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Several recent experiments have measured collisional transport in non-neutral pléEags
conduction, test particle diffusion, and viscositiat is from 10 to 16 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 centerriegitpe where

r. is the cyclotron radius antlp is the Debye length. In this regime, classical transport theory is
irrelevant because it implicitly assumes the opposite ordekpgeggr ., although this ordering is not
always satisfied in neutral plasmas. 1®98 American Institute of Physics.

[S1070-664X98)93005-1

I. INTRODUCTION looks quite different from the classical transport step. This
collisional dynamics can be well-approximated by guiding

Recent theory and experiments on magnetized noreenter motion, as particles move across the magnetic field
neutral plasmas have investigated the rate at which collisionsecause of thé&e xB drift due to the long-range Coulomb
cause transport of particles, energy, and momentum acrogsteraction.
an imposed magnetic field. This area of inquiry has a con- The recent experiments that observe this cross-field
siderable pedigree, dating back to the early days of plasmgansport have been carried out on single species non-neutral
physics, and these early efforts have come to be known gslasmas confined in a Penning—Malmberg trap. The basic
the classical theory of collisional transpérf.It may be sur-  confinement geometry is displayed in Fig. 3. The trap con-
prising that there is anything new that can be learned in thisists of cylindrical electrodes immersed in a uniform mag-
area; however, experiments observe collisional transport thatetic field oriented along the axis of symmetry. Axial con-
is much larger than the classical theory predicts. Test particlénement is provided by application of voltages to the
diffusion is ten times larger than the classical thebtyher-  electrodes, creating an axial potential well. Radial confine-
mal transport is up to 20 times largeand viscous momen- ment is provided by plasma rotation through the magnetic
tum transport is up to four orders of magnitude larger tharfield. The plasma rotates around the symmetry axis of the
the classical predictiorfs’ These results are in substantial trap, creating an inwardx B force that balances the outward
agreement with new theories of collisional transp8rt>We  electrostatic force caused by the un-neutralized plasma
will briefly review these new results here. charge.

The observed transport is large compared to classical Non-neutral plasmas confined in Penning—Malmberg
theory because the experiments are carried out in th&raps are excellent systems for the study of collisional trans-
guiding-center regime.<\p , wherer .=v/€Q. is the cyclo-  port. The plasmas can be confined quiescently for long peri-
tron radius (), is the cyclotron frequencyp= T/4me?nis  ods of time, so that collisional effects can be observed with-
the Debye lengthy = JT/m is the thermal speed], is the out being masked by the large fluctuations inherent in most
temperature; and is the density. The classical theory, de- neutral laboratory plasmas. The signature of the collisional
veloped for neutral plasmas, implicitly assumes the opposit&ransport is a slow evolution toward a confined thermal equi-
ordering,r > \p (although not all neutral plasmas are in this librium staté® in which temperature and rotation frequency
regim@, and therefore misses new transport mechanisms thatre spatially uniform. This slow evolution is characterized by
come into play whem <\p. inward and outward fluxes of energy, angular momentum,

In the classical theory of collisional transport, the basicand particles as the plasma relaxes toward thermal equilib-
transport step is caused by velocity scattering collisions agum.
shown in Fig. 1. A binary collision produces the scattering of
particle velocity vectors which results in a cross-field step of”_ SCALING OF TRANSPORT COEEEICIENTS
the guiding centers by a distande ~r.. These collisions
occur only for impact parameterin the rangep=<r.. How- We first consider the cross-field energy flux, presumed
ever, whenr <\p most collisions have impact parametersto be of the formI'r=—«dT/dr. The coefficient of heat
in the range .<p=<\p, and these collisions are neglected in conduction is related to the thermal diffusivityor “ther-
the classical theory. The basic transport step for these longnometric conductivity’) x by «=(5/2)nx. (The factor of
range collisions is th& x B drift step shown in Fig. 2, which  5/2 is inserted because the general relation=sc,y, where
Cp is the specific heat per unit volume at constant pressure.
*Paper gTual2-3 Bull. Am. Phys. So42, 1876(1997. Th.e.thermal diffusivity can be thought of as a diffusion co-
"lnvited speaker. efficient for energy, scaling roughly as the square of a step
dElectronic mail: dhdubin@ucsd.edu size Ar multiplied by the frequency, of steps, wherev,
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FIG. 3. Confinement geometry of a Penning—Malmberg trap.

