taken as 0.5 cm, and the
beam radius, rs, is 28.5 cm. The model plasma density profiles do not depend too sensitively on the radial profile of the
ionizing beam. The edge of the plasma column moves out, if
rs is increased, and in, if rs is decreased, but not by the same
amount as the increase or decrease in rs. The gradient scale
length of the plasma edge is set by transport processes, as
long as Ls is chosen shorter than the scale length set by the
transport processes. The measured, radial electron temperature profile is used to evaluate terms in Eq. 共19兲 that contain
the temperature or its derivative. The radial temperature profile is measured using a triple probe. The normalized plasma
density profile is obtained by dividing the ion saturation current, measured by the same probe, by the square root of the
temperature.
The end loss rate term in Eq. 共19兲, n / L, is found by
comparing the temporal dependence of the discharge current
to the temporal dependence of the column-averaged plasma
density obtained from an interferometer located at the mid-

FIG. 4. 共a兲 The plasma density profile of the nonrotating plasma column is
compared to the predictions of Bohm diffusion. The solid curve is the
plasma density profile derived from triple probe measurements. The dashed
curve is diffusion with DF = DB and DT = 0, the situation of “pure” Bohm
diffusion. The dotted curve is diffusion with DF = DB and DT = −DB / 2, and
the dash-dot curve is for DF = DB and DT = DB. The model density profiles are
normalized to 2 ⫻ 1012 cm−3, and the magnetic field is uniform with a
strength of 400 G. The boundary conditions are set to zero radial derivative
at the machine center and chamber wall. 共b兲 The measured temperature
profile used to evaluate the Bohm diffusion coefficient.

point of the plasma column. Once a plasma forms, it becomes the dominant ionization source and, thus, the temporal
dependence of the plasma density is sensitive to the plasma
loss rate. If the loss rate is large, the buildup of plasma density is slow compared to the buildup of the discharge current.
The rise in plasma density lags well behind the rise in discharge current. In contrast, when the loss rate is small, the
plasma density builds up quickly and closely follows the rise
in the discharge current. Thus, the end loss rate can be determined from experimental data. The end loss rate for the
results reported here is 800 s−1 or L = 1.25 ms.
It is found that particle transport at Bohm diffusion rates
provides a reasonable quantitative prediction of the measured
transport in the nonrotating plasma, and, therefore, this case
is discussed in detail. Figure 4 shows a comparison of a
measured plasma density profile to three model profiles
based on Bohm diffusion. The model profiles are normalized
to a value of 2 ⫻ 1012 cm−3. The plasma density profile is
obtained from experiments performed in an axially uniform
magnetic field of 400 G. The plasma density profile is reliably determined from ion saturation measurements, but the
magnitude of the density is not. In the comparisons shown

Downloaded 15 Aug 2007 to 128.97.43.200. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp

052507-7

Phys. Plasmas 14, 052507 共2007兲

Transition from Bohm to classical diffusion...

uniform magnetic field value of 1600 G. The Bohm diffusion
rate changes by a factor of 4 from the case illustrated in Fig.
4 to the case of Fig. 5. The model profiles very clearly reproduce the observed density profile for the plasma core.
However, the region near the wall 共r ⬎ 35 cm兲 is not represented very well in the model profiles for the 1600 G case.
The origin of this behavior is not understood.
In general, the pure Bohm diffusion profile is a good
estimate of the profile behavior and it is quite clear that the
plasma density profile of the nonrotating plasma is determined by Bohm diffusion. Therefore, in the following, only
pure Bohm diffusion profiles are used in comparing model
results to observations.
B. The rotating plasma
1. Azimuthal flows

FIG. 5. Same as Fig. 4 but with a field strength of 1600 G. In this case, the
plasma density is higher than predicted by the diffusion models in the region
between 30 and 50 cm.

