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Experiments and theory on collisional diffusion and viscosity in quiescent single-species plasmas
demonstrate enhanced transport in the two-dimensi@i2)l bounce-averaged regime, limited by
shear in the plasma rotation. For long plasma columns, the measured diffusion agrees quantitatively
with recent theories of three-dimensional long-ra&geB drift collisions, and is substantially larger

than predicted for classical velocity-scattering collisions. For short plasmas, diffusion is observed to
be enhanced bi,, the number of times a thermal particle bounces axially before being separated
by shear. Equivalently, recent theory in the 2D bounce-averaged regime shows how diffusion
decreases with increasing shear, generalizing the zero-shear perspective which gives Bohm
diffusion. Viscosity is similarly enhanced in the 2D regime, but there is presently only qualitative
agreement with theory. These results apply to both non-neutral and neutral plasmas, and provide the
first rigorous analysis of shear reduction of transport in a paradigmatic systeB00® American
Institute of Physics.[DOI: 10.1063/1.1454998

I. INTRODUCTION range interaction distance &f; introduces the possibility of
coefficients scaling asc)\zD. This latter scaling is obtained

In the classical theory of collisional transpdrt, the  for viscosity and heat transport; but the 3D long-range diffu-
transport step is caused by velocity-scattering collisions, asion has the samecrg scaling as classical transport, with a
shown in Fig. 1a). The local binary collision produces scat- 10x larger coefficient.
tering of the particle velocity vectors bv~ *v, which Moreover, the diffusioH and viscosity®'® due to long-
results in cross-field step of the guiding centers by a distanceange collisions is enhanced in the two-dimensio(ZdD)
Ar~=r.. These “short-range” collisions occur only for im- regime, where individual particles in the finite length plasma
pact parameterg in the rangep=r.. bounce repeatedly in before moving substantially irr (6).

However, the Coulomb interaction between particles ex+rom the perspective of Fig.(H), this suggests that pairs of
tends to(at least a distance\p; and whenr.<\p, most particles may experience multiple correlated collisions, giv-
collisions have impact parameters in the ramg€ p<<\p. ing an enhanced transport step sixe. This enhancement
These collisions are neglected in classical transport theoryncreases withN,, the number of times a thermal particle
and are only now being quantitatively analyzed. The basibounces axially before shear in ti@egotation of the column
transport steps of these “long-range” collisions are shown inseparates the particle from its neighbors. Thus, rotational
Fig. 1(b); as two particles separated by a distagcén ¢  shear reduces the 2D transport enhancement.
stream by each other alor®jz, they EXB drift a distance In practice, the transport contributions from long-range
+ Ar due to their mutual interaction fielE. The stepAr is  collisions and the 2D enhancements described here are not
proportional to the duratiodt of the interaction, so “reso- subtle. The test particle diffusion measured on pure ion plas-
nant” pairs of particles with small relative axial velociyv,  mas is 10-19 times larger than classical theory; thermal
will take the largest stepAr. transport in ion plasmas is 1-200 times larger; and the vis-

These three-dimensionédD) long-range collisions give cous transport measured in pure electron plasmas is f0-10
substantially different transport coefficients for particletimes larger. In general, these results are in substantial agree-
diffusion®~8shear viscosit§;>'°and heat conductiol;*3as  ment with new theories of collisional transport; the largest
shown in Table I. The classical transport arises from randongliscrepancy is in the viscosity coefficient, where finite-length
steps of size, occurring at a collision rate,=nvb?, sothe enhancements give a one-decade discrepancy with theory.
transport coefficients scale asrZ. In contrast, the long- The transport observed in non-neutral plasmas is large

compared to classical theory because these plasmas are nec-
Apaper BI2 2, Bull. Am. Phys. S0, 22 (2000, essarily in the guiding-center regime igf< )\_D. T_hg classi-
PInvited speaker. cal theory, developed for neutral plasmas, implicitly assumes
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extremely nonthermal spectrum of fluctuations, with the
a) transport characteristics depending on the nature of the tur-
bulence. However, the effects of flow shear may be similar in
both cases, and the present work may be considered a simple

paradigm for the shear reduction of transport seen in more
complex turbulent systent§.