FIG. 1. Basic transport step of the classical theory. Partiglege dot$
suffer a close collision, scattering their velocity vectors, and causing the
guiding centergsmall dot$ to step across the magnetic field.

7
Fﬂ -~ VC)\zD. (3)

X~ Vc)\%v
These long-range interactions allow energy and momen-
tum to be transferred across the magnetic field even when the
=nwb? is a rough measure of the collision frequen@ye-  magnetic field is very large. It is easy to see how this hap-
glecting the Coulomb logarithmandb=e?/T is the classi- pens: When guiding centers on different field lines interact,
cal distance of closest approach. In the classical theory, théae long-range Coulomb force causes an exchange of mo-
step size isAr~r; that is, the energy is carried along with mentum, and is responsible for the finite viscosity. Although
the particles as they step across the field, or is transferred itne force transverse to the field does almost no work, since to
a collision across a distance of orderto another guiding lowest order in 1B guiding centers are constrained to move
center. Thus the classical thermal diffusivity is roughly along the field lines, the force parallel to the field can do
work, causing a transfer of energy between the guiding cen-

Xclasswy r2 (1) = ]
cer ters. For example, the two guiding centers can exchange their
Similarly, the coefficient of shear viscosity is related parallel velocities in the collision.
to the kinematic viscosity by v=»/mn. The kinematic Rigorous calculations of the thermal conductiVitgnd

viscosity is a diffusion coefficient for the momentum. Again, viscosity"**4in the guiding center regime,<\ have been
in classical theory momentum is transferred across the fielgerformed. The results foy and « are displayed in Table |,
by a distance of order., leading to a classical kinematic which also displays the classical results for comparison pur-

viscosity of the same order g&§'2$ poses. The results for the kinematic viscosity and thermal
class diffusivity due to long-range Debye-shielded collisions scale

~ w2, (2)  as expected from Ed3).
m Once it is recognized that long-range interactions can

In classical transport theory, both the thermal diffusivity cause an exchange of energy and momentum, it becomes
and the kinematic viscosity scale Bs?, and this leads to a clear that the exchange is not limited to interactions over the
conceptual difficulty. Is it reasonable that there is no transscale of a Debye length. Particles can also exchange energy
port of energy or momentum across the magnetic field in th@nd momentum by emission and absorption of lightly
limit of very large magnetic fields? damped plasma waves. Since these waves can travel great

This difficulty is resolved by including the effect on the distances, the distance that energy and momentum step in an
transport of long-range guiding center collisions such as ocinteraction is now limited only by the cross-field dimension
cur in non-neutral plasmas. When the collisions are deR of the plasma:Ar~R. However, the effective rate at
scribed by a Debye-shielded interaction, particles can b&hich these wave-moderated interactions occur is small
separated by a distance as largenasand still exchange compared to the collision frequeney because the energy in
momentum and energy. The distance over which energy anlightly damped plasma waves is a small fraction of the total
angu|ar momentum “step” in a collision time is now of fluctuation energy in the plasma. Nevertheless, detailed
order\p rather tharr,, so the thermal diffusivity and kine- calculation$**show that for a plasma which is sufficiently

matic viscosity are independent of magnetic field, scaling asrge, the thermal diffusivity and viscosity are dominated by
wave transport. For heat transport this requiRes10°\p,
and for momentum transpof®= 10>\, is required for the
wave transport to dominate.

