
PHYSICS OF PLASMAS VOLUME 5, NUMBER 5 MAY 1998
Collisional transport in non-neutral plasmas *
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Several recent experiments have measured collisional transport in non-neutral plasmas~heat
conduction, test particle diffusion, and viscosity! that is from 10 to 104 times larger than predicted
by classical theory. New guiding center theories of collisional transport have been developed that
agree with the measurements. The experiments operate in the guiding center regimer c!lD , where
r c is the cyclotron radius andlD is the Debye length. In this regime, classical transport theory is
irrelevant because it implicitly assumes the opposite ordering,lD!r c , although this ordering is not
always satisfied in neutral plasmas. ©1998 American Institute of Physics.
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I. INTRODUCTION

Recent theory and experiments on magnetized n
neutral plasmas have investigated the rate at which collis
cause transport of particles, energy, and momentum ac
an imposed magnetic field. This area of inquiry has a c
siderable pedigree, dating back to the early days of pla
physics, and these early efforts have come to be known
the classical theory of collisional transport.1–4 It may be sur-
prising that there is anything new that can be learned in
area; however, experiments observe collisional transport
is much larger than the classical theory predicts. Test par
diffusion is ten times larger than the classical theory,5,6 ther-
mal transport is up to 20 times larger;7 and viscous momen
tum transport is up to four orders of magnitude larger th
the classical predictions.8,9 These results are in substanti
agreement with new theories of collisional transport.10–15We
will briefly review these new results here.

The observed transport is large compared to class
theory because the experiments are carried out in
guiding-center regimer c!lD , wherer c5 v̄/Vc is the cyclo-
tron radius,Vc is the cyclotron frequency,lD5AT/4pe2n is
the Debye length,v̄5AT/m is the thermal speed,T is the
temperature; andn is the density. The classical theory, d
veloped for neutral plasmas, implicitly assumes the oppo
ordering,r c@lD ~although not all neutral plasmas are in th
regime!, and therefore misses new transport mechanisms
come into play whenr c!lD .

In the classical theory of collisional transport, the ba
transport step is caused by velocity scattering collisions
shown in Fig. 1. A binary collision produces the scattering
particle velocity vectors which results in a cross-field step
the guiding centers by a distanceDr;r c . These collisions
occur only for impact parameterr in the ranger&r c . How-
ever, whenr c!lD most collisions have impact paramete
in the ranger c!r&lD , and these collisions are neglected
the classical theory. The basic transport step for these lo
range collisions is theE3B drift step shown in Fig. 2, which

*Paper gTuaI2-3 Bull. Am. Phys. Soc.42, 1876~1997!.
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looks quite different from the classical transport step. T
collisional dynamics can be well-approximated by guidi
center motion, as particles move across the magnetic fi
because of theE3B drift due to the long-range Coulom
interaction.

The recent experiments that observe this cross-fi
transport have been carried out on single species non-ne
plasmas confined in a Penning–Malmberg trap. The ba
confinement geometry is displayed in Fig. 3. The trap c
sists of cylindrical electrodes immersed in a uniform ma
netic field oriented along the axis of symmetry. Axial co
finement is provided by application of voltages to t
electrodes, creating an axial potential well. Radial confi
ment is provided by plasma rotation through the magne
field. The plasma rotates around the symmetry axis of
trap, creating an inwardv3B force that balances the outwar
electrostatic force caused by the un-neutralized plas
charge.

Non-neutral plasmas confined in Penning–Malmbe
traps are excellent systems for the study of collisional tra
port. The plasmas can be confined quiescently for long p
ods of time, so that collisional effects can be observed w
out being masked by the large fluctuations inherent in m
neutral laboratory plasmas. The signature of the collisio
transport is a slow evolution toward a confined thermal eq
librium state16 in which temperature and rotation frequen
are spatially uniform. This slow evolution is characterized
inward and outward fluxes of energy, angular momentu
and particles as the plasma relaxes toward thermal equ
rium.

