
PHYSICS OF PLASMAS VOLUME 7, NUMBER 5 MAY 2000
Measurement of cross-magnetic-field heat transport due to long-range
collisions *

E. M. Hollmann,† F. Anderegg, and C. F. Driscoll
Physics Department and Institute for Pure and Applied Physical Sciences,
University of California at San Diego, La Jolla, California 92093

~Received 10 November 1999; accepted 19 January 2000!

Cross-magnetic-field heat transport in a quiescent pure ion plasma is found to be diffusive and to be
dominated by long-range ‘‘guiding center’’ collisions. In these long-range collisions, which occur in
plasmas with Debye lengthlD greater than cyclotron radiusr c , particles with impact parameters
r c,r<lD exchange parallel kinetic energy only. The resulting thermal diffusivityxL is
independent of magnetic fieldB and plasma densityn. The measured thermal diffusivityx agrees
within a factor of 2 with the long-range predictionxL50.49nv̄b2lD

2 over a range of 1000 in
temperature, 50 in density, and 4 in magnetic field. This thermal diffusivity is observed to be up to
100 times larger than classical diffusivity from short-range velocity-scattering collisions. These
long-range collisions are typically dominant in unneutralized plasmas, and may also contribute to
electron heat transport in neutral plasmas. ©2000 American Institute of Physics.
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I. INTRODUCTION

The study of cross-magnetic-field heat transport in pl
mas is an area of active research relevant to magnetic fu
plasmas,1 astrophysical objects,2 plasma processing,3 and ba-
sic plasma physics.4 Heat transport can be broadly categ
rized as collisional or turbulent. ‘‘Collisional’’ transport i
driven by the fluctuating fields from thermal motions of i
dividual particles, whereas ‘‘turbulent’’ transport is drive
by nonthermal fluctuations such as unstable waves or br
band turbulence. This paper treats collisional transport o

Collisional transport can occur as a result of direct~bi-
nary! Coulomb collisions and as a result of wave-media
~multiple-particle! collisions. Direct Coulomb collisions be
tween particles can occur over distances up to a De
shielding lengthlD , while wave-mediated collisions can oc
cur over distances as large as the plasma dimensions.
direct Coulomb collision, the character of the collision d
pends on the impact parameterr compared to the cyclotron
radiusr c ; here, we distinguish between ‘‘short-range’’ co
lisions, with impact parametersr<r c and ‘‘long-range’’ col-
lisions, with impact parametersr c,r<lD . In theory, short-
range collisions occur in all plasmas, while long-ran
collisions occur only in plasmas withr c,lD .5

‘‘Classical’’ transport theory analyzes short-range co
sions withr<r c . These collisions cause scattering betwe
the perpendicular and parallel velocities, and thus drive
perpendicular and parallel velocity distributions toward
Maxwellian with a single temperatureT. For ion–ion colli-
sions, the~momentum transfer! collision rate6 resulting from
short-range collisions is

*Paper VI2 3 Bull. Am. Phys. Soc.44, 290 ~1999!.
†Invited speaker.
1761070-664X/2000/7(5)/1767/7/$17.00
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Apnv̄b2 lnS r c

b D'~1.0 s21!T23/2

3n7@110.08 ln~T3/2B21!#,

~1!

where b[e2/T is the distance of closest approach andv̄
[AT/m is the ion thermal velocity. Here, the numerical va
ues are appropriate to24Mg1 ions, with density n7

[n/107 cm23, magnetic fieldB in Tesla and temperatur
T in eV. Equation ~1! uses the form of the Coulomb
logarithm appropriate for plasmas withr c,lD ,7 where
r c[ v̄/Vc'(0.5 mm)T1/2B21 and lD[@T/4pe2n#1/2

'(2.4 mm)T1/2n7
21/2. These collisions cause a rando

cross-field step of the ion guiding centers by a distance
order r c , causing cross-field diffusion of particles, mome
tum, and heat. The resulting classical thermal diffusivityxc

is predicted8 to be

xc5n i i r c
2'~2.531023 cm2 s21!T21/2

3B22n7@110.08 ln~T3/2B21!#. ~2!