©p

At

B Il. TEST PARTICLE DIFFUSION (3D REGIME)

The radial diffusion of “tagged” ions has been measured
FIG. 1. (a) Classical velocity-scattering collisions with impact parameters!n quiescent, Steady_St.ate cplumns of M@ns' Tg‘ese pl.,II’E'
p=r.. (b) Long-rangeEXB drift collisions withr,<p<\p . ion plasmas are contained in vacuuf~3x 10"~ Torr) in

cylindrical electrodes with wall radiuk,=2.86 cm, as

shown in Fig. 2. A uniform axial magnetic field (0.8
waves. This wave mechanism was originally proposed by<B(0.8<B<4T) provides radial confinement; and voltages
Rosenbluth and Lit as a possible explanation of the anoma-V.= +200 V applied to end cylinders provide axial confine-
lously large heat loss through the electron channel in tokament of t-he lons. _
mak plasmas, and has been recently developed further by The ion plasma is diagnosed by laser-induced fluores-
Ware!” Recent calculations sugg&sthat this mechanism cence(LIF), stimulated by tuneable continuous wave laser
will dominate the viscosity for non-neutral plasmas with beams in the parallelz] or perpendicular §) directions.
Rp>1037\o, and dominate the heat transport fdR, These beams can be scanned,irand the intersection with

>10°\,. However, experiments have not yet been done irfhe detection focus along the axis determines a 1 mn
this regime. diagnosed volume. The LIF diagnostic gives ion density
The transport being discussed here is due to the thermal(X) =n(r), temperaturd (r), and total drift velocity in the
fluctuations which occur even in quiescefmtear thermal =@ direction, denoted(r). Additionally, all particles at a
equilibrium) plasmas at any given temperatdre The fluc-  given radius can be “tagged” by spin alignment; and the
tuations can be large at high temperatures; but the spectrudensityn,(r) of these(dynamically unalteredtest particles
remains thermal, and statistical theory determines the trangan be measured versus time.
port explicitly. In contrast, turbulent plasmas can have an Figure 3a) shows typical measured profiles ofr) and

TABLE I. Diffusion, viscosity, and heat conduction coefficients due to classical velocity scatterings with impact
parameter<r.; and due to long-rangé X B collisions withr < p<\p in the 3D and 2D bounce-averaged

regimes.
v, = nvb2 Diffusion Viscosity Heat
D 7 /nm 2K /5n
p<r, W o, o WET 4 r 16 2 e
e 2 in(®) vt (2 SV InGE)
classical
velocity
scattering Longmire & Rosenbluth ’56 | Longmire & Rosenbluth *56 Rosenbluth &
Simon ’55 Kaufman ’58
p>r o 2 5
207 v 2 In(—)In(2R) | 590 v, A In(——) 48v. Ap
3D Av T, ¢ Av
m ) m (+ wave)
vz resonance (+ wave)
(Lifshitz & Pitaevskii) O’Neil 85 (Rosenbluth & Liu ’76)
O’Neil ’85 Dubin '97 Dubin 88 Dubin & O’Neil 97
Anderegg '97 Driscoll 88 Hollmann *00
2D 2 S 2, T 2 2
8t —1b— v P In(=) (167" =2 v d*g(2d/r) NA
z-averaged Flog] " ) rap 48
Dubin & Jin *01 Dubin & O’Neil *98
Anderegg 02 Kriesel 01
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temperature can be increased by various wave heating tech-
niques, and can be decreased by laser cooling.

This rotating column of ions is maintained in steady
state by applying a weak “rotating wall” voltage perturba-
tion which couples angular momentum into the plagta.
This counterbalances the weak drag on the column from cou-
pling to the stationary background gas,{Hand to the sta-
tionary # asymmetries in the magnetic or electric trapping
fields. When the same ions are held for days at these pres-
sures, some of the Mgconverts to MgH, which is not
diagnosed by the LIF; but this has little effect on the data
PERP. presented here.

BEAM EI({)%;%R Figure 3b) shows the measured total rotation velocity

viodr), the diamagnetic rotation velocityg,(r) calculated
FIG. 2. lon plasma containment apparatus, with perpendicular and paralldfom n(r) and T(r), and theEXB rotation velocity calcu-
laser beam diagnostics. lated asvg(r) =uv(r)—vgia(r). The individual particles ro-
tate at a rateve(r)=vg(r)/r, and the shear in this rotation is
defined as

T(r). The column has densitg~10" cm 2 over a radius

R,~0.5 cm and length.,~10 cm. The temperature of S(r)zrin(r)Erw’E(r)_ 1)
~0.1 eV gives an ion thermal velocify~6.3x 10* cm/s, ar

and an axial bounce rate 6f(r)=v/2L,~3 kHz. The scale Note that two particles separated radially by a distgned|
lengths for short- and long-range collisions arg=1.6  become separated azimuthally by a distanaea timeS™*.
X10"2 cm (at B=1T) and Ap=7.4X 102 cm. The ion The dimensionless scaled sheais then defined as

s(r)= ~rwgl wg, 2

E
2mceBnr)
where the last approximation is only valid when the rotation
results from near-uniform(r).