II. SCALING OF TRANSPORT COEFFICIENTS

We first consider the cross-field energy flux, presum
to be of the formGT52k]T/]r . The coefficient of heat
conductionk is related to the thermal diffusivity~or ‘‘ther-
mometric conductivity’’! x by k5(5/2)nx. ~The factor of
5/2 is inserted because the general relation isk5cpx, where
cp is the specific heat per unit volume at constant pressu!
The thermal diffusivity can be thought of as a diffusion c
efficient for energy, scaling roughly as the square of a s
size Dr multiplied by the frequencync of steps, wherenc
8 © 1998 American Institute of Physics
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1689Phys. Plasmas, Vol. 5, No. 5, May 1998 Daniel H. E. Dubin
5nv̄b2 is a rough measure of the collision frequency~ne-
glecting the Coulomb logarithm!, andb5e2/T is the classi-
cal distance of closest approach. In the classical theory,
step size isDr'r c ; that is, the energy is carried along wit
the particles as they step across the field, or is transferre
a collision across a distance of orderr c to another guiding
center. Thus the classical thermal diffusivity is roughly

xclass;ncr c
2. ~1!

Similarly, the coefficient of shear viscosityh is related
to the kinematic viscosityn by n5h/mn. The kinematic
viscosity is a diffusion coefficient for the momentum. Aga
in classical theory momentum is transferred across the fi
by a distance of orderr c , leading to a classical kinemati
viscosity of the same order asxclass:

hclass

mn
;ncr c

2. ~2!

In classical transport theory, both the thermal diffusiv
and the kinematic viscosity scale asB22, and this leads to a
conceptual difficulty. Is it reasonable that there is no tra
port of energy or momentum across the magnetic field in
limit of very large magnetic fields?

This difficulty is resolved by including the effect on th
transport of long-range guiding center collisions such as
cur in non-neutral plasmas. When the collisions are
scribed by a Debye-shielded interaction, particles can
separated by a distance as large aslD and still exchange
momentum and energy. The distance over which energy
angular momentum ‘‘step’’ in a collision time is now o
orderlD rather thanr c , so the thermal diffusivity and kine
matic viscosity are independent of magnetic field, scaling

FIG. 1. Basic transport step of the classical theory. Particles~large dots!
suffer a close collision, scattering their velocity vectors, and causing
guiding centers~small dots! to step across the magnetic field.

FIG. 2. Basic transport step due to long-range guiding center collisi
ParticlesE3B drift across the magnetic field due to their mutual long-ran
Coulomb interaction.
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2 . ~3!

These long-range interactions allow energy and mom
tum to be transferred across the magnetic field even when
magnetic field is very large. It is easy to see how this h
pens: When guiding centers on different field lines intera
the long-range Coulomb force causes an exchange of
mentum, and is responsible for the finite viscosity. Althou
the force transverse to the field does almost no work, sinc
lowest order in 1/B guiding centers are constrained to mo
along the field lines, the force parallel to the field can
work, causing a transfer of energy between the guiding c
ters. For example, the two guiding centers can exchange
parallel velocities in the collision.

Rigorous calculations of the thermal conductivity11 and
viscosity13,14 in the guiding center regimer c!lD have been
performed. The results forh andk are displayed in Table I,
which also displays the classical results for comparison p
poses. The results for the kinematic viscosity and therm
diffusivity due to long-range Debye-shielded collisions sc
as expected from Eq.~3!.

Once it is recognized that long-range interactions c
cause an exchange of energy and momentum, it beco
clear that the exchange is not limited to interactions over
scale of a Debye length. Particles can also exchange en
and momentum by emission and absorption of ligh
damped plasma waves. Since these waves can travel
distances, the distance that energy and momentum step
interaction is now limited only by the cross-field dimensio
R of the plasma:Dr;R. However, the effective rate a
which these wave-moderated interactions occur is sm
compared to the collision frequencync because the energy i
lightly damped plasma waves is a small fraction of the to
fluctuation energy in the plasma. Nevertheless, deta
calculations11,14 show that for a plasma which is sufficientl
large, the thermal diffusivity and viscosity are dominated
wave transport. For heat transport this requiresR*102lD ,
and for momentum transport,R*103lD is required for the
wave transport to dominate.