In contrast, ‘‘long-range’’ transport occurs as a result
collisions with impact parametersr c,r,lD . In these long-
range collisions, the ions exchange parallel energies ove
dial distancesr. The interaction time is long compared wit
the cyclotron orbit time of the particles, so the cyclotro
actionm'[mv'

2 /2B of each particle is conserved and the
is no significant change in the perpendicular velocities. Th
is also a smallE3B drift during these collisions; this pro
duces negligible heat transport, but is important for parti
and angular momentum transport.5 The cross-field therma
diffusivity xL resulting from long-range collisions i
calculated9 to be

xL50.49nv̄b2lD
2 '~1.131023 cm2 s21!T21/2. ~3!
7 © 2000 American Institute of Physics

AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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This long-range thermal diffusivityxL results from collisions
between pairs of particles with small relative parallel velo
ity Dv&(b/lD) v̄; pairs of particles with large relative ve
locities do not exchange parallel velocities in these o
dimensional collisions. The number density of these partic
is Dn.(b/lD)n, so the resulting collision rate scales asn
}DvDnlD

2 and the thermal diffusivity scales asxL5nlD
2

}DnDvlD
2 lD

2 }nv̄b2lD
2 , as in Eq.~3!.

Comparing Eqs.~2! and ~3! suggests that long-rang
heat transport will be larger than short-range heat transpo
plasmas withlD*7r c . Single species plasmas are com
monly in this regime due to the Brillouin density limit,10 and
the electrons in some neutral plasmas are in this regime,
lD*7r ce .

Wave-mediated collisions are predicted to occur as a
sult of the thermal emission and absorption of ligh
damped plasma waves over distancesr@lD . In low-
collisionality plasmas, the resulting cross-field thermal dif
sivity is expected to scale as11

xw}nv̄b2lDLT , ~4!

whereLT is the scale length of the thermal gradient. Wav
mediated heat transport is thus expected to be dominan
plasmas with very large thermal gradient length scales,
LT@lD . It is estimated9 that the wave-mediated thermal di
fusivity of Eq. ~4! will be larger than the long-range colli
sional thermal diffusivity of Eq.~3! if LT*100lD . How-
ever, the present experiments haveLT,100lD .

Overall, we expect a cross-field heat fluxGq given by

Gq52 5
2 n~xL¹Ti1xc¹T!1GND , ~5!

where the termGND represents a possible heat flux due
higher-order temperature gradients or due to nondiffusive
fects such as waves or convection. In Eq.~5!, we have sepa-
rately identifiedTi to emphasize the unusual nature ofxL ,
but for most of our experiments we haveT'.Ti[T.

Here, we measure collisional heat transport in a qu
cent pure ion plasma.12 Quiescent plasmas with a single sig
of charge~nonneutral plasmas! are used for a wide range o
basic plasma physics and atomic physics experimen13

These plasmas are routinely confined in a near-thermal e
librium state where fluctuation levels are small and transp
is dominated by collisions, rather than by turbulent p
cesses. The present measurements are made on uncorr
magnesium–ion~Mg1) plasma columns with temperature
531024,T,0.5 eV, densities 0.2,n7,10, and magnetic
fields 1,B,4 T. The measurements show that the cro
magnetic-field heat flux in these plasmas is diffusive, i
GND.0, with average thermal diffusivityx'1.7xL@xc .
These measurements are consistent with the theory pers
tive given above: here, the thermal diffusivity is expected
be dominated by long-range collisions, sincelD@r c . Also,
the derivation9 of xL in Eq. ~3! presumes thatLT.lD ,
which is reasonably well satisfied in the experiments. Wa
mediated transport is not expected to be significant in
present experiments, sinceLT&100lD .
17 Jul 2000 Downloaded to 132.239.69.90. Redistribution subject to 
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II. EXPERIMENTAL SETUP