between model profiles and measured profiles, the magnitude
of the plasma density is adjusted to give the best fit to model
profiles.
In pure Bohm diffusion, the ratio F / ⍀e is set equal to
1/16 and the diffusion coefficient DF defined in Eq. 共16兲
becomes the Bohm diffusion coefficient, DF = DB, while DT
is set equal to zero 共which implies F = 3T / 2: DF = DB, DT
= 0兲. The dashed curve in Fig. 4共a兲 is the predicted profile
resulting from pure Bohm diffusion and the solid line is the
measured normalized plasma density profile. The measured
temperature profile used to obtain the Bohm diffusion coefficient is shown in Fig. 4共b兲. The boundary conditions used
to obtain the model profiles are as follows: zero slope at the
plasma center 共n / r = 0 at r = 0兲, and at the chamber wall
共n / r = 0 at r = rwall兲. Corrected Bohm diffusion is the case
in which DF = DB but DT is not zero, so that corrections to the
radial flux depending on gradients in the electron temperature are included 共DF = DB, DT ⫽ 0兲. Profiles for two extreme
values of DT are shown. The dotted curve in Fig. 4共a兲 is the
corrected Bohm profile for the case in which F = T, so that
DT = −DB / 2. This situation would be the same as in the case
of classical diffusion, but now the diffusion coefficient is
much larger than in the classical case. The dash-dot curve is
the corrected Bohm profile for T = 0, so that DT = DB. Pure
Bohm diffusion 共DF = DB, DT = 0兲 gives the best fit to the
data.
Figure 5 shows the same curves as in Fig. 4, but for a

The application of a bias voltage between the chamber
wall and cathode results in rotation of the outer regions of
the plasma column. The sign of the applied bias is such that
the chamber wall is at higher potential than the plasma. Biases of the opposite sign were tried, but resulted in escape of
plasma 共i.e., arcing兲 to the chamber wall. Plasma flow in the
azimuthal and axial directions is measured using a six-faced
Mach probe. The Mach probe comprises three pairs of diametrically opposed, flat, 0.75⫻ 2 mm, tantalum collecting
surfaces, or faces. The normals of the collecting surfaces are
oriented perpendicular to the axis of the probe shaft, which is
inserted radially into the machine. The face pairs are separated by 45 degrees around the probe shaft axis. Plasma flow
in the direction of the face pair normal is computed from R,
the ratio of the ion saturation current collected by the face
pair,25

␣ ln R = M 储 − M ⬜ cos共 + 兲,

共21兲

where M 储 and M ⬜ are, respectively, the Mach numbers of
flow in the direction along and perpendicular to the magnetic
field, and ␣ is a constant dependent upon the probe geometry. The face pair is oriented with normal at an angle, , to
the magnetic field. In use, the central face pair is oriented
with normal along the magnetic field, so that the other two
pairs have their normals at ±45 degrees to the magnetic field.
With this probe orientation, Eq. 共21兲 yields the expressions

␣ ln R0 = M 储 ;

␣ ln R±45 = M 储 ⫿

1

冑2 M ⬜ ,

共22兲

where R0 is the ratio of ion saturation current collected by
the face pair oriented along the magnetic field, and R±45 is
the ratio for the other face pairs. Thus the six-faced Mach
probe can directly measure flow in the direction along the
magnetic field, and the perpendicular Mach number can be
obtained by subtracting the expression for ln R+45 from the
one for ln R−45 given in Eq. 共22兲.
The radial profile of the azimuthal 共poloidal兲 flow 3.5 ms
after a 220 V rotation bias is applied 共t = 9.5 ms兲 is shown in
Fig. 6共a兲. The magnetic field is 400 G. The normalized
plasma density profile at this time is also shown for reference. Also shown is the flow profile before the bias is applied
共t = 5.5 ms兲. The flow, in the rotating plasma, begins to rise
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FIG. 7. The plasma potential derived from triple probe measurements is
compared to the potential associated with the Mach probe measurements
共labeled “flow potential”兲. The rotation bias is 220 V and the magnetic field
is 400 G. The two potentials agree in the region of the plasma where pressure gradients are negligible.