Experimentally, the magnitude of the rotational shear
can be controlled by varying the ion density and temperature,
or by adjusting the character of the torques and drags on the
column. This shear in thé rotation has only a weak effect
on diffusion due to long-range collisions in the 3D regime;
but it is the controlling parameter in defining the 2D regime.
Indeed, the kinematics of long-range collisions in the pres-
ence of shear is parametrized by

fy w2,
TS ret’
which is the number of axial bounces executed by a thermal
particle before shear separates itdifrom its neighbors.
Figure 3c) shows an example of the radial diffusion of

. ] tagged ions within this steady-state plasma.tAtO, about
| e 80% of the ions at =0.5 cm are tagged by spin alignment,

()

- (C) and the measurement of tagged particle fractipm at t
0.8r =50 ms shows good radial localization. After 6 s, substantial
b transport tor =0 has occurred; and biy=15 s the trapped
\g 0.6 i fractionny/n is almost uniform.
& o4k The test particle flux is obtained from these measure-
T ments as
027 1(r 1%
. Ft(r,t)z——f dXx X—ny(X,t), (4)
- rJo ot
9%

with small corrections to the measuregdto correct for slow
spontaneous spin flips. Transport from a local diffusion co-
FIG. 3. (a) Densityn and temperatur@ profiles of the quiescent, steady- €fficientD(r) would be expected to give a flux
state ion plasma(b) Measured fluid rotation velocity,y;; andu g, calcu- ny(r,t)

t I

lated fromn andT. (c) Measured test particle concentratioyin profiles at r (I‘ t)=— D(r)n(r)i .
three times, showing diffusion of particles. e ar n(r)

X (cm)

®)
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0.03 T T . un-normalized diffusion coefficients varied by a factor of 25
”5'.3‘ asB was varied, and by a factor of 40 aswas varied.

E Over a wide range of temperatures, the measured diffu-
3 sion is about ten times larger than predicted for classical
0.02 collisions, due to long-range X B drift collisions between

a ions. The initial analysis of diffusion from long-range
& collision® used the standard theory technique of integration

e along unperturbed orbitdUO), and gave a predictioD o
~ 0.01 about 3% larger than classical but aboux3smaller than the
":I measurements. A more thorough analysisvealed a new
= “velocity-caging” effect which occurs in one-dimensional
v collisions, and the revised predicti®y agrees closely with
0.00 o 2 "‘ é p the measurements.
The diffusion due to these long-rangex B drift colli-
n (r) i n, (r,) (em! sions can be estimated rather simfil{fwo guiding centers
n, (r,t) or n(r) separated by a distance af, have an interaction electric

field of e/\3, and take a cross-fielX B drift step of order
FIG. 4. Measured normalized test particle filix/n, vs normalized test ~At(c/B)(e/\3), whereAt~\p/v is the time for the colli-
partic_le Ejensity _gradient, for several times at one radius. The line representsion. This step is very small compared rto. However, the
the Fick's law diffusion of Eq(5). frequency of such collisions is of ordeo\ 2, which is large
compared to the Coulomb collision frequeney=nuvb?,
whereb=e?/T is the classical distance of closest approach.
This is just Fick’s law for test particles, i.e., a diffusive flux The diffusion is then given by
proportional to the concentration gradient.
Figure 4 shows the measured normalized fliyxn, ver- D~nvhZ[Atce/(BAE)]?=ver?. (6)
sus the normalized gradient in the density of test particles,
for one radial position. At early times there is a large gradieniThis was first estimated by Lifshitz and Pitaevskii.
and a large flux; and the flux decreases at later times as the A detailed calculatioh’ of the diffusion from these 3D
profile smoothes. The straight line fit illustrates Fick’s law Iong-range collisions yields
with D=3.3x10 3 cn/s.
Ap
In(—). 7
r'C

U
AV min

Figure 5 shows the measured diffusion coefficieDts
obtained for densities 0sIn<4x 10’ cm 3, temperatures
0.05<T<3 eV, and magnetic fields 08B<<4 T. The diffu-
sion coefficients are normalized W8~ 2 In(\p/r.) for com-  The superscriptiUO) indicates that the technique of integra-
parison to the classical and long-range collision theories; thgon along unperturbed orbits was used. The logarithmic di-

vergence with\p /1 is due to the larg& X B drifts that arise

when guiding centers undergo a close approach; the cutoff at

r. reflects the fact that the guiding center theory for the
10'2: T T —— dynamics breaks down for impact parametgrsr.. The

; velocity Av mi, IS the minimum relative velocitAv between
two interacting particles for which the unperturbed orbit
analysis is still valid; particles with smallv, experience the
largest drifts.