This wave mechanism was originally proposed
Rosenbluth and Liu17 as a possible explanation of th
anomalously large heat loss through the electron channe
tokamak plasmas. More recently, Ware18 has discussed the
enhancement of the wave transport for a non-Maxwell
particle distribution. The advantage of using a non-neu
plasma for experimental studies of transport is that this w
transport can be the dominant transport process.

e

s.

FIG. 3. Confinement geometry of a Penning–Malmberg trap.
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TABLE I. Table of transport coefficients arising from like-particle collisions, assuming thatvmin is determined
by collisions with surrounding particles.

Impact parameter
range and mechanism D h/mn x52k/5n

r&r c
4

3
Apncr c

2 lnSrc

bD 2

5
Apncr c

2 lnSrc

bD 16

15
Apncr c

2 lnSrc

bD
Classical collisions

r@r c 6Apncr c
2 lnS v̄

~DvAlDr c!
1/3D 1.8nclD

2 lnS v̄
~DvlD!1/3D 0.48nclD

2

~r c!lD required! lnSlD

rc
D 1 1

Long-range guiding
center collisions

wave contribution wave contribution
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III. MEASUREMENTS OF HEAT TRANSPORT

Preliminary measurements of heat transport in the gu
ing center regime have recently been performed on a p
ion plasma consisting of Mg1 ions.7 The plasma is first al-
lowed to relax toward a state of confined thermal equilibriu
in which the plasma temperature is approximately spati
uniform. A local thermal gradient is then applied to the ce
ter of the plasma column by shining a laser along the m
netic field, through the center of the plasma~see Fig. 4!. The
plasma edge is hot in Fig. 4 because a ‘‘rotating wall’’ fie
is applied in order to confine the plasma for a sufficient ti
to approach thermal equilibrium.19 After turning off the la-
ser, the relaxation of the applied temperature gradient is m
sured using a much lower intensity laser beam that pro
the Doppler-broadened width of a resonance line in the
spectrum. Since this measurement yieldsT(r ,t), one can ob-
tain the thermal conductivity from the differential equatio
for thermal diffusion,

FIG. 4. Densityn(r ) and temperatureT(r ,t) in a pure ion plasma that ha
been heated locally using a laser beam oriented along the axis of the
The heating was turned off at timet50.
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]~3nT/2!

]t
5¹•k¹T, ~4!

where 3nT/2 is the kinetic energy density of the plasm
~This equation neglects the relatively small kinetic ener
associated with plasma rotation, and neglects various w
heat production mechanisms, such as heating from exte
field errors, the rotating wall, and collisions with neutrals!
Some preliminary measurements of the thermal diffusivity
a function of temperature are shown in Fig. 5. The measu
ments are taken at a single density (n'106 cm23) and a field
strength ofB54 T.

These measurements are compared to the theoretica
fusivity in Fig. 5. In the experiments the plasma was ins
ficiently large in cross-field dimension for the wave mech
nism to be important, so the thermal diffusivity should
dominated by Debye-shielded interactions,11 given in Table
I:

ap.

FIG. 5. Thermal diffusivityx as a function of the plasma temperatureT.
Dots are preliminary experimental results, taken at a magnetic field stre
of B54 T and atn5166 cm23. The dashed curve is the classical theor
The solid curve is the long-range guiding center theory prediction, given
Eq. ~5!. There are no adjustable parameters.
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x50.48nclD
2 50.039

e2

mv̄
. ~5!

Equation ~5! shows thatx is independent of density an
magnetic field, and scales with temperature asT21/2. All
three scalings (n,B,T) are quite different than the classic
theory of Eq.~1! would predict.

The thermal diffusivity due to long-range Deby
shielded collisions@Eq. ~5!# is shown as the solid line in Fig
5. The agreement to the preliminary experimental data
quite good, with no adjustable parameters. On the o
hand, the classical thermal diffusivity,4 shown by the dotted
line for n5106 cm23 and B54 T does not match the data
and is up to 20 times too small.