FIG. 6. 共a兲 The radial profile of the azimuthal flow measured with a Mach
probe is shown compared to the normalized plasma density measured with a
triple probe for a steady-state rotating plasma 共t = 9.5 ms兲. The outer portions of the plasma rotate the fastest and the flow near the wall is supersonic.
Also shown is the flow profile before the rotation bias is applied. Note the
bias pulse reverses the flow in the outer regions of the plasma column. The
bias is 220 V and the magnetic field is 400 G. 共b兲 The temporal behavior of
the flow at a radial position 43 cm from plasma center. At this location, a
transient supersonic jet occurs when the bias pulse is first applied and then
the flow becomes subsonic. The flow steadily increases until a steady state is
achieved in the last millisecond before the bias pulse is terminated.

fore the bias pulse is applied, there is a small 共on the order of
a tenth of the sound speed兲 azimuthal flow in the direction
opposite the flow induced by the bias pulse.
The plasma electron temperature, Te, and floating potential,  f , are measured using a triple probe. The plasma potential,  p, is derived from these measurements 共 p =  f
+ 4.02 Te兲 and compared to measurements obtained from the
Mach probe. To make the comparison, it is assumed the
plasma rotation is due to E ⫻ B rotation so that the plasma
flow can be related to an effective potential, mp,
vmp =

near the outer edge of the plasma column, which is located
near the edge of the cathode. This behavior likely arises because the cross-field ion current, which sets up the radial
electric field associated with the azimuthal flow, terminates
near the cathode edge. That is, ions drift across the magnetic
field until they reach field lines connected to the edge of the
cathode at which point electrons from the cathode flow along
the magnetic field to neutralize their charge and complete the
current in the bias circuit. The profile taken at t = 5.5 ms in
the so-called “nonrotating plasma” does have azimuthal
flows associated with edge pressure gradients and gradients
in the plasma potential, but they are small.
The temporal behavior of the flow at a radial location
43 cm from the center of the column with a 220 V bias pulse
is shown in Fig. 6共b兲. At this radial location there is a transient, initial plasma response in which the measured flow is
supersonic. This plasma jet is localized to a region near the
chamber wall, and is short lived, lasting less than 100 s.
After the initial transient spike, the plasma flow drops below
the sound speed and then steadily rises to a steady-state
value slightly above the sound speed. Notice, also, that be-

E − 1  mp
.
=
B0 B0  r

共23兲

The potential, mp, is that function whose radial derivative
yields the flow velocity, vmp, associated with the Mach probe
measurement as indicated in Eq. 共23兲. The Mach probe measurement yields a radial profile of the Mach number of the
flow perpendicular to the magnetic field, M ⬜共r兲, which, due
to the radial insertion of the probe, is the Mach number of
the azimuthal flow. Using Eq. 共22兲, we obtain M ⬜共r兲
= ␣共R−45 − R+45兲 / 冑2 = ␣ M 共r兲 / 冑2, where M 共r兲 is the unnormalized measurement of the azimuthal flow Mach number
共the constant ␣ / 冑2 normalizes the measurement兲. The Mach
number is the ratio between the azimuthal flow velocity and
the local ion sound speed, cs共r兲, so that vmp
= ␣ M 共r兲cs共r兲 / 冑2. The potential profile associated with the
measured flow is thus

mp = −

␣

冑2

B0

冕

r

M 共r⬘兲cs共r⬘兲dr⬘ .

共24兲

r1

The radial profiles of the plasma potential obtained from
triple probe data and the potential derived from Mach probe
data are compared in Fig. 7 for the case of 220 V bias pulse,
3.5 ms after the pulse is initiated. The agreement is excellent
in the regions where plasma pressure gradients are negli-

Downloaded 15 Aug 2007 to 128.97.43.200. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp

052507-9

Phys. Plasmas 14, 052507 共2007兲

Transition from Bohm to classical diffusion...

FIG. 9. Comparison of the measured plasma density profiles and model
profiles in the rotating and nonrotating plasma columns. The solid curves are
the measured density profiles and the dashed curves are model profiles for
diffusion at the Bohm rate for the nonrotating column and at the classical
rate for the rotating column. The model profiles are normalized to 2
⫻ 1012 cm−3. The end loss rate is increased from 800 to 950 s−1 in the model
rotating plasma.