This wave mechanism was originally proposed by
Rosenbluth and Lit{ as a possible explanation of the
anomalously large heat loss through the electron channel in
tokamak plasmas. More recently, WHtéas discussed the
enhancement of the wave transport for a non-Maxwellian
FIG. 2. Basic transport step due to long-range guiding center collisions.partICIe dlStI’IbUtIQh. The adv_antage of “3'”9 a non-_nGUtral
ParticlesE xB drift across the magnetic field due to their mutual long-range Plasma for experimental studies of transport is that this wave
Coulomb interaction. transport can be the dominant transport process.
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TABLE |. Table of transport coefficients arising from like-particle collisions, assuminguthatis determined
by collisions with surrounding particles.

Impact parameter

range and mechanism D n/mn x=2k/5n
4 re 2 re 16 re

p=Te § \/;ucrﬁ In(B) g \/;Vcl’g |n(5) 1—5 \/;ch(z: |H(B)
Classical collisions

> 2 ;— 2 v . 2
p>rg 6vmrer? In o, M)m) 1.8v N3 In(—r(DUAD)”) 0.48s\3
(r.<<\p required In(?) + +

C
Long-range guiding wave contribution wave contribution
center collisions
I1l. MEASUREMENTS OF HEAT TRANSPORT a(3nT/2)
o ) ] ——— =V -«VT, (4)
Preliminary measurements of heat transport in the guid- at

ing center regime have recently been performed on a purghere :17/2 is the kinetic energy density of the plasma.
ion plasma consisting of Mgions. The plasma is first al- (This equation neglects the relatively small kinetic energy
lowed to relax toward a state of confined thermal equilibriumgssociated with plasma rotation, and neglects various weak
in which the plasma temperature is approximately spatiallyheat production mechanisms, such as heating from external
uniform. A local thermal gradient is then applied to the cen-field errors, the rotating wall, and collisions with neutrgls.
ter of the plasma column by shining a laser along the magsome preliminary measurements of the thermal diffusivity as
netic field, through the center of the plasisae Fig. 4 The 3 function of temperature are shown in Fig. 5. The measure-
plasma edge is hot in Fig. 4 because a “rotating wall” field ments are taken at a single density<(10° cm~3) and a field

is applied in order to confine the plasma for a sufficient timestrength ofB=4T.

to approach thermal equilibriufi. After turning off the la- These measurements are compared to the theoretical dif-
ser, the relaxation of the applied temperature gradient is Medgsivity in Fig. 5. In the experiments the plasma was insuf-
sured using a much lower intensity laser beam that probegciently large in cross-field dimension for the wave mecha-
the Doppler-broadened width of a resonance line in the iojsm to be important, so the thermal diffusivity should be
spectrum. Since this measurement yi€lgs,t), one can ob-  dominated by Debye-shielded interactidhgjiven in Table

tain the thermal conductivity from the differential equation |:

for thermal diffusion,

-1

10 — — aas
. 15 m"
N |E L |
L 10 © 8
O w2
(=) ~ 2
L 4 5 — o 10
- 5
0.2 0 = —
=
Il
-3
~0.15} ] o 107
> &S b
o ~—
~ v
= N
0.1} ]
10'4 NSRRI | N L
1073 102 107! 100
0.05 ‘ w w T [eV
-1 -0.5 0 0.5 1 [eV]
x(cm) FIG. 5. Thermal diffusivityy as a function of the plasma temperatdre

Dots are preliminary experimental results, taken at a magnetic field strength
FIG. 4. Densityn(r) and temperatur&(r,t) in a pure ion plasma that has of B=4T and ath=16° cm 3. The dashed curve is the classical theory.
been heated locally using a laser beam oriented along the axis of the trafthe solid curve is the long-range guiding center theory prediction, given by
The heating was turned off at time=0. Eq. (5). There are no adjustable parameters.
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Equation (5) shows thaty is independent of density and @ | 1
magnetic field, and scales with temperatureTas’2 All 5 los 8
three scalingsr(,B,T) are quite different than the classical "‘9 T RO S
theory of Eq.(1) would predict. > | —F TR =