IV. TWO-DIMENSIONAL BOUNCE-AVERAGED
VISCOSITY

The shear viscosity of a non-neutral plasma column
also been measured in a series of recent experimen8,9

However, these experiments were carried out on a diffe
apparatus, which confined a pure electron plasma. Altho
the plasma was confined in the guiding center regimelD

@r c , the plasma temperature was sufficiently large that
frequency at which particles bounce along the magnetic fi
from one end of the plasma to the other,vb[p v̄/L, was
large compared to the fluid rotation frequencyv r . ~HereL is
the length of the plasma column.! In this regime two par-
ticles on nearby field lines collide many times as they bou
back and forth along the magnetic field between the plas
ends. These correlated multiple collisions lead to an incre
in the viscous transport. This effect was neglected in
scaling analysis of Eq.~3!, since there particles were implic
itly assumed to interact only once as they passed each o
along the magnetic field.

This suggests that we consider a picture of transport
to long-range interactions between two-dimensional~2-D!
charged rods~bounce-averaged electrons! which E3B drift
due to their interactions. There has been a consider
amount of work on 2-DE3B drift theories of collisional
transport. For example, one can show that in 2-DE3B drift
dynamics, all dynamical times scale as the first power ofB.20

This implies that the cross-field particle flux driving the sy
tem toward thermal equilibrium should scale as 1/B. This
particle flux arises because shear in the rotation freque
creates an azimuthal drag force between fluid elements e
to21

Fu5
1

nr2

]

]r
r 3h

]v r

]r
, ~6!

whereh is the local coefficient of shear viscosity. The flu
rotation frequencyv r is given to lowest order in 1/B as a
combination ofE3B and diamagnetic drifts:

v r5
c

rB

]f

]r
1

1

mnVcr

]

]r
~nT!. ~7!

The theta drag force causes aF3B drift, yielding a radial
electron fluxG r5Fu cn/eB, or
is
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G r5
c

eBr2
]

]r
r 3h

]v r

]r
. ~8!

@Note that Eqs.~6!–~8! hold for both electron or ion plasma
provided that one takese to be the signed charge, i.e.,e
,0 for electrons.# This particle flux rearranges the densit
causing the fluid rotation frequency to become uniform,
required in thermal equilibrium. Note thatG r will be positive
at some radii and negative at others.

Since Eq.~7! implies that v r scales as 1/B, and the
viscous particle flux due to 2-DE3B collisions must scale
as 1/B, Eq. ~8! implies that the viscosity due to these 2-
collisions must scale asB1. For sufficiently large magnetic
fields @i.e., whenvb.uvEu, wherevE5(c/rB)]f/]r is the
E3B rotation frequency# this 2-D viscosity is much large
than the ‘‘single collision’’ viscosity given by Eq.~3!, which
is independent ofB;12 and of course, both of these long
range collisional viscosities are much larger than the cla
cal velocity-scattering viscosity of Eq.~2!, which scales as
B22.

Evidence forB1 scaling of the viscosity has been ob
served in several previous experiments on pure electron p
mas in the 2-D regimevb.uvEu. In these experiments th
electron density and fluid rotation frequency were measu
as a function of radius at different times. Example dens
and rotation profiles are shown in Fig. 6, showing evoluti
toward a rigid rotor rotation profile. In the early experimen8

the equilibration time measured from this relaxation did a
pear to scale asB1, consistent with the picture of transpo
due to 2-DE3B drifting rods.12,20

More recent experiments9 have improved the viscosity
measurement. The measured particle fluxG(r ,t) and rotation
frequencyv r(r ,t) were used to obtain the viscosityh(r ,t)
via Eq. ~8!. Preliminary measurements of the kinematic v
cosity h/nm as a function ofB are displayed in Fig. 7. This
data was taken at an electron density of 1.13107 cm23 and a
temperature of 1 eV. The data scales roughly asB1, and is
several orders of magnitude larger than the classical pre

FIG. 6. Experimental plasma density profilesn(r ,t) and rotation profiles
vR(r ,t) at three different timest, showing the evolution to equilibrium.
HerevD refers to the component ofvR caused by the diamagnetic drift@see
Eq. ~7!#. ~Taken from Ref. 8.!
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tion for the viscosity,1,3 shown by the dotted line. The dashe
line through the data merely showsB1 scaling.

However, if one examines the 2-DE3B drift theory in
more detail, a problem is encountered. An early 2-DE3B
drift theory for an infinitely long plasma column12 showed
that when theE3B rotation frequencyvE(r ) is a monotonic
function of radius, the enhanced viscous transport vanis
However, in the experiments of Fig. 7vE(r ) was
monotonic,9 and the measured flux appeared to be due
long-range interactions. Clearly, there is a problem with
theory. We believe the problem is related to the assump
that the plasma is infinitely long.