FIG. 8. 共a兲 The temporal profile of ion saturation current at a radial position
38.5 cm from plasma center illustrating the oscillatory initial response and
rapid increase of plasma density near the wall. After the initial increase, the
density decays to a steady state with values below those of the nonrotating
column. 共b兲 The radial profiles associated with the two peaks in the initial
oscillatory response to the bias pulse labeled “1” and “2” in panel 共a兲.
Notice the rapid rearrangement of the density profile in the region between
20 and 50 cm.

gible. This is precisely the region in which the two measurements should agree. The comparison of the two curves gives
the value ␣, which is ␣ = 1.5. Since the Mach probe has a
face size smaller than the ion gyroradius, this is a reasonable
value for ␣.24
2. Initial response

When the bias pulse is applied, changes in the plasma
occur rather quickly. In addition to the jet in plasma flow
near the chamber wall, mentioned earlier, the entire plasma
column moves radially, probably in response to the azimuthal electric field induced by the inductive response of the
plasma column. This radial movement is oscillatory and
strongly damped, lasting only a few cycles. This initial radial
motion results in rapid changes in plasma density on field
lines in the region between 20 and 50 cm, as shown in Fig. 8.
Figure 8共a兲 displays the temporal behavior of the ion saturation current at a radial location of 38.5 cm and a rotation bias
of 220 V and 400 G magnetic field. The initial oscillatory
response is evident and the radial profiles corresponding to
the two peaks marked “1” and “2” in Fig. 8共a兲 are shown in
Fig. 8共b兲. Curve “1” represents the profile 100 s after the

pulse is turned on and curve “2” represents the profile at
250 s. Changes in the plasma profile occur on time scales
much more rapid than the Bohm diffusion time scale. The
Bohm diffusion coefficient in the region between 30 and
50 cm is about 5 ⫻ 104 cm2 / s, and the gradient scale length
in this region is about 10 cm. Therefore, the time it takes
plasma to diffuse across a distance equal to the gradient scale
length is about 2 ms, whereas curve “2” indicates that the
entire transient process is over in about 250 s.
3. Density profiles in the rotating plasma

After the transient response, the density on field lines in
the outer regions of the plasma column 共r ⬎ 30 cm兲 decays,
as shown in Fig. 8共a兲, to a steady-state value that is lower
than in the nonrotating plasma. The solid curves in Fig. 9 are
two measured radial plasma density profiles. One profile is
obtained in the rotating plasma near the end of the 4 ms bias
pulse, and the other profile is obtained in the nonrotating
plasma, just before a 175 V rotation bias is applied. The
dashed curves are predictions from diffusion models. The
model density is normalized to a peak value of 2
⫻ 1012 cm−3. The model predictions are obtained by fitting
the temporal evolution of the model beam source, Sb共r , t兲 to
the observed discharge current. The model density profile for
the nonrotating plasma is then temporally evolved using Eq.
共19兲, assuming Bohm diffusion applies. Measured temperature profiles are used to evaluate the Bohm diffusion coefficient. At the time the rotation bias pulse is applied, the diffusion coefficient is assumed to change from Bohm to
classical. The model profiles are then evolved over the 4 ms
duration of the bias pulse, using the classical diffusion
coefficient,
DC =

kTeei
−9 n
,
2 = 1.29 ⫻ 10
m e⍀ e
T1/2
e

共25兲

which is proportional to the density and the inverse square
root of the temperature. The measured temperature profile
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FIG. 10. The measured plasma density profile 0.9 ms after the rotation bias
is terminated 共solid curve兲 compared to the predictions of the Bohm diffusion model 共dashed and dash-dot curves兲. The measured density profile best
fits the 0.1 ms model profile, indicating that Bohm diffusion does not immediately resume upon termination of the bias pulse.

and the density profile from the previous time step are used
to obtain DC at the current time step.
The model plasma profile then evolves from the gentlegradient, Bohm diffusion profile, just before the rotation bias
is applied, into the steep gradient profile associated with
classical diffusion. The development of the steep radial profile in the model takes less time than the total 4 ms duration
of the bias pulse, which is consistent with observations. The
radial profile of the beam electrons 共the fast electrons emitted
by the cathode兲 is the same for both the rotating and nonrotating plasmas, but the axial loss terms differ. The model
predicts that the density in the plasma column should increase during the rotation pulse, due to the reduction of radial fluxes. However, measured density profiles do not show
this increase. To get agreement between model predictions
and observations, the end loss rate is increased from 800 to
950 s−1 during the rotation pulse.
The dramatically steeper density gradient observed in
the rotating plasma results from decreased radial particle
transport. In the model description of particle transport, the
diffusion rate is suppressed globally. That is, classical diffusion is operative at all radial locations. An excellent fit to the
data is obtained.
4. Profile recovery