The lower limit Av ,, Will be set either by shear in the
plasma rotation or by velocity-scattering collisions with
other particles. The latter mechanism dominates in our ex-
periments, giving Avmin=(D,/\rcAp)Y®,  where D,
~nv°b? is thevelocity-spacaiffusion coefficient.

The IUO technique presumes that two particles interact
only once as they pass by one another along the magnetic
field. However, velocity scattering collisions with surround-
ing particles eventually cause the relative axial velocity of

o L the interacting pair to reverse, and the particles may have
another collision; surprisingly, they effectively collide three
T (eV) times. In essence, collisions cause velocity “caging” of par-

_ o . ticles with Av,=Av,, causing them to interact more
FIG. 5. Measured normalized test particle diffusion coefficidntgs tem-

peratureT. Theory curves show classical diffusi@n,,s, long-range diffu- ?trong_ly than th_ey WO”'?‘ Otheanse' The result of this effect
sion D3’ calculated by integration along unperturbed orbits, and a propetS an INCreéase In the diffusion coefficient by a factorof
calculation ofD 3 including “velocity caging.” =3, giving

D4R =27 nub?rZin

S L
1
0 0.1
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FIG. 6. Measured diffusiol,,.,snormalized by the 3D predictioD ;5 vs
number of particle bounceBl,,, showing enhanced diffusion in the 2D

bounce-average regime.
with a=3.

The enhancement by is denoted separately because

v
Av

Ap

le

Dsp=2aym nWrgm( (8)

min

very large shear in the background flow could eliminate the

caging effect and givex~1. This occurs because particles
are sheared apart ifibefore they have time to reverse their
velocities and collide again. Overall, E@) is in quantita-

tive agreement with the diffusion measurements, as show

by the solid line in Fig. 5.

IIl. BOUNCE ENHANCEMENT OF DIFFUSION

Enhancement of the test particle diffusion ab®vg, of
Eqg. (8) is observed in regimes whefd,>1. lons move

rather slowly, and the data of Sec. Il were in the 3D regime

of N,<<2. Larger values o}, can be obtained by decreasing
the axial length of the column (O7L,<10 cm); and by
considering radii where the scaled sheais small (10 *
<s<0.1).

Shear reduction of collisional transport . . . 1909

b) s < 0 retrograde

\/

1

2\

FIG. 7. (a) Collisional interaction of two point vortices in a vortex patch
with shear(b) streamlines in the rotating frame for the interaction region for
negative shear, giving retrograde vortices, dnfl positive shear, giving
prograde vortices.

a) ¢) s >0 prograde

12

vortex patch

A. 2D diffusion with shear

This enhanced diffusion is now understood as resulting
from the bounce-averagédr k,=0) component of the long-
range collisions, since this 2D diffusion increases with de-
creasing background shé&r! Furthermore, this perspective
of shear reduction of 2D transport connects well with the
early theoretical work on 2D diffusion due to macroscopic
fluctuations in shear-free plasn®s

From the 2D perspective, each ion ig-average “rod”
of charge whichE X B drifts in (r,8) due to the fields of all
the other ions. Th& X B drift dynamics of a collection oN
charged rods is isomorphic to a 2D gashfpoint vortices:
each rod, with chargg=e/L, per unit length, is equivalent
to a point vortex with circulation

y=0q(4mc/B)=4mweeBity. 4mce/BL, 9)

(Here, we takey>0 andwg>0 for positive ions by choos-
ing B=—BZ; for electrons, choosin®= +BZz would simi-
Iﬁ'a\rly give y>0.)

Early work on diffusion of 2D point vortices focused on
the case of a quiescent, homogeneous shear-freé®gas.
When the vortices are distributed randomly, representing
high-temperature thermal fluctuations, Taylor and Mc-
Namara showed that the diffusion coefficidfar diffusion
in one direction)has the following simple form:

WN.