The thermal diffusivity due to long-range Debye- G 08 - 148
shielded collision$Eq. (5)] is shown as the solid line in Fig. a T 1 £
5. The agreement to the preliminary experimental data is 0.3~ wp 1% -
quite good, with no adjustable parameters. On the other - 1
hand, the classical thermal diffusivifyshown by the dotted 0 0
line for n=10° cm 2 andB=4 T does not match the data, .

and is up to 20 times too small. Radius (cm)

FIG. 6. Experimental plasma density profileér,t) and rotation profiles

wg(r,t) at three different times, showing the evolution to equilibrium.
IV. TWO-DIMENSIONAL BOUNCE-AVERAGED Here wp, refers to the component afg caused by the diamagnetic difitee

VISCOSITY Eqg. (7)]. (Taken from Ref. §.

The shear viscosity of a non-neutral plasma column has
also been measured in a series of recent experifiénts.

However, these experiments were carried out on a different c 4 , dwo
apparatus, which confined a pure electron plasma. Although Fr:_ZeBr ETRAE AT ®

the plasma was confined in the guiding center regime

>r., the plasma temperature was sufficiently large that thenote that Eqs(6)—(8) hold for both electron or ion plasmas
frequency at which particles bounce along the magnetic fielg).oyided that one takes to be the signed charge, i.e,
from one end of the plasma to the other,=mv/L, was <o for electrong This particle flux rearranges the density,
large compared to the fluid rotation frequenay. (HereL is  caysing the fluid rotation frequency to become uniform, as

the length of the plasma columnin this regime two par-  required in thermal equilibrium. Note thEt will be positive
ticles on nearby field lines collide many times as they bounce some radii and negative at others.

back and forth along the magnetic field between the plasma  gjpyce Eq.(7) implies thatw, scales as B, and the

ends. These correlated multiple collisions lead to an increasggcous particle flux due to 2-ExB collisions must scale

in the viscous transport. This effect was neglected in theg 1B, Eq. (8) implies that the viscosity due to these 2-D

scaling analysis of E(3), since there particles were implic- cqlisions must scale aB®. For sufficiently large magnetic

itly assumed to in_terz_ict only once as they passed each othgg|qs [i.e., Whenwy,™>|wg|, wherewg=(c/rB)dglar is the

along the magnetic field. ExB rotation frequencythis 2-D viscosity is much larger
This suggests that we consider a picture of transport dugygn the “single collision” viscosity given by Eq3), which

to long-range interactions between two-dimensiof@D) s independent oB;'? and of course, both of these long-

charged rodgbounce-averaged electronshich EXB drift  yange collisional viscosities are much larger than the classi-

due to their interactions. There has been a considerablgy velocity-scattering viscosity of Eq2), which scales as
amount of work on 2-DEXB drift theories of collisional pg-2

transport. For example, one can show that in £®B drift Evidence forB® scaling of the viscosity has been ob-
dynamics, all dynamical times scale as the first POWEB-G? served in several previous experiments on pure electron plas-
This implies that the cross-field particle flux driving the sys- mas in the 2-D regimes,>|wg|. In these experiments the
tem toward thermal equilibrium should scale aB.1This  glectron density and fluid rotation frequency were measured
particle flux arises because shear in the rotation frequencys a function of radius at different times. Example density
crzelates an azimuthal drag force between fluid elements equghq rotation profiles are shown in Fig. 6, showing evolution
to toward a rigid rotor rotation profile. In the early experiménts
1 9 dw, the equilibration time measured from this relaxation did ap-
0= nrZ ar r3y o (6) pear to scale aB?, consistent with the picture of transport
due to 2-DEx B drifting rods%2°