The behavior of the plasma profile after the rotation bias
is terminated is illustrated in Fig. 10. The solid curve is the
measured density profile 0.9 ms after the rotation pulse is
terminated. The diffusion model predicts that a steady-state
profile should be recovered about 2.5 ms after bias termination. However, measured density profiles at times longer than
0.9 ms after bias termination are not available because the
main plasma discharge is shut off at this time. The dashed
curves in Fig. 10 are model profiles at two times 共0.1 and
0.9 ms兲 after the rotation bias is terminated. The model profiles are obtained using the assumption that full Bohm diffusion is restored immediately upon termination of the rotation
bias, although it should be noted that plasma rotation does
not cease immediately upon termination of the bias. The decay time for plasma flow is about 50 s. The measured pro-

FIG. 11. 共a兲 Comparison of two model profiles to the measured density
profile of the rotating plasma 共solid curve兲 near the end of the bias pulse.
The model profile corresponding to the measured temperature T M 共dash-dot
curve兲 does not fit the observed profiles as well as the model profile
corresponding to T1 共dashed curve兲. 共b兲 The temperature profiles used to
obtain the model density profiles produced by classical diffusion during the
bias pulse. The profile T1 is within the margin of error of the measured
profile T M .

file closely resembles the 0.1 ms model profile rather than
the 0.9 ms profile. It appears that Bohm diffusion is not restored immediately upon termination of the bias pulse. A
delay of up to 0.8 ms before Bohm diffusion is restored
would be consistent with observation. This delay time is
roughly comparable to the end loss time, Lc / cs, which is
1.25 ms in the model calculations.
5. Temperature sensitivity of transport model

As mentioned previously, model density profiles are very
sensitive to the electron temperature. The origin of this sensitivity is the very rapid change in the ionization rate of the
bulk plasma in the temperature range of 5 – 10 eV, typical of
LAPD plasmas. For example, the ionization rate changes
from 3.67⫻ 10−10 cm3 / s at 8 eV to 4.57⫻ 10−10 cm3 / s at
8.5 eV, a 25% change!26 The effects of this sensitivity are
illustrated in Fig. 11. Figure 11共a兲 shows two model profiles
共the dashed and dash-dot curves兲 corresponding to two different temperature profiles shown in Fig. 11共b兲. The solid
line in Fig. 11共a兲 is the measured density profile near the end
of a 220 V bias pulse in a 400 G magnetic field. The model
profiles correspond to times at the end of the rotation bias,
and are obtained by the technique described in Sec. IV B 3.
The temperature profile labeled TM is the measured profile at
a time corresponding to the middle of the bias pulse, and the
profile labeled T1 is a profile that gives a better fit to the
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measured density profile. The largest difference between the
two profiles is within the margin of error for the temperature
measurement, less than 0.5 eV. The difference between the
two profiles can be attributed entirely to the difference in the
ionization rate. Since the profile labeled T1 is within the margin of error of the measured profile, it is used in comparing
model results to data.
Notice that the temperature profile measured during the
bias pulse, Fig. 11共b兲, is elevated in the region 30⬍ r
⬍ 50 cm, as compared to the profile measured in the nonrotating plasma 关see Fig. 4共b兲 for an example兴. Electrons are
heated in the region of the plasma flow. The elevated temperature in this region 共30⬍ r ⬍ 50 cm兲 results in a good fit
between the measured density profile and the model profile.
6. Cross-field current

When the bias pulse is applied, the plasma is “spun up”
by the torque exerted by the “J ⫻ B” forces arising from
radial currents. Radial currents are carried by ions. The ions
move across the magnetic field in the direction of the electric
field due to collisions with neutrals. In short, the currents
arise from the Pederson27 conductivity, P, and the radial
current, jr, is related to the radial electric field, Er, as jr
=  PEr, with