The diffusion coefficient is not an intensive quantity, because
the diffusion process is dominated by large “Dawson—Okuda
vortices” whose size is of order the system sizélowever,

Y

Dm=g—- (10)

Figure 6 shows the measured diffusion coefficient enfor finite temperature, these authors all suggested that Debye

hancemenD/D;p vs Ny . For Ny<1, the solid line repre-

sentsD3p, and the data points would overlay those of Fig. 5.

shielding limits the maximal vortex size to approximately the
Debye length\ .

For N,>1, the diffusion increases proportional k,, ap- Here, we show that in the presence of applied shear, the
proaching the shear-free Taylor—McNamara limit discussedawson—Okuda vortices are disrupted and the diffusive
in the following. The solid line represen3,5/D3p=Ny, transport is greatly reduc&t?! compared to Eq(10). This
also derived in the following. result may be relevant to current experiments and theories in
We note that the parameters of this bounce enhancemefusion plasmas, which also observe reduced transport in the
are not consistent with the 3D perspective. The theory of 30presence of shedft.In such plasmas, the fluctuations are un-
collisions focuses on pairs of particles with smedlative  stable and turbulent; and so the transport is difficult to deter-
velocity Av,, so the thermal velocitw and the plasma mine theoretically. However, in a stable gas of point vortices,
length L, should not enter; effects from end confinementthe statistical theory described here determines the transport
fields have been analyzed with regard to viscosity in finiteexplicitly.
length system$® Apparently, the enhancement represents an  The theory analyzes collisions in a circular patch of vor-
increase in the diffusion from 2D collision kinetics. tices with uniform 2D areal densitg= N/wa), as shown
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in Fig. 7. To this vortex patch aaxternalsheared rotation 1 ' ' '
w(r) is applied, with uniform shear ratte=r»’ and scaled U
shears=S/ny. In physical systems, the rotaties(r) would
follow from n(r) through Poisson’s equation, and a uniform
patch would haves=nv/2. 102 |

The character of vortex collisions, diffusion, and dynam-
ics depends critically on whether the shear is negative or— _,.é-l—ﬂ———teﬂ' =13
positive, i.e., whether the vortices are retrograde or progradeQ 1073 F bad - |
(A retrograde vortex rotates in th@ppositesense compared
to the local curl of the sheared flowndeed, the theory will a
be seen to be valid only fa<O0 (retrograde vortices For- B 2 2 . A A s=+12
tunately, this corresponds to the experiments, which have 10 t § & 4

monotonically decreasing(r); each ion is a retrograde vor- 3 4 5 6
tex in the negative overall shear flow. 10 10 N 10 10

For s<0, two separate collisional processes are respon-
sible for radial diffusion in the presence of applied shearFiG. 8. Diffusion coefficient® from simulations vs number of particlés
small impact parameter collisions, described by a Boltzmanifer shear rates=0, —1.2, —12, and 12. Solid points are MD simulations;
formalism; and large impact parameter collisions, describe§Pen Points are PIC simulations. The dashed line is(E8), the solid lines

. . . . are Eq.(12). No theory predicts the weaker diffusion for positive shear

by a quasilinear formalism. In Fig.(), the shaded region (prograde vortices
shows the range of possible streamlin@s the rotating
center-of-mass framdor small impact parameter collisions.
For example, vortex 1 may flow dowimn 6) and to the left cable. In other words, even small shears wipe out the large-
(in'r) and then back up because of a collision with vortex 2,scale Dawson—Okuda vortices required to givg, .
which correspondingly flows up, to the right, and back down.  \We have tested this theory using numerical simulatibns
The unshaded region shows possible large impact parametef N identical point vortices, initially placed randomly inside
collisions, where the vortices would merely move in anda circular patch, with an applied uniform external shear rate
back out slightly while streaming past each other, except fos. As a check of the numerics, we employed two separate
the influence of other distant vortices. simulation techniques, a 2D molecular dynami@dD)

Here small and large impact parameters mean initial ramethod for point vortices, and a 2D particle in céRIC)
dial separations that are smaller or larger than a distahce 2simulation. To obtain the diffusion coefficient, we chose as

where the “trapping distancel’ is defined as test particles all vortices in the band of radii from (RA®
0.57R, and followed their mean square change in radial po-
|=\—yl4wS=al\-2s. (A1) sition, (5r2(t)). The diffusion coefficient is found from fit-

H 2 —

Here,a=(mn) Y2 is the average distance between vortices N9 <§r (t)>_2Dt' e .