The experimental apparatus is shown schematically
Fig. 1. Magnesium ions are created with a metal vacu
vapor arc ~MEVVA !14 and are trapped in a Penning
Malmberg trap with uniform axial magnetic fieldB ~i.e.,
DB/B<1023), and end-confinement voltagesVc5200 V.
Electrons initially created by the MEVVA are not confine
by the end voltages and therefore leave the trap in an a
transit time. Typically,Ntot'53108 ions form a plasma col-
umn of lengthLp'14 cm and radiusRp'0.5 cm inside con-
ducting cylinders with radiusRw52.86 cm. These plasma
consist of about 70% Mg1, with the remainder being mostly
magnesium hydrides, MgHn

1 , formed when ions interac
with the residual neutral background gas (H2) at pressure
P'431029 Torr.

The radial electric field due to the~totally unneutralized!
ion charges causes the plasma column toE3B drift rotate at
a ~central! frequency of f E[nec/B'(14.4 kHz! n7 B21.
Diamagnetic and centrifugal drifts are small, so the to
fluid rotation frequency isf rot' f E . This rotation is rapid
compared to the heat transport times discussed here, so
radial transport measurements are effectively azimuthally
eraged. Individual thermal ions bounce axially at a ratef b

[ v̄/2Lp'(7.1 kHz! T1/2(Lp/14 cm)21, so axial transport is
rapid compared with radial transport and we can assume
plasma to be uniform along the magnetic field lines. T
plasma is uncorrelated, with the ion–ion correlation para
eter 1024&G&1, whereG[e2/aT5(531025)n7

1/3T21; at
lower temperatures, the ions would be in a liquid (1&G
&170) or solid (G.170) plasma state.15

These ion plasmas are quiescent, with density fluct
tions of dn/n,1023 estimated from wall sector signals.

The plasmas normally slow their rotation and expa
radially on a time scale oftm'2000 s due to undesirabl
‘‘drags’’ from small azimuthal asymmetries in the electric
magnetic confining fields. In the present experiments,
counterbalance these drags with torque from an applied ‘
tating wall’’ voltage perturbation16 at frequencyf * f E ; this
technique allows the ions to be held in a near-therm
equilibrium steady state for days or weeks. The heating
to radial expansion~Joule heating! or due to the rotating wall

FIG. 1. Cylindrical ion trap with ‘‘manipulating’’ and ‘‘probe’’ laser beams
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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drive is balanced by cooling from collisions with the neut
background gas, and the plasma typically relaxes to an e
librium at T'0.05 eV. Usually, the rotating wall drive i
turned off during the heat transport experiments; howev
we find that the results obtained for the thermal diffusiv
are the same with the rotating wall on or off, as will b
discussed in Sec. V.

The plasma density, temperature, and rotation freque
are measured using laser-induced fluorescence~LIF! from a
weak ('10mW) continuous probe laser beam atl5280 nm.
Typically, the probe beam frequency is scanned slowly~1.7
s! through a 32S1/2→32P3/2 cyclic transition of 24Mg1 at
each radial position. The measured ion distribution functio
f'(v' ,r ,t) and f i(v i ,r ,t) are Maxwellian within experi-
mental accuracy~see Fig. 8 of Ref. 14!. From a fit to
velocity-shifted Maxwellians, we obtain the local magn
sium densitynMg(r ), temperaturesT'(r ,t) andTi(r ,t), and
total fluid rotation velocityv tot(r ). In the heat transport ex
periments, the temperature evolution is obtained from
‘‘fast’’ measurement of just the velocity distribution peak
that is, f i(0,r ,t) or f'(v tot ,r ,t); this is sufficient since the
ion density is constant during the measurements. As in
cated in Fig. 1, the probe beam can be aligned paralle
perpendicular to the magnetic field, and bothT' and Ti
are measured; for the experiments presented here, how
we can approximateT'.Ti[T to adequate accuracy
The total fluid rotation velocity isv tot(r )5vE(r )1vdia(r ),
but the diamagnetic termvdia is generally negligible.
Thus, the measuredv tot(r )'vE(r ) gives the total charge
density n(r ) through Poisson’s equation, i.e.,n(r )
52(B/2pecr)](rvE)/]r . Typically, we find that
nMg(r )/n(r )'0.7 at all radii, so centrifugal mas
separation17 is negligible. The rationMg /n evolves on a very
slow ('day! time scale which can be neglected in the
experiments.