2
nec i0
 P = p+ 2 i0 =
,
B0 ⍀+
4⍀+

共26兲

where i0 is the ion-neutral collision frequency, and n is the
plasma density. The ion-neutral collision frequency is related
to the neutral density, n0, and the ion velocity, vi, as i0
= n00vi, where 0 is the ion-neutral collision cross section
共typically, about 5 ⫻ 10−15 cm2兲. Thus the cross-field conductivity depends upon three temporally varying parameters: the
plasma density, the ion velocity, and the neutral density. Figure 12 compares the temporal behavior, for the 220 and
125 V bias voltage cases, of the current flowing in the bias
pulse circuit to the cross-field current density predicted using
Eq. 共26兲 for the conductivity. The ion velocity is taken to be
the azimuthal plasma flow velocity and the plasma density is
taken from triple probe measurements. Both flow velocity
and density are evaluated at a single radial location 共43 cm
from column center兲. The temporal behavior of the neutral
density is obtained from the calculation of the temporal evolution of the plasma density profiles for the rotating plasma,
that is, the 4 ms time period when Bohm diffusion is turned
off and classical diffusion prevails.
The comparison is for temporal behavior only as the
amplitude of the current density is multiplied by an arbitrary
factor to give a close fit to the total current profile. The same
factor is used in both voltage bias cases. The similarity of the
temporal behavior of the measured and modeled currents is a
strong indication that the Pederson conductivity is indeed the
source of the cross-field currents. If it is assumed that the
“model current density” represents the current density at all
radial and axial locations, the total current could be obtained
by multiplying the current density by the area of the biased
chamber wall 共provided the numerical values of the neutral
density and plasma density are known兲. The collecting area

FIG. 12. The temporal behavior of the current flowing in the bias circuit is
compared to the model Pederson current density computed from data obtained at a radial location 43 cm from the plasma center for two values of
the bias voltage. The measured plasma flow and plasma density are combined with the model neutral density to obtain the curve labeled “model
current density” and shown as a dotted curve in each panel. The solid curve
is the measured current in the bias circuit. The amplitude of the model
current density is adjusted to obtain the best fit to the total current flowing in
the bias circuit.

of the chamber wall is about 30 m2. The magnitude of the
total current expected to arise from the Pederson conductivity can be estimated by assigning some expected values to
the plasma density and neutral density. The ion-neutral collision frequency depends upon the ion velocity, which we
take to be the plasma flow velocity 共which is considerably
larger than the ion thermal velocity兲. We have shown in Sec.
IV B 1 that the measured plasma flow velocity is the E ⫻ B
drift velocity. With n = 1.6⫻ 1011 cm−3 in the region outside
the main plasma column and n0 = 2 ⫻ 1012 cm−3, the expected
current density arising from the Pederson conductivity is
about 16. E2 A / m2, where E is the electric field measured in
kV/m. The E-squared dependence of this result arises from
taking the ion velocity to be the E ⫻ B drift. The measured
peak radial field in the 220 V bias case is about 500 V / m.
Thus the expected total current is about 120 A, which is very
close to the observed peak value of 110 A. The peak field for
the 125 V bias case is proportionally smaller, about
290 V / m, so the expected peak current is 40 A, again close
to the measured value.
7. Threshold for profile steepening

For a fixed bias pulse length, a threshold bias voltage
must be exceeded in order to produce steep radial profiles.
This phenomenon is illustrated in Fig. 13, which shows the
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FIG. 13. Illustration of the existence of a threshold voltage for the transition
from gentle to steep edge gradients. The gradient scale length, Ln, at the
steepest slope in the radial density profile of the rotating plasma is plotted as
a function of bias voltage for a bias pulse 4 ms in duration.

gradient scale length of the radial plasma profile at the location of the steepest slope, measured during application of the
bias, as a function of bias voltage. The axial magnetic field is
uniform with a strength of 400 G and the rotation bias pulse
length is 4 ms for these measurements. An abrupt change in
the gradient scale length occurs when the bias exceeds 75 V.
This change may be related to the shear rate of the azimuthal
velocity profile, dv / dr. The shear rate becomes positive in
the region of steepest density gradient in the nonrotating
plasma 共r = 25– 35 cm兲 when the bias exceeds 75 V. At
100 V bias the shear rate is about 20 kHz in the steepest
gradient region, and increases as the bias is increased, attaining a value of 100 kHz at 220 V bias. The drift frequency for
the longest wavelength 共lowest m number, m = 1兲 azimuthal
mode is about 5 kHz. The “step-function”-like behavior in
the minimum gradient plot indicates a change in the global
state of the plasma column once the threshold voltage is
exceeded.
8. Global suppression of Bohm diffusion