Note that the trapping distance is undefined or0, since ~__Figure 8 displays the diffusion rates obtained from the

the trapping extends to infinity in this simple model. simulations with varying\N compared to the predictions of
theory. The simulations witls=0 agree closely wittD 1y,

An estimate of the vortex diffusion is obtained by con- , ) s ) o
sidering small impact collisions. Here, the radial step size iddashed ling Simulations with negative imposed shears of
—1.2 and—12 show reduced diffusion, in quantitative

Ar~I1, and the collision rate is the rate at which the shear™

brings vortices together, i.ex~n[S|I2. This gives a diffu- adreement witiD,p (solid lines.
sionD=vAr2ecn|g|I#cys 1, However, the simulations witts=+12 show about

A rigorous Boltzmann calculation gives the radial diffu- 10 1€ss diffusion, apparently due to trapping effects in col-

sion coefficienDg due to these small impact parameter CO|_Ii$ions between vortices which are prograde with respect to

lisions; and a quasilinear calculation based on the Kubo for'ghedsﬂearﬁln essfe;ce,(;he trapping $I1$elnf|nt|)te for s>(§)_, i
mula gives the diffusion coefficiem, from multiple distant 2" the efiects of bound vortex pairs cannot be ignored, thus,
collisions. The total diffusiolf is then the Boltzmann analysis is inapplicable. Furthermore, the

method of integration along unperturbed orbits, which is es-

y 1, 0 sential to the Kubo analysis, also fails. Analysis of these
D2p=Dp+Dx=55 —2In"Ag+ 5o In (r/prin) trapped particle effects is a significant unsolved theory prob-
lem.
2mec[In? Ag We note further that these same trapping effects cause a
T LBs| 7 +In(r/prin) | (12 decreased velocity fomacroscopicprograde vortices mov-

ing up or down a background vorticity gradiéfitThe trap-
with collision logarithms given byAg=2.7137°S?/ny?> and  ping is a critical aspect of the microscopic collisions and of
pmin=(4Dy /S)¥? for the regimes of interest here. the macroscopic dynamics.

Of course, this estimate is valid only when it is less than ~ For perspective, we note that both the Taylor—
the zero-shear result, i.e., whé&,,<Dr,. However, one McNamara diffusion and the collisional diffusion follow
can see that even a very small shear, of or&ny from the discreteness of the vorticity. If we let the discrete-
~N~2 is required to make the zero-shelr,, inappli- ness go to zero by lettinj— at fixed total circulation or
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FIG. 9. Measured diffusion vs measured shgashowing shear-reduction (cm)

of diffusion from the zero-shear Taylor—McNamara limit to the 3D regime.

) D . 1 FIG. 10. Measured electron density profitgs,t) and total rotation profiles
In the 2D regime, the diffusion scales s~ andB™ .

wg(r,t) at three different times, showing viscous relaxation to the rigid-
rotor thermal equilibrium.