Typical equilibrium plasma profiles are shown in Fig.
Here, we display the measurednMg , T, andv tot versus radius
for a plasma that has been held in steady state for 20 h

FIG. 2. ~a! Measured Mg1 densitynMg and temperatureT; and calculated
total charge densityn as a function of radiusr. ~b! Measured total fluid
rotationv tot and calculated diamagnetic rotation velocityvdia .
17 Jul 2000 Downloaded to 132.239.69.90. Redistribution subject to 
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rotating wall drive. Also shown is the total charge densityn
and ~negligible! diamagnetic velocityvdia calculated from
the measurednMg(r ), T(r ). At the two largest radius points
(r 560.8 cm!, we measuren'0, so T and v tot cannot be
obtained. These steady-state plasmas are typically confi
close to thermal equilibrium, i.e.,n(r ), T(r ), and f rot(r )
[v tot(r )/2pr are relatively constant over the bulk of th
plasma.

A temperature gradient is created in the plasma by
cally heating or cooling with a strong ('1mW) manipulat-
ing beam atl5280 nm. This heating or cooling is obtaine
by detuning the parallel manipulating beam to the blue or
side of the cyclic transition. The manipulating beam ha
diameter of 1 mm and is aligned along ther 50 axis of the
plasma, thus creating an initial condition with a strong rad
temperature gradient. The perturbed plasma temperatu
assumed to be constant axially, since the plasma is optic
thin to the manipulating beam. Azimuthal temperature var
tions are assumed to be small, since the plasma is spin
rapidly compared with the transport discussed here. The
nipulating beam is chopped at 50 Hz and the plasma t
perature and density are measured using the probe beam
ing times when the manipulating beam is off. Examples
steady-state radial profiles of locally heated and cooled p
mas are shown in Fig. 3. Here, the different densities
obtained from different rotating wall drive frequenciesf rot .
The curves show the smoothing and6r symmetrization,
which is applied to the measurements before further analy

III. RESULTS

Heat transport is measured by creating steady-state p
mas with a strong temperature gradient, such as show
Fig. 3, then blocking the manipulating beam at timet50 and
measuring the resulting temperature evolution. Here, we
the fast measurement off i(0,r ,t): the probe beam is tuned t
v i50, and the LIF counts are accumulated in 10 ms bi
each followed by 30 ms dwell times. Figure 4 shows t

FIG. 3. Radial profiles showing steady-state laser-heated~a! and laser-
cooled~b! plasmas.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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photon count rateĊ measured at three different radii for th
initial condition of Fig. 3~b!; each time sequence results fro
a distinct relaxation of the same, repeatable initial conditi
The count rate is measured at 100 times20.5,t,3.5 s, and
is normalized to the~nearly constant! probe beam power a
each time step.

The plasma temperature determines the count rate
Ċ5a f i(0,r ,t)}n(r )/Ti(r ,t)1/2.n(r )/T(r ,t)1/2. The con-
stant of proportionalitya is determined from the initia
steady staten(r ,t<0) and Ti(r ,t<0), which are known
from a slow probe beam frequency scan through the en
distribution function. During the temperature evolution, t
density evolves very little, so we approximaten(r ,t)
'n(r ,0).