In the model profile for the rotating plasma, Bohm diffusion is not suppressed over a particular radial range but at
all radii. In particular, diffusion is not suppressed only in the
region of flow shear. As illustrated in Fig. 14, model diffusion coefficients that are reduced in limited radial ranges do
not produce density profiles that match the data. Figure 14共a兲
compares the density profile observed in a rotating plasma
with a 175 V bias and 400 G magnetic field to two model
profiles. The solid curve in Fig. 14共b兲 shows the plasma flow
measured with a Mach probe and the dotted curve is the
normalized flow shear obtained from a fit 共the dashed curve兲
to the measured flow. The dashed curve, labeled “classical”
in Fig. 14共a兲, is the model profile obtained using a classical
diffusion coefficient at all radial locations. This model is
called “global suppression” because there is no remnant of
Bohm diffusion at any radius. The dashed curve, labeled “lo-

FIG. 14. 共a兲 A comparison between the normalized density profile 共solid
curve兲 measured in the steady-state rotating plasma column for a rotation
bias of 175 V to two model profiles. The dotted curve is the model profile
for “global suppression” that refers to a model in which Bohm diffusion is
replaced by classical diffusion at all radial locations. The dashed curve is the
model profile for “local suppression” that refers to a model in which the
diffusion coefficient is decreased in proportion to the value of the shear in
the plasma flow. 共b兲 The plasma flow data used in the “local suppression”
model. The solid curve is the measured radial profile of the Mach number
for azimuthal flow and the dotted curve is the normalized flow shear obtained from a fit to the Mach profile 共dashed curve兲.

cal suppression,” is the model profile using a Bohm diffusion
coefficient reduced in proportion to the radial derivative of
the flow, that is, the flow shear, namely, D = DB共1.0
− 0.95 nfs兲, where nfs is the normalized flow shear. In the
local suppression model, Bohm diffusion prevails in regions
away from the shear layer. While the local suppression
model produces a profile with a region of steep gradient, the
profile is broader and lower than the observed profile. Although only one example of a local suppression model is
shown, various models of locally suppressed diffusion were
tried. The best fits to the data are obtained from the global
suppression model.
9. Visual appearance of the plasma column

Figure 15 is a photograph of the LAPD plasma column
taken from the end of the device looking toward the cathode.
The photographs are taken with a charge coupled device
共ccd兲 camera through a Pyrex window with a shutter speed of
10 s, and show the plasma column with a 400 G magnetic
field, before and after a 150 V bias is applied. The visual
appearance of the column changes dramatically when the
plasma is rotated. In the nonrotating plasma, Fig. 15共a兲, the
plasma edge is ragged and structured in the azimuthal direc-
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Transition from Bohm to classical diffusion...

In the LAPD device, neutrals play an important role in
the plasma rotation process because they allow the development of cross-field currents responsible for plasma rotation.
The temporal behavior of the observed cross-field plasma
current is consistent with the assumption that the perpendicular conductivity is due to ion-neutral collisions 共Pedersen
conductivity兲.
Plasma particle transport in the nonrotating plasma column is due to cross-field diffusion at the Bohm diffusion
rate. Bohm diffusion results in plasma profiles with gentle
edge gradients at low magnetic fields and steeper gradients at
higher magnetic fields, although the behavior in the outer
regions of the plasma column at high fields is aberrant.
Rotation of the outer edge of the plasma column results
in greatly suppressed radial particle transport. Radial diffusion rates in the rotating plasma column are consistent with
classical particle diffusion rates. Plasma rotation suppresses
Bohm diffusion at all radial locations and not just in a layer
isolated to the flow region or the region of flow shear. The
global suppression of Bohm diffusion suggests that plasma
flow effects the global structure and interaction of the turbulent plasma modes involved in Bohm diffusion, and this global change results in reduced radial transport.
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FIG. 15. A photograph of the plasma column as viewed from the end of the
device, contrasting the appearance of the 共a兲 nonrotating and 共b兲 rotating
plasma.

tion. In the rotating plasma, Fig. 15共b兲, the edge is smoother
and more circular. From the photographic evidence, plasma
rotation appears to suppress azimuthal structure in the
plasma edge. This may imply that the modes associated with
Bohm diffusion are modes with short azimuthal wavelengths
共moderate to high m numbers兲. The global suppression of
Bohm diffusion further suggests that these modes are global
column modes.

