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Measurement of cross-magnetic-field heat transport due to long-range
collisions *
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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 lengthp greater than cyclotron radius, particles with impact parameters
re<p=<M\p exchange parallel kinetic energy only. The resulting thermal diffusivty is
independent of magnetic fieB and plasma density. The measured thermal diffusivity agrees
within a factor of 2 with the long-range predictio,ﬂ_=0.49nv_b2)\2D 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. 2@0 American Institute of Physics.
[S1070-664X00)93205-1

. INTRODUCTION 16 — —, 1, e
Vii:E_)\/;nUb In(5)~(10 sHT
The study of cross-magnetic-field heat transport in plas-
mas is an area of active research relevant to magnetic fusion Xn,[1+0.08INT¥B~1)],
plasmas, astrophysical objectsplasma processintand ba- 1)

sic plasma physicsHeat transport can be broadly catego- e . —
rized as collisional or turbulent. “Collisional” transport is Whereb=e“/T is the distance of closest approach and

driven by the fluctuating fields from thermal motions of in- = VT/m is the ion thermal velocity. Here, the numerical val-

B 4 + . . .
dividual particles, whereas “turbulent” transport is driven liesllgl?re apsproprlatet_ t&f.'v:gB .'O_T_S’ | with d (:ensny nt7
by nonthermal fluctuations such as unstable waves or broaq?r? cm -, magnetc Nieldb In 7 esia and lemperature

in eV. Equation (1) uses the form of the Coulomb

band turbulence. This paper treats collisional transport only, . . . 7
. D l[ogarithm appropriate for plasmas with.<\p,' where
Collisional transport can occur as a result of dirgat — 1264 —1 2 112
o . =v/Q~(0.5 mm)r~B and \p=[T/4men]
nary) Coulomb collisions and as a result of wave-mediate 1/2,— 112 L
~(2.4 mm)I““n; ~<. These collisions cause a random

(multiple-particle collisions. Direct Coulomb collisions be- : . - .
w el dist ‘ Deb cross-field step of the ion guiding centers by a distance of
een particles can occur over distances up fo a L€ y8rderrc, causing cross-field diffusion of particles, momen-

shielding length\p , while wave-mediated collisions can 0C- y,, “and heat. The resulting classical thermal diffusiyity
cur over distances as large as the plasma dimensions. 'ni§predicte8 to be

direct Coulomb collision, the character of the collision de- 5 . 1
pends on the impact paramejecompared to the cyclotron Xc=vire=(2.5%107° enfs )T

radiusr.; here, we distinguish between “short-range” col- XB~2n,[1+0.08INT¥B1)]. )
lisions, with impact parametegs<r . and “long-range” col-
lisions, with impact parameters<p<A\p . In theory, short-
range collisions occur in all plasmas, while long-range

collisions occur only in plasmas with.<\p.° L2 : N ;
yinp th=Xp dial distanceg. The interaction time is long compared with

Classical” transport theory analyzes short-range COIII_the cyclotron orbit time of the particles, so the cyclotron

sions withp=<r_. These collisions cause scattering be_tweenacnon ,ulzmvf/ZB of each particle is conserved and there

dicul q lel velocity distributi d s no significant change in the perpendicular velocities. There
perpendicular and parallel velocity distributions toward a;q 5156 3 smalEX B drift during these collisions; this pro-

In contrast, “long-range” transport occurs as a result of
collisions with impact parameters<p<\p . In these long-
range collisions, the ions exchange parallel energies over ra-

Maxwellian with a single temperatur® For ion—ion colli-  4,ces negligible heat transport, but is important for particle

sions, themomentum transfercollision raté resulting from 4 angular momentum transpdrthe cross-field thermal

short-range collisions is diffusivity x, resulting from long-range collisions is
calculated to be

*Paper VI2 3 Bull. Am. Phys. Sod4, 290(1999. — 5. 2 - _ _
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This long-range thermal diffusivity, results from collisions o AN
between pairs of particles with small relative parallel veloc- Manipulating Beam V%W&
ity Av=<(b/\p)v; pairs of particles with large relative ve-
locities do not exchange parallel velocities in these one-
dimensional collisions. The number density of these particles

is An=(b/\p)n, so the resulting collision rate scales as
«AvAn\3 and the thermal diffusivity scales ag = v\j
«AnAvA3NZxnvb?\3, as in Eq.(3).

Comparing Egs.(2) and (3) suggests that long-range \°§‘¢e
heat transport will be larger than short-range heat transport ir
plasmas withA\p=7r.. Single species plasmas are com-
monly in this regime due to the Brillouin density lintftand
the electrons in some neutral plasmas are in this regime, i.e. 9%
Ap=Trce.

Wave-mediated collisions are predicted to occur as a regiG. 1. Cylindrical ion trap with “manipulating” and “probe” laser beams.
sult of the thermal emission and absorption of lightly
damped plasma waves over distances\p. In low-
collisionality plasmas, the resulting cross-field thermal diffu-1l. EXPERIMENTAL SETUP
sivity is expected to scale Hs

- PHOTON
Q‘O‘oe' e AL COUNTER

The experimental apparatus is shown schematically in
Fig. 1. Magnesium ions are created with a metal vacuum
vapor arc (MEVVA)Y and are trapped in a Penning-
Malmberg trap with uniform axial magnetic fielB (i.e.,
whereL; is the scale length of the thermal gradient. Wave-; g/g< 1073), and end-confinement voltagdg =200 V.
mediated heat transport is thus expected to be dominant ifjectrons initially created by the MEVVA are not confined
plasmas with very large thermal gradient length scales, i.epy the end voltages and therefore leave the trap in an axial
Lt>\p . Itis estimatedthat the wave-mediated thermal dif- transit time. TypicallyN,,/~5x 10? ions form a plasma col-
fusivity of Eq. (4) will be larger than the long-range colli- mn of lengthL ,~14 cm and radiu®,~0.5 cm inside con-
sional thermal diffusivity of Eq(3) if Ly=100p. How-  qycting cylinders with radiu®,=2.86 cm. These plasmas

Xwnub®\plr, (4)

ever, the present experiments have<100\p . consist of about 70% Mg, with the remainder being mostly
Overall, we expect a cross-field heat flliy given by magnesium hydrides, MgH, formed when ions interact
with the residual neutral background gas,Hat pressure

Fq=—5n(x VT +x.VT)+ o, (5) P=4x10"° Torr.

The radial electric field due to theotally unneutralizep
where the term’yp represents a possible heat flux due toion charges causes the plasma columi¥oB drift rotate at
higher-order temperature gradients or due to nondiffusive efa (centra) frequency offe=nedB=~(14.4 kH2 n,B™".
fects such as waves or convection. In B)’ we have sepa- Diamagnetic and centrifugal drifts are small, so the total
rately identifiedT to emphasize the unusual natureygf, ~ fluid rotation frequency isfo~fg. This rotation is rapid
but for most of our experiments we ha¥e~T=T. compared to the heat transport times discussed here, so our

Here, we measure collisional heat transport in a quiestadial transport measurements are effectively azimuthally av-
cent pure ion plasm¥.Quiescent plasmas with a single sign eraged. Individual thermal ions bounce axially at a rhje
of charge(nonneutral plasmasre used for a wide range of =v/2L,~ (7.1 kH2 TY(L /14 cm)*, so axial transport is
basic plasma physics and atomic physics experiménts.rapid compared with radial transport and we can assume the
These plasmas are routinely confined in a near-thermal equplasma to be