Repeated fast temperature measurements at differen
dii are used to reconstruct the temperature evolution of
entire plasma,T(r ,t). Figure 5 shows the evolutionT(r ,t)
of the initial condition Fig. 3~b! reconstructed from 18 fas
temperature measurements such as those shown in Fi
For the purposes of heat flux calculations, we use smo
radially symmetrized curves fit through the temperature d
curves through the data are shown here at timest50, 0.1,

FIG. 4. Measured photon count rateĊ vs time at three radii, as the plasm
of Fig. 3~b! relaxes after the cooling is turned off.

FIG. 5. Measured thermal diffusion starting from locally cooled initial co
dition of Fig. 3~b!.
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and 1 s. For clarity, individual temperature data points
shown only att50.1 s; the error bars for these points a
estimated from the shot noise in the photon counts and f
evolution-to-evolution variations in the initially created tem
perature perturbation. The approximate final equilibriu
temperature state (t→`) is also shown; this is measured b
leaving the manipulating beam off and letting the plas
relax to an equilibrium with the rotating wall drive left on
The small radial temperature variation seen in the final eq
librium state of Fig. 5 is due to Joule heating~which is larg-
est at large radii! when the rotating wall is off and the plasm
is expanding radially; or~equivalently! due to the rotating
wall itself when the plasma is macroscopically steady sta

The temperature evolution of Fig. 5 results from a rad
heat flux plus small external heating terms. The radial h
flux Gq is obtained from the measured change in local ene

density,q̇(r ,t)[ ]/]t @ 3
2n(r )T(r ,t)# as

Gq~r ,t ![2
1

r E
0

r

r 8 dr8@ q̇~r 8,t !2q̇ext~r 8,t !#. ~6!

The weak external heating or cooling termq̇ext is known
from independent measurements, as will be described in
IV.

In Fig. 6, we plot the measured radial heat fluxGq as a
function of the temperature gradient¹T obtained from the
data of Fig. 5. We plot the heat flux measured at radir
50.1, 0.15, and 0.2 cm, and at timest50.1– 1.9 s. These
radii were chosen here because they have a strong gra
and a strong signal, i.e.,q̇@q̇ext. It can be seen that the
gradients and fluxes are largest at early times, and decr
as the temperature profile relaxes toward equilibrium. Si
both classical and long-range transport predictGq}x¹T
}T21/2¹T, the displayedGq is divided by T21/2 to better
illustrate the proportionality with¹T.

The error bars shown in Fig. 6 follow from the erro
estimated in Fig. 5; the error shown here is typical of all t
data points in Fig. 6. The dashed line in Fig. 6 is an unc
strained, error-weighted linear fit to the data; it can be s

FIG. 6. Measured normalized radial heat flux vs temperature gradien
time evolution shown in Fig. 5, demonstrating diffusive heat transport. D
at the three labeled times is shown as bold symbols.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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that a straight-line fit is a reasonable description of the m
surements. The curving trends seen in the late-time poin
all three radii are not thought to be significant; here,q̇ from
heat transport is as small asq̇ext, and inaccuracies in theq̇ext

model result in systematic offsets inGq . Also, from the in-
tercept of the line, it can be seen thatGND.0 within the
scatter in the data; thus Fig. 6 demonstrates diffusive h
conduction. In general, our measurements show no con
tent signature of nondiffusive heat flux.

We calculate the local thermal diffusivityx for each data
point of Fig. 6 using

x52
2

5n

Gq

¹T
. ~7!