where 7 is the local coefficient of shear viscosity. The fluid More recent experimerﬂghave improved the viscosity
rotation frequencyw, is given to lowest order in B as a  measurement. The measured particle fl§x,t) and rotation

combination ofExB and diamagnetic drifts: frequencyw,(r,t) were used to obtain the viscosity(r,t)
c ag P via Eq. (8). Preliminary measurements of the kinematic vis-
, + — (nT). (7) cosity »/nm as a function oB are displayed in Fig. 7. This

rB or — mn€cr Jr data was taken at an electron density of41D" cm 3 and a

The theta drag force causesFaB drift, yielding a radial temperature of 1 eV. The data scales roughlyBasand is
electron flux',=F, cn/eB, or several orders of magnitude larger than the classical predic-
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10-3 | FIG. 8. Measured test particle concentratingr)/n(r) at three times,

102 B (Gauss) 103 showing radial diffusion towards,(r)/n(r)=const.(Taken from Ref. 6.
FIG. 7. Plasma kinematic viscosity/mn as a function of applied magnetic
field B. The dots are preliminary experimental measurements. The dasheek (r,,v,) can be satisfied for; not equal tor,, provided
line representsy=BY. The solid line represents the prediction of classical that v1#0v5. A transport theory incorporating this effect is
theory. 2 -
Y currently in preparatiof’

tion for the viscosity:> shown by the dotted line. The dashed V. TEST PARTICLE DIFFUSION

line through the data merely showg scaling. The collisional diffusion of test particles across the mag-

However, if one examines the 2-BxB drift theory in  netic field has been rather thoroughly measured over a wide
more detail, a problem is encountered. An early ERB range of parameters These experiments were carried out
drift theory for an infinitely long plasma colunthshowed in the same Mg pure ion plasma as th@nore recentheat
that when theE X B rotation frequencyvg(r) is a monotonic  transport measurements. After the plasma relaxed to near
function of radius, the enhanced viscous transport vanishethermal equilibrium, a small population dfdynamically
However, in the experiments of Fig. %g(r) was identica) “test” particles was created by placing the test
monotonic’ and the measured flux appeared to be due tgarticles in a different atomic spin state than the rest of the
long-range interactions. Clearly, there is a problem with theplasma using laser light. An example of the measured test
theory. We believe the problem is related to the assumptioparticle densityn(r,t) is shown in Fig. 8. The density of test
that the plasma is infinitely long. particles was observed to relax, and the test particle diffusion

The reason that the flux vanishes in an infinite plasmecoefficientD was extracted by comparing the measured ra-
column when the rotation profile is monotonic is easy todial test particle flux to Fick’s law,
understand: resonant interactions between rods are respon- 9 /n
sible for the transport, implying that the rods must have the T',=—-Dn — ( t),
sameE xB rotation frequency; that ispg(rq,) = wg(r,) for
rods at radiir; andr,. Whenwg(r) is monotonic, this im-  which states that the flux of test particles is proportional to
pliesr,=r,. However, conservation of angular momentumthe concentration gradient of test particles. Note that this flux
implies that rods take equal and opposite radial steps wheig not the same as the particle flux caused by viscous relax-
they ExB drift in their mutual Coulomb field; and if they ation, given by Eq.(8). Test particles which are initially
start at the same radius there is no net radial particle flux. localized in radius will diffuse across the magnetic field even

However, if we allow the plasma to have a finite length,though the overall plasma is in thermal equilibrium, i.e.,
a new effect emerges: theaveraged particle rotation fre- even though the overall densityr) does not vary in time.
quencies now become a function of their axial spegd As The experimentally measured diffusion was then com-
particles approach the ends of the plasma, they feel a confipared to the theory prediction,
ing end potential that is a function af The particles reverse  ExB . mclass
their axial velocity, receiving a net impulse withzecompo- D=D=""+D™ (10
nent equal to- 2mu in this process. However, there is also awhere D@5 is the classical theory prediction amf*B is
radial electric field associated with the end potential, and thishe diffusion due to long-rang&xB drift collisions. The
radial electric field causes the particle to drift in the thetatwo types of diffusion are added together because the classi-
direction by an amount proportional tav®. The particle’s cal result is valid for collisions with impact parameters less
bounce-averagel x B rotation frequency must therefore be thanr., while the long-range collisions due to impact pa-
written as a function of both andv. rameters larger than. contribute toDE*B,