The reason that the flux vanishes in an infinite plas
column when the rotation profile is monotonic is easy
understand: resonant interactions between rods are res
sible for the transport, implying that the rods must have
sameE3B rotation frequency; that is,vE(r 1)5vE(r 2) for
rods at radiir 1 and r 2 . WhenvE(r ) is monotonic, this im-
plies r 15r 2 . However, conservation of angular momentu
implies that rods take equal and opposite radial steps w
they E3B drift in their mutual Coulomb field; and if they
start at the same radius there is no net radial particle flu

However, if we allow the plasma to have a finite leng
a new effect emerges: thez-averaged particle rotation fre
quencies now become a function of their axial speedv:22 As
particles approach the ends of the plasma, they feel a co
ing end potential that is a function ofz. The particles reverse
their axial velocity, receiving a net impulse with az compo-
nent equal to22mv in this process. However, there is also
radial electric field associated with the end potential, and
radial electric field causes the particle to drift in the the
direction by an amount proportional to 2mv. The particle’s
bounce-averagedE3B rotation frequency must therefore b
written as a function of bothr andv.

It is thus possible for particles at different radii to ha
the same rotation frequency even when theE3B rotation
frequency is monotonic in radius, provided that the partic
have different velocities. That is, the equationv(r 1 ,v1)

FIG. 7. Plasma kinematic viscosityh/mn as a function of applied magneti
field B. The dots are preliminary experimental measurements. The da
line representsh}B1. The solid line represents the prediction of classic
theory.
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5v(r2,v2) can be satisfied forr 1 not equal tor 2 , provided
that v1Þv2 . A transport theory incorporating this effect
currently in preparation.15

V. TEST PARTICLE DIFFUSION

The collisional diffusion of test particles across the ma
netic field has been rather thoroughly measured over a w
range of parameters.5,6 These experiments were carried o
in the same Mg1 pure ion plasma as the~more recent! heat
transport measurements. After the plasma relaxed to n
thermal equilibrium, a small population of~dynamically
identical! ‘‘test’’ particles was created by placing the te
particles in a different atomic spin state than the rest of
plasma using laser light. An example of the measured
particle densitynt(r ,t) is shown in Fig. 8. The density of tes
particles was observed to relax, and the test particle diffus
coefficientD was extracted by comparing the measured
dial test particle flux to Fick’s law,

G t52Dn
]

]r S nt

n D , ~9!

which states that the flux of test particles is proportional
the concentration gradient of test particles. Note that this fl
is not the same as the particle flux caused by viscous re
ation, given by Eq.~8!. Test particles which are initially
localized in radius will diffuse across the magnetic field ev
though the overall plasma is in thermal equilibrium, i.
even though the overall densityn(r ) does not vary in time.

The experimentally measured diffusion was then co
pared to the theory prediction,

D5DE3B1Dclass, ~10!

whereDclass is the classical theory prediction andDE3B is
the diffusion due to long-rangeE3B drift collisions. The
two types of diffusion are added together because the cla
cal result is valid for collisions with impact parameters le
than r c , while the long-range collisions due to impact p
rameters larger thanr c contribute toDE3B.

Furthermore, as we will now see, the classical and lo
range components ofD both have the same scaling wit
magnetic field and are roughly the same order of magnitu
~In principle, the classical viscosity and heat transport sho

ed
l

FIG. 8. Measured test particle concentrationnt(r )/n(r ) at three times,
showing radial diffusion towardsnt(r )/n(r )5const.~Taken from Ref. 6.!
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also be added to the long-rangeE3B contributions, but in
the present experiments the classical correction is neglig
for h andk.! The scaling of the classical diffusion coefficie
follows from analogous arguments to those that led to E
~1! and~2!: in a collision time guiding centers step a distan
of orderr c due to small impact parameter velocity scatteri
collisions, resulting in a classical diffusion coefficient of o
der

Dclass;ncr c
2. ~11!