Values ofx(n,B,T) were obtained for different equilibrium
plasmas covering a range of 50 in density, 103 in tempera-
ture, and 4 in magnetic field. In Fig. 7, we plot the measu
x as a function of temperatureT. Here, we display a single
averaged value ofx for each evolution such as Fig. 6. Fo
example, the data of Fig. 6 give an average thermal diffu
ity x.1.331022 cm2 s21, at an average temperatureT
.0.028 eV.~This averaging has little consequence, since
range ofn, T, and x in a single evolution is small.! Also
shown on one data point are estimated random error
corresponding to the data of Fig. 6; this level of error
typical of the data shown in Fig. 7. The data points of Fig
labeled ‘‘smalldT’’ are obtained using a small temperatu
perturbation about a known equilibrium, as will be describ
in Sec. V.

The dashed curves in Fig. 7 show the predicted class
thermal diffusivitiesxc for the five densities and magnet
fields used. The solid line shows the predicted long-ra
thermal diffusivityxL , which depends only on temperatur
The measured thermal diffusivities are up to 100 times lar
than the classical prediction, and are independent ofB andn.
The T21/2 scaling is observed over 3 decades inT, and ex-
tends into the low-temperature regime wherer c'b. A fit to

FIG. 7. Measured cross-magnetic-field thermal diffusivityx plotted as a
function of temperatureT, demonstrating heat transport dominated by lon
range collisions.
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the data with x}T21/2 gives x5(1.9361)31023

cm2 s21T21/25(0.8460.5)nlD
2 , which agrees within a fac-

tor of 2 with Eq.~3!.
We also verified that the velocity scattering collisions

classical transport are actually occurring at the class
Fokker–Planck raten i i of Eq. ~1!. This velocity scattering
rate was measured by inducing anisotropy betweenT' and
Ti and measuring the subsequent rate of tempera
isotropization.18 Since the velocity scattering collisions a
not anomalously large, we conclude that the observed str
heat transport must be due to nonvelocity scattering~i.e.,
long-range! collisions.

IV. BACKGROUND HEATING TERMS

The small external heating correction,q̇ext, used in Eq.
~6! is obtained by measuring the temperature evolution o
plasma which has beenuniformlyheated or cooled by a spa
tially wide manipulating beam.

Figure 8 shows such a background heating evoluti
The initial steady-state plasma is uniformly cooled to a te
perature ofT(r ,0).331023 eV. At t50, the cooling beam
is turned off and the subsequent temperature evolution
monitored with a probe beam. For clarity, we show da
points only att51 s. The evolution is illustrated by smoot
fits to the data at the three timest50, 1, and 3 s, in relation
to the approximate final equilibrium temperaturet5`. Here,
since radial temperature variations are small, we expect n
ligible radial heat flux, i.e.,Gq'0, implying thatq̇'q̇ext. As
in the heat transport experiments of Sec. III, the rotating w
confinement field is turned off briefly during these measu
ments. The external heating was measured atB54 T for a
range of parameters: 0.3,P,431029 Torr, 1,n7,10,
and 1023,T,2 eV.

The background heating measurements are qualitati
consistent with a simple model of Joule heating and neu
gas heating/cooling, i.e.,

q̇ext5q̇J1q̇N . ~8!

FIG. 8. Measured background heating rate starting from a uniformly coo
initial condition.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



re
o

es

r t

-
r

a-

e
ly
en
t
e

th

-

w

o

ct

h
,

i-
m

ting

ata

y
wn
g
ter-

e
tem-

not
e

of

ive,
to

the

ra-

ure

tion
as-
odel
nal

tur-

1772 Phys. Plasmas, Vol. 7, No. 5, May 2000 Hollmann, Anderegg, and Driscoll
Here, the Joule heating is due to the expansion from inhe
trap asymmetries. We model this as a uniform density c
umn with Rp}@11t/tm#1/2 andn}@11t/tm#21, giving the
heating rate

q̇J52eEr

nr

2tm
. ~9!

The characteristic expansion rate in the regime of th
experiments is approximately

tm
21.~1023 s21!S B

4 TD 22S Rp

0.5 cmD 22

. ~10!