It is thus possible for particles at different radii to have Furthermore, as we will now see, the classical and long-
the same rotation frequency even when t©®&B rotation range components dd both have the same scaling with
frequency is monotonic in radius, provided that the particlesnagnetic field and are roughly the same order of magnitude.
have different velocities. That is, the equatiar(r,,v,) (In principle, the classical viscosity and heat transport should

€)



Phys. Plasmas, Vol. 5, No. 5, May 1998 Daniel H. E. Dubin 1693

also be added to the long-ran§e<B contributions, but in
the present experiments the classical correction is negligible
for » and«.) The scaling of the classical diffusion coefficient
follows from analogous arguments to those that led to Egs.
(1) and(2): in a collision time guiding centers step a distance
of orderr due to small impact parameter velocity scattering .8
collisions, resulting in a classical diffusion coefficient of or-
der

(g
w

107

ass
(cmz/sec)

(D-D°

DEasS- yre. (11 B -
e . - vo Ea- 13 ~

The diffusion due to long-rangeéx B drift collisions can
also be estimated in a similar way. Two guiding centers 107 o1 ;
separated by a distance of ordes take a cross-fieldE xB

drift step of orderAtce/(BA3), whereAt~\p, /v is the time T (eV)

for the collision. This step is very small compared g ) o .
FIG. 9. The dots are the measured test particle diffusion coeffiGeirt

Howev_er’ the frequency of such collisions is Of OrdemD' cné/s, from which the classical result for small-impact parameter collisions,
which is large compared to the Coulomb collision frequencypeiass has been subtracted. Data are plotted versus plasma tempéFature
ve=nvb?. Evaluating the resulting diffusion coefficient im- Diffusion is normalized by the dimensionless factory

plies =[B/1 T] 2[n/10° cm 3]In[Ap /rJIn[v/(D, VA pr ) ¥?] in order to display
data taken at several different magnetic field strengths and densities. The
DE*B~nya3[Atce/(BA)]?=v.r2. (12)  dashed line is the theoretical result for long-range diffusBf’, using

1UO [Eq. (13)]; the solid line is the improved result accounting for velocity
Thus, the diffusion coefficient due tBxB collisions has diffusion, equal to B)EJXOB. There are no adjustable parametéfaken from
roughly the same scaling as the classical coefficient. Thi§ef- 10)
was pointed out originally by Lifshitz and Pitaevskii.
A detailed calculation of the long-range diffusion

coefficient** yields compared to the experiment in Fig(he dashed line Here
ExB ) v \p we have subtracted from the experimental measurement the
DS =2mer? In( —|In{ —. (13)  classical diffusion arising from small impact parameter
Umin e g 2 . . . .
collisions"? given in Table |, in order to display only the