equivalently look at the normalizdd/N vy, then the diffusion
will decreaseasN increases. From the perspective of Fig. 8,remain constant; this is essentially taking the “plasma limit”
the shear-free diffusioB 1y, /Ny decreases a8'? since the of zero discreteness.
fluctuation-induced Taylor—McNamara vortices are weaker.
On the other hand, for finite scaled sheathe scaled diffu-
sion D/Ny decreases ad ! since the collisionality is pro-
portional to the discreteness. Long-range collisions also transfer angular momentum
Returning to the ion experiments, this perspective ofand energy, giving viscosity'®and heat conductidfi** co-
shear reduction of 2D diffusion provides a complete exp|a_efficients which may be substantially larger than the classical
nation of the length-dependent diffusion enhancements, sinceoefficients. The long-range viscosity is especially striking in
the experiments are only in the negative shear regime wheUre electron plasmas, being up td’ titnes larger than clas-
the theory applies. Figure 9 displays the same experiment&fcal, with a dependence dn, andN, which is not yet fully
data as Fig. 6, but with the diffusion scaled B&,B and _understood.G Long-range heat transport measured in Jure
plotted versus scaled shearThe diffusion approached,,  ion plasmas in the 3D regime is up to®1mes classicat:
for |s|<1073, decreases ds| ! for 1072<|s|<107!, and  Theory suggests there is no 2D enhancement of heat trans-
equalsD 5, for |s|>1. Here, the column lengths ranged over POrt, but this has not been checked experimentally.
0.7<L,<10 cm, and the temperature ranged over €.05 Viscosity acting on a sheared rotating plasma causes a
<3 eV, with fixedB=3T. The temperature and shear were bulk transport of particles, with a consequent relaxation to-
closely related, since the near-equilibrium plasmas hav#ard a uniform profile of total fluid rotatiom,. Figure 10
near-uniforme,,, SO the shear img arises mainly from the shows measurements of this relaxation in a pure electron
diamagnetic drift agVn. The estimateD, is from theN  Plasma.® The density profilen(r,z=0) relaxes toward the
=5x 10 ions within the low-shear region of the plasma. thermal equilibrium profile, which is uniform in the center
The estimateD,p usesT andn, as is characteristic of the and then falls off on a scale ofy. Here, thez dependence
data points on Fig. 9 with large shear. of the density n(r,z) is obtained from the measured
Considering the plasma parameters one at a time helggintegrated densit@(r) = fdz n(r,z) using an ¢ —z) Pois-
clarify the relation between the 3D and 2D regimes of long-SOn solver which presumes local equilibrium along each field
range collisions. Figure 5 showd T2 but presumably line. In this evolution, the total angular momentum is well
this would showD«T? at high temperatures if the shear conserved, as some electrons move out and others move in,
were held fixed. The transition to this 2D regime would oc-Verifying that the transport is indeed due to “internal”
cur when the 3DAv,~0 resonance gave negligibly small electron—electron collisions.
diffusion. From this perspective, the diffusion “enhance- Figure 10 also shows the calculated rotation profiles re-
ment” of Fig. 6 with increasing temperatutacreasingf,)  laxing toward a rigid rotor withw,(r)=constant. Here, the
appears only becaud®;p decreases aBzpc T~ 12 Poisson solution giveB(r,z) andwg(r,z) =cE/rB; the dia-
The length dependence of the diffusion in the 2D regimeMagnetic rotationw,(r,z)=cV(nT)/enrB is calculated
is somewhat surprising, but consistent with the 2D analysisfrom the density and measurements of temperak(rg; and
Consider increasing the length of the plasma column by apthe total fluid rotation is calculated aSy=we+wgia-
pendingM identical sections with identicai(r) and wf(r). Local kinematic viscosity coefficients are obtainet?
The diffusion will thendecreasenecause thé&,=0 strength ~ from these evolutions, by fitting the data to a fluid model of
y<elL, of each electron decreases by, while ny ands  the z-averaged particle fluk'(r,t). The measured flux is

B. Viscosity and heat conduction
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FIG. 11. Measured electron viscosityvs magnetic fieldB, compared to
the classical, 3D, and 2D predictions of E¢E5), (16), and(17). FIG. 12. Measured electron viscosiiyvs the effective number of bounces
Ny, compared tonsp of Eq. (16) and to the empirical scalingemp of Eq.
(19).
I'ir,t)= ! j dr’ t 13
(rH=- Lot ol rr dtQ(r ) (13 the 7. predicted for short-range velocity-scattering colli-
) o ) ] ) ) sions. The data scale witB as doesz,p, but the data is
and this flux is driven by viscosity acting on shears i, 3-10x smaller for these short plasmas.
as The measured viscosity depends strongly on plasma
c 1 5 P 9 Ieng_th L, although not as predicted b7y2D._ Empirically,
L(r,t)y=nv,=— GB 12 7l - Wit (14 we find that the parameté\, alone characterizes both tBe

andL dependence rather accurately; all of the data are well
The viscosity coefficient; is relatively well determined at describedf by
radii where the shear and flux are large.
The classical theory of short-range velocity-scattering
collisions 3 gives
7c 2\/—

—=——npb?Zin
nm

”em”—(1+ Np)nob2\2BL 1, (18)

Figure 12 shows the measured viscosity for a wide range
b)ocB_ZLg_ (15) Qf n, L, T andB. For long plasmas and/or low magnetic
fields, with N,<1, the measured data shows factor-of-2
Long-range EXB drift collisions in the 3D regime are agreement with the 3D infinite-length theory. In thjs regime,
predicted"° to give the radial shears apparently separate the interacting particles
and prevent multiple correlated collisions. For short plasmas
73D v 20 2 and/or high fields, withN,>1, the measured viscosity is
nm a—n_b A In( enhanced by an amount that is observed to scal,asnost
. . . . probably due to multiple correlated collisions.
where the velocity-caging factor and minimum relative The 2D viscosity theory treats the “resonant” interaction
velocity Avy, have the same meaning as in B8). The  panyeen two rods at different radii; that is, the rods interact
recent 2D bounce-averaged theGripcorporates an approxi- for a long time if wy(ry)=w,(r,). An early analysi
mation to the drifts from thermal electron penetration into.,sidered only nonmonotonic rotation frequencies(r)
the end sheaths, and predicts transport driven by shears jfie Fig. 10, so that the resonance was satisfied at distinct