The diffusion due to long-rangeE3B drift collisions can
also be estimated in a similar way. Two guiding cent
separated by a distance of orderlD take a cross-fieldE3B
drift step of orderDtce/(BlD

2 ), whereDt;lD / v̄ is the time
for the collision. This step is very small compared tor c .
However, the frequency of such collisions is of ordernv̄lD

2 ,
which is large compared to the Coulomb collision frequen
nc5nv̄b2. Evaluating the resulting diffusion coefficient im
plies

DE3B;nv̄lD
2 @Dtce/~BlD

2 !#25ncr c
2. ~12!

Thus, the diffusion coefficient due toE3B collisions has
roughly the same scaling as the classical coefficient. T
was pointed out originally by Lifshitz and Pitaevskii.23

A detailed calculation of the long-range diffusio
coefficient5,10 yields

D IUO
E3B52Apncr c

2 lnS v̄
vmin

D lnS lD

r c
D . ~13!

The subscript IUO indicates that the technique of integrat
along unperturbed orbits is employed in this calculation;
will return to this point shortly. Note that the scaling of th
long-range diffusion coefficient is the same as Eq.~11! for
short-range collisions, as expected from Eq.~12!. In fact, for
the experiments, Eq.~13! predictsD IUO

E3B;3Dclass. The loga-
rithmic divergence aslD /r c becomes small is due to th
largeE3B drift that arises when guiding centers undergo
close approach; the cutoff reflects the fact that the guid
center theory for the dynamics breaks down for impact
rametersr,r c . The velocityvmin is the minimum relative
velocity between two interacting particles for which the u
perturbed orbit analysis is still valid. Particles withvmin50
would interact for an infinitely long time as they move alo
the magnetic field, causing an infiniteE3B drift. This is the
reason for the logarithmic divergence inD IUO

E3B as vmin be-
comes small.

There are various physical mechanisms that can setvmin ,
depending on the parameter regime of the experiments.
example, if there is shear in the meanE3B rotation velocity
of the plasma, particles separated radially by an impact
rameterr will move apart azimuthally with a speedvmin

5rdvE3B /dr. Collisions with surrounding particles can als
determinevmin since these collisions cause the relative ax
velocity to diffuse. In fact these collisions are believed to
the limiting mechanism in the present experiments, giv
vmin'(DvAr clD)1/3, whereDv.ncv̄

2 is the velocity-space
diffusion coefficient, and Ar clD is a mean impact
parameter.10
le
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The long-range diffusion coefficient given by Eq.~13! is
compared to the experiment in Fig. 9~the dashed line!. Here
we have subtracted from the experimental measuremen
classical diffusion arising from small impact parame
collisions1,2 given in Table I, in order to display only the
diffusion due to long-range collisions@see Eq.~10!#. How-
ever, even with the classical diffusion removed from t
measurement, the theory prediction for long-range collisio
still falls well below the scatter of the data.

We have determined that this discrepancy is caused
novel effect in kinetic theory.10 The diffusion coefficient in
Eq. ~13! was calculated using the technique of integrati
along unperturbed orbits~IUO!. In this technique, two col-
liding particles are assumed to move along collisionless~un-
perturbed! trajectories, interacting only once as they pass
one another along the magnetic field. An uncorrelated
quence of these interactions then leads to randomE3B steps
across the field, and spatial diffusion given by Eq.~13!.

However, unperturbed orbits are not a sufficiently acc
rate picture of the dynamics for this problem. Velocity sc
tering collisions with surrounding particles eventually cau
the relative axial velocity of the interacting pair to revers
and the particles have another collision; in fact, they m
collide several times. This effect is neglected in IUO whe
particles collide only once, and it leads to a factor of 3
crease in the test particle diffusion.