This expansion rate is obtained from measurements ove
parameter range 1<n7<14, 1023<T<2 eV, and 0.3<Rp

<0.5 cm atB54 T andLp.12 cm. The measured expan
sion rate does not show theT21n2 dependence required fo
the ‘‘bounce rigidity’’ scaling of (f b / f E)22 seen in many
plasma regimes.19 This difference may be due to the rel
tively high collisionality of cold ions: atT51023 eV and
n751, for example, we calculaten i i / f b.8, so the ions are
actually diffusing along the axial magnetic field. We hav
assumed aB22 expansion rate scaling; this is qualitative
consistent with observed confinement times at differ
B and also with the (B/Lp)22 scaling seen on mos
apparatuses.20 The Rp

22 scaling probably relates only to th
present experimental techniques for varyingn, Rp , andNtot .

The heating~or cooling! expected from ion-neutral (H2)
collisions with relative particle velocityv rel is:

q̇N.2~nNs iNv rel!
2m mN

~m1mN!2

3

2
n~T2TN!

.2~8.83104 cm23 s21!~T2TN!n7S P

1029 Torr
D .

~11!

Here,TN is the effective neutral gas temperature seen by
rotating plasma,

TN[0.026eV1 1
3 mNr 2vE

2

.0.026 eVF110.11S r

1 cmD 2S f E

10 kHzD
2G . ~12!

An improved normalization ofq̇ext is obtained for each heat
flux experiment such as Fig. 5 by normalizingq̇ext so as to
maintain energy conservation in the evolution: that is,
require*0

Rwr drq̇5*0
Rwr drq̇ext. Typically, we find a normal-

ization factor between 1 and 3, consistent with the factor-
two uncertainty in the model.

For the heat transport data presented here, the corre
to x due to the external heating terms is small, sinceq̇ext/q̇
'0.1 in the regions with a large temperature gradient. T
uniformly cooled initial condition of Fig. 8, for example
corresponds to the same conditions on axis (n.53107

cm23, T.331023 eV! as the strong-gradient initial cond
tion of Fig. 5. However, the measured initial heating fro
background effects on Fig. 8 (q̇543105 eV cm23 s21) is
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about ten times smaller than the measured initial hea
from radial heat flow in Fig. 5 (q̇553106 eV cm23 s21).
Thus, we have a clear signature of radial heat flow in the d
of Fig. 5.

V. SMALL PERTURBATION METHOD

The ‘‘small dT’’ data points in Fig. 7 are obtained b
creating small temperature perturbations about a kno
equilibrium plasma, with the rotating wall kept on durin
measurements of the subsequent relaxation. We use the
minology ‘‘small dT ’’ only to distinguish from the experi-
ments discussed in Sec. III, not to imply thatdT!T. This
technique allows the external heating termsq̇ext to be esti-
mated by linearizing about the known equilibrium; as will b
seen below, the essential assumption here is that the
perature dependence of the external heating terms does
vary with radius. Values ofx are then obtained without th
small model-dependent correction introduced by the use
Eq. ~8!.

A typical ‘‘small dT’’ thermal evolution is shown in Fig.
9. The plasma is held by a steady-state rotating wall dr
and is cooled uniformly with a steady-state cooling beam
a temperatureT(r ,`).731024 eV, as shown by the line
labeled t5`. Initially, additional cooling is applied atr
50 by a second narrow cooling beam along the axis of
plasma; this results in a central temperature ofT(0,0).4
31024 eV, as shown by the curve labeledt50. At t50 the
narrow cooling beam is turned off and the plasma tempe
ture relaxes toward thet5` equilibrium value. In Fig. 9, the
curves are smooth, radially symmetric fits to the temperat
data, which is displayed fort50.02 andt5`, with LIF shot
noise error bars shown only fort50.02.