«BOLO, 16
AUmln) ( )

it (but limited by shears img) as radii where wg(r;)=wg(r,). Moreover, the plasma tem-
720 2d perature did not enter the early 2D analysis, suggesting
om _16772n—bzd2Nbg( )“BZL_3, (17)  that the viscous transport was driven by shearsin and

that this transport would cease wheng(r)=constant
with d=vr|L'/L|S t=2r L'N, being the predicted radial rather than when w(r)=constant. Experiments have
interaction distance, ang(2d/r)~0.1 being a collision in- demonstrate§ that the 2D viscosity enhancements are es-
tegral. sentially the same for monotonic and nonmonotonic profiles,
Figure 11 shows the measured viscosity coefficient and that the viscous transport is driven by shearejir)

versus magnetic fiel® for relatively short plasmagl,  rather than by shears ing(r).

~5cm, T=1eV) compared to the three theory estimates.  The recent 2D viscosity analy$tincludes the tempera-
The viscosity coefficient scales gs<B* over two decades in ture T and lengthL, of the plasma by including an approxi-
B; for B=10 kG, the measured is 10° times larger than mation to the# drifts®> which occur due to the end confine-
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ment fields. A particle reflecting off the end receives an axial 109 ¢ e
impulse 2w, and drifts in® by an amount proportional to : O alE Bl
2mv,. The particle’s bounce-averagétix B drift rotation 2 1 4 X n,~5 B=4
«© 10 _+_ ¢ ny=10 B=4
frequency( wg), then depends on,, and the transport reso- g <+ 0 ny=0.2 B=1
nance can be satisfied fwg(ri,v,)),=(we(r2,v:)),. 2 K3p 4+
x

This analysis givesy,p of Eq. (17), which is in qualitative 10™% —
agreement with the experiments. However, the measured vis :

5n

cosity is about X smaller than predicted by E41l7), and  ~_ , - — -

; ; 03 F o X — — f ~ 3
does not show the shear and length dependencies appearil : P — — Sl
in the predicted radial interaction distande o o — -

Thus, the empirical 2D viscosity enhancement by a fac- 1074 L ¢ = - _ 4
tor of Ny, is intriguingly similar to the 2D diffusion enhance- g © o ]
ment by a factor oNy, ; but the viscosity enhancement is not 3 ]
yet supported by theory. 10_150_4 — "1"6"_3 — "i6'|_2 — 'i'é"_l — ""1'(')0

Finally, we mention heat transport coefficients, to com- T [eV]
plete the picture presented by Table |. The cross-field energy
flux is driven by temperature gradients, Bg=—«dT/dr, FIG. 13. Measured thermal diffusivity«Z5n vs temperaturd. Solid line

with the coefficient of heat conductianrelated to the ther- shows Eq.(20) for long-range collisions, which is independent of density
mal diffusivity X by = (5/2)n)(. and magnetic field; dashed lines show classical predictions of 1By for
: . . .. . then andB of the experiments.
In classical velocity-scattering collisichswith b<p
<r., the particles step a distancgand carry their thermal
energy with them, givingyo vcrg or
More significantly, the possibility of thermal wave emis-
sion and absorption contributing to “very long range” trans-
2 167 s port of energy was first analyzed by Rosenbluth .andlll_iu..
S Kelas™ 75 vereIn(re/b)oenT HB™7, (19 Latgr analysis suggests that both thermal conduction and vis-
cosity may be dominated by wave transport for large plasma

radii R, .’ For heat transport, wave transport is expected

For Iong'-range'cqllisions in the 30Onot bounce- to dominate wheanzloz)\D; and for viscosity, R,
averagell regime, with impact parameters<p<Aip, the =10°\p is required. Future experiments with cold ion

collisions are effectively one-dimensional and elastic, ancblasma? may characterize this wave-mediated transport
the particles merely exchange axial velocities. A rigorous

analysig? of these collisions gives
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Note that this thermal diffusivity independenbf magnetic
field B and of plasma density.
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