The subscript IUO indicates that the technique of integrationdiffusion due to long-range collisior{see Eq.(10)]. How-
along unperturbed orbits is employed in this calculation; weever, even with the classical diffusion removed from the
will return to this point shortly. Note that the scaling of the measurement, the theory prediction for long-range collisions
long-range diffusion coefficient is the same as Efl) for  still falls well below the scatter of the data.
short-range collisions, as expected from Ep). In fact, for We have determined that this discrepancy is caused by a
the experiments, Eq13) predictsD 2~3DS The loga- novel effect in kinetic theory® The diffusion coefficient in
rithmic divergence as\p/r. becomes small is due to the Eq. (13) was calculated using the technique of integration
large ExB drift that arises when guiding centers undergo aalong unperturbed orbitdUO). In this technique, two col-
close approach; the cutoff reflects the fact that the guidindiding particles are assumed to move along collisionless
center theory for the dynamics breaks down for impact paperturbed trajectories, interacting only once as they pass by
rametersp<<r,. The velocityv, is the minimum relative one another along the magnetic field. An uncorrelated se-
velocity between two interacting particles for which the un-quence of these interactions then leads to ranBotB steps
perturbed orbit analysis is still valid. Particles with,;,=0  across the field, and spatial diffusion given by Etf3).
would interact for an infinitely long time as they move along However, unperturbed orbits are not a sufficiently accu-
the magnetic field, causing an infiniEex B drift. This is the  rate picture of the dynamics for this problem. Velocity scat-
reason for the logarithmic divergence Dﬁng asvnmin be-  tering collisions with surrounding particles eventually cause
comes small. the relative axial velocity of the interacting pair to reverse,

There are various physical mechanisms that can.ggt  and the particles have another collision; in fact, they may
depending on the parameter regime of the experiments. Fapollide several times. This effect is neglected in IlUO where
example, if there is shear in the melax B rotation velocity  particles collide only once, and it leads to a factor of 3 in-
of the plasma, particles separated radially by an impact paerease in the test particle diffusion.
rameterp will move apart azimuthally with a speegl,, One normally thinks that collisions with surrounding
=pdvexg/dr. Collisions with surrounding particles can also particles have a decorrelating effect on a given pair of par-
determinev .,i, since these collisions cause the relative axialticles; and in fact this is the case for particles with relative
velocity to diffuse. In fact these collisions are believed to bevelocity less tharv,,, where velocity diffusion eventually
the limiting mechanism in the present experiments, givingcauses the particles to increase their relative speed and sepa-
Umin=(Dy\r Ap) Y3, whereD,=vw? is the velocity-space rate. However, for particles with relative velocity greater
diffusion coefficient, and JrcAp is a mean impact thanv,, collisions with surrounding particles have the op-
parameter?’ posite effect, “caging” the particles, and causing them to

The long-range diffusion coefficient given by H43) is




1694 Phys. Plasmas, Vol. 5, No. 5, May 1998 Daniel H. E. Dubin

interact more strongly than they would otherwise. The result  When the multiple collisions are caused by bouncing of
of this effect is an increase in the long-range test particléhe particles between the ends of the plasma, the particles
diffusion coefficient by a factor of 3, can be thought of as rods of charge whieR B drift in their
DEXB_ 3pEXB (14) mutual interactions, leading _to an e_nhanced viscosity that
Iuo - scales asBB'. When the multiple collisions are caused by
This new prediction is shown by the solid line in Fig. 9, interactions with surrounding particles, the test particle dif-
where it can be seen to match the experiment within thdusion and viscosity are enhanced by a factor of 3. In each
scatter of the data. case there are several issues that remain to be addressed. For
The factor of 3 enhancement depends on the fact that thexample, a new row in Table | showing the bounce-averaged
collisional dynamics is effectively one dimensional, so that2-D transport coefficients should be added.
the velocity diffusion caused by collisions with surrounding There are several other outstanding problems for theory
particles reverses the relative axial velocity and leads to muland experiments. For example, the effect on transport of
tiple encounters between the same pair of particles. If thenultiple plasma species, such as several species of ions in a
particles were able to move in two or three dimensions rathepure ion plasma, has not yet been studied in detail. Several
than only along magnetic field lines, then a pair of particlestransport effects not considered here will occur in such plas-
would have an insignificant probability of having more thanmas, such as centrifugal separation and thermomechanical
one encounter, and there would be no enhancement. fluxes. These problems, among others, will be addressed in
The factor of 3 enhancement also disappears if particleseveral future publications.
become spatially separated before they can reverse their rela-
tive parallel velocity and suffer a second collision. For ex-
ample, significant shear in the background plasma can caudKNOWLEDGMENTS
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