APPENDIX: TRIDIAGONAL COEFFICIENTS

Consider the spatial part of Eq. 共19兲,
−

共A1兲
and let D1 = rDF and D2 = rDT  ln共Te兲 / r. Then Eq. 共A1兲
becomes

V. CONCLUSIONS

The outer regions of the plasma column in the LAPD
can be rotated, by biasing a section of the vacuum chamber
wall positive with respect to the cathode. Plasma rotation
results in dramatic suppression of cross-field 共radial兲 particle
transport, leading to steep gradients in the plasma density.
The transition is very similar to the L to H mode transitions
observed to occur in tokamaks. The simple linear magnetic
geometry used in these experiments demonstrates that the
suppression of radial particle transport by azimuthal rotation
of the edge plasma can be achieved without the effects of
field line curvature, trapped particles, or azimuthal
asymmetries.

n 1 
 ln共Te兲
1 
n
rDF −
rDTn
= S bn 0 + R pn 0n − ,
r r r
r
r r
L

−

n 1 
1 
n
D1 −
nD2 = Sbn0 + R pn0n − .
r r
r r r
L

共A2兲

To implement a numerical scheme for evaluating the derivatives in 共A2兲, write r = j⌬r, where j is an integer. Then the
first term becomes

冋 冉 冊 冉 冊册

1
1
1
1  h共r兲
=
−h j−
2 h j+
2
2
r r
j共⌬r兲

Ⲑ

Ⲑ

,

共A3兲

Ⲑ

where h共r兲 = D1 n r and h共 j ± 1 2 兲 = 1 2 关h共j ± 1兲 + h共j兲兴.
Equation 共A3兲 then becomes
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再冉 冊

1
1
1 
n
D1 =
D1 j + 关n共j + 1兲 − n共j兲兴
2
r r
 r j共⌬r兲3

冉 冊关

− D1 j −
=

1
2

n共j兲 − n共j − 1兲兴

nk
nk−1
= − Tnk + Sbn0 +
.
⌬t
⌬t

冎

Equation 共A8兲 can be solved by the tridiagonal method at
each time step k using the density at time step k − 1 and by
changing T and S using the prescription

1
兵关D1共j + 1兲 + D1共j兲兴n共j + 1兲
2j共⌬r兲3

bj → bj +

− 关D1共j + 1兲 + 2D1共j兲 + D1共j − 1兲兴n共j兲
+ 关D1共j − 1兲 + D1共j兲兴n共j − 1兲其.

共A4兲

冋 冉 冊 冉 冊 冉 冊 冉 冊册

=

1
1
1
1
1
D2 j +
− n j − D2 j −
2 n j+
2
2
2
2
j共⌬r兲

=

1
兵关D2共j + 1兲 + D2共j兲兴n共j + 1兲 + 关D2共j + 1兲
4j共⌬r兲2
− D2共j − 1兲兴n共j兲 − 关D2共j兲 + D2共j − 1兲兴n共j − 1兲其. 共A5兲

The term on the right-hand side of 共A2兲 is simply R pn0n共j兲
− n共j兲 / L, so that the coefficients in the tridiagonal scheme
are

冋

册

aj =

−1
D1共j兲 + D1共j − 1兲 D2共j − 1兲 + D2共j兲
−
,
2
2
2j共⌬r兲
⌬r

bj =

1
D1共j + 1兲 + 2D1共j兲 + D1共j − 1兲
2
2j共⌬r兲
⌬r

冋

−

cj =

册

1
D2共j + 1兲 − D2共j − 1兲
+ − R pn 0 ,
2
L

冋

共A6兲

册

−1
D1共j + 1兲 + D1共j兲 D2共j + 1兲 + D2共j兲
.
+
2
2j共⌬r兲2
⌬r

To include the time dependence, write Eq. 共19兲 as

n
= − Tn + Sbn0 ,
t

1
⌬t

and

S bn 0 → S bn 0 +

nk−1
.
⌬t
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Now consider the second term in 共A2兲,
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共A8兲
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where T is the tridiagonal matrix defined in Eq. 共A6兲. Write
the time derivative as n / t = 共nk − nk−1兲 / ⌬t, where the superscript denotes time step and ⌬t is the time interval. Equation
共A7兲 then becomes
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