The radial heat fluxGq for this experiment is obtained
from the measured temperature evolutionT(r ,t) using Eq.
~6!, as was done for the large temperature perturba
method described in Sec. III. Here, however, we do not
sume that the external heating terms are given by the m
Eq. ~8!; instead we linearize the heating terms about the fi
equilibrium temperatureT`(r ):

FIG. 9. Measured thermal diffusion starting from small temperature per
bation about a uniformly cooled plasma.
AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.
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q̇ext~r ,T!5q̇ext~r ,T`!1
]

]T
q̇ext~r ,T!U

T`

dT~r ,t !,

[q̇ext~r ,T`!1b~r ,t !dT~r ,t !, ~13!

where dT(r ,T)[T(r ,T)2T`(r ). Here, we have assume
that the measured equilibrium is steady state; i
q̇ext(r ,T`)50. We also have assumed that the radial va
tion of b(r ,t) is small over the region wheredT is signifi-
cant; that is, we approximate the external heating terms
being constant in magnitude over the bulk of the plasma.
time variation ofb(t) is obtained from the data at each tim
step by using energy conservation:b(t)5(*r drq̇)/
(*r drdT). The thermal diffusivityx is then calculated a
each (r ,t) as described in Sec. III.

In Fig. 7, each ‘‘smalldT’’ data point indicates the av
erage thermal diffusivity obtained for a small perturbati
experiment such as Fig. 9. These small temperature pe
bation experiments are taken at densities 0.5<n7<2.5 and
magnetic fields 1<B<4 T. It can be seen that the values
x from the small perturbation method are in good agreem
with values of x obtained using the large perturbatio
method described in Sec. III.

VI. DISCUSSION

In summary, we have measured the cross-magnetic-
heat flux in a quiescent pure ion plasma. The heat flux
proportional to the thermal gradient¹T, and is apparently
dominated by long-range collisions, predicted to have imp
parameters up to 1 Debye length. These long-range collis
cause heat fluxes that are independent of magnetic
strength: the observed thermal diffusivity scales asx
}n0B0T21/2, as predicted for long-range collisions, where
the thermal diffusivity resulting from classical, short-ran
collisions scales asxc}nB22T21/2. At high magnetic field
and low densities, the classical prediction is more than
orders of magnitude too small to explain the observed h
fluxes.

This enhanced heat transport should occur in most n
neutral plasmas, wherelD.r c is always satisfied, and ma
apply to the electron component of neutral plasmas that
isfy lD*7r ce . In neutral plasmas, a heat flux that is ind
pendent of magnetic field could be significant when scal
to high-field devices.

The enhanced heat transport rate is not caused by
rotating wall drive used here to confine the plasmas in ste
state. This can be seen by the agreement in Fig. 7 betw
the large temperature perturbation data~where the rotating
wall is turned off! and the small temperature perturbati
method~where the rotating wall is left on!. This is intuitively
reasonable, since the rotating wall acts to balance radial
ticle drifts that are extremely slow compared with the o
served radial heat transport.

Classical heat transport presumably also occurs in th
systems, but it is negligible for most of our parameter ran
17 Jul 2000 Downloaded to 132.239.69.90. Redistribution subject to 
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Direct measurements of the equipartition raten'i5
1
2n i i be-

tween perpendicular and parallel temperaturesT' andTi in
these plasmas verify that short-range velocity-scattering
lisions are indeed occurring at the raten i i of Eq. ~1!. Pre-
sumably, about one half of the heat flux for the high te
perature, high density regime in Fig. 7 is due to classi
velocity-scattering collisions.

Wave-mediated heat transport is not believed to be
nificant here, since these plasmas are not sufficiently la
the very lowest-temperature data presented here (T.5
31024 eV), correspond to plasmas about 100 Deb
lengths across. Future experiments will attempt to meas
the characteristics of this wave-mediated transport. The p
sibility of enhanced heat transport due to long-range bin
collisions was also considered by Psimopoulos,21 but ques-
tions as to the validity of Debye shielding in 1D suggest
impact parameters as large as the skin depth, giving trans
magnitudes and scalings substantially different from th
observed here.
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