One normally thinks that collisions with surroundin
particles have a decorrelating effect on a given pair of p
ticles; and in fact this is the case for particles with relati
velocity less thanvmin , where velocity diffusion eventually
causes the particles to increase their relative speed and s
rate. However, for particles with relative velocity great
thanvmin , collisions with surrounding particles have the o
posite effect, ‘‘caging’’ the particles, and causing them

FIG. 9. The dots are the measured test particle diffusion coefficientD in
cm2/s, from which the classical result for small-impact parameter collisio
Dclass, has been subtracted. Data are plotted versus plasma temperatuT.
Diffusion is normalized by the dimensionless factorg
[@B/1 T#22@n/106 cm23# ln@lD /rc#ln@v̄/(DvAlDr c)

1/3# in order to display
data taken at several different magnetic field strengths and densities.
dashed line is the theoretical result for long-range diffusion,D IUO

E3B , using
IUO @Eq. ~13!#; the solid line is the improved result accounting for veloci
diffusion, equal to 3D IUO

E3B . There are no adjustable parameters.~Taken from
Ref. 10.!



u
icl

9,
th

t t
a

ng
u
th

th
le
an

cle
re
x

au
t

m
a
en

lli-
ul
-

cu
s
n

ea
ng
s
he
ca
o
th
e
d

irs
n
se
th

d-

of
cles

hat
y
if-

ach
d. For
ged

ory
t of
in a
eral
las-
nical
d in

o-
nd

da-
ch

il,

il,

ev.

1694 Phys. Plasmas, Vol. 5, No. 5, May 1998 Daniel H. E. Dubin
interact more strongly than they would otherwise. The res
of this effect is an increase in the long-range test part
diffusion coefficient by a factor of 3,

DE3B53D IUO
E3B . ~14!

This new prediction is shown by the solid line in Fig.
where it can be seen to match the experiment within
scatter of the data.

The factor of 3 enhancement depends on the fact tha
collisional dynamics is effectively one dimensional, so th
the velocity diffusion caused by collisions with surroundi
particles reverses the relative axial velocity and leads to m
tiple encounters between the same pair of particles. If
particles were able to move in two or three dimensions ra
than only along magnetic field lines, then a pair of partic
would have an insignificant probability of having more th
one encounter, and there would be no enhancement.

The factor of 3 enhancement also disappears if parti
become spatially separated before they can reverse their
tive parallel velocity and suffer a second collision. For e
ample, significant shear in the background plasma can c
particles to move apart azimuthally. In the experiments
date, the plasma was nearly in a state of confined ther
equilibrium for which shears are minimal; but if the she
were made larger, one would expect the diffusion coeffici
to decrease to nearD IUO

E3B .
This factor of 3 enhancement due to multiple 1-D co

sions should also be added to a previously published res13

for the viscosityh due to long-range collisions. This en
hancement factor is included in theh of Table I. This entry
also includes a factor of;2 enhancement inh that arises
from using the exact plasma dielectric function in the cal
lation rather than anad-hoc Debye-shielded interaction a
was used in Ref. 13. This calculation will be presented i
forthcoming paper.

VI. DISCUSSION

The new theory and experiments discussed here are l
ing to a new paradigm of collisional transport in the guidi
center regimer c!lD . In this regime, collisional transport i
dominated by long-range guiding center collisions rat
than by the close velocity-scattering collisions of classi
theory. Unlike the classical theory, these guiding center c
lisions lead to energy transport across the magnetic field
is independent ofB, allowing transport even for very larg
fields. The range of the transport may be further enhance
emission and absorption of plasma waves.

In addition, correlated multiple collisions between pa
of particles are observed to strongly enhance the long-ra
transport. The multiple long-range collisions can be cau
either by rapid bouncing of particles between the ends of
plasma~allowing a bounce-averaged 2-D analysis!, or by the
caging effect of velocity-scattering collisions with surroun
ing particles.
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When the multiple collisions are caused by bouncing
the particles between the ends of the plasma, the parti
can be thought of as rods of charge whichE3B drift in their
mutual interactions, leading to an enhanced viscosity t
scales asB1. When the multiple collisions are caused b
interactions with surrounding particles, the test particle d
fusion and viscosity are enhanced by a factor of 3. In e
case there are several issues that remain to be addresse
example, a new row in Table I showing the bounce-avera
2-D transport coefficients should be added.

There are several other outstanding problems for the
and experiments. For example, the effect on transpor
multiple plasma species, such as several species of ions
pure ion plasma, has not yet been studied in detail. Sev
transport effects not considered here will occur in such p
mas, such as centrifugal separation and thermomecha
fluxes. These problems, among others, will be addresse
several future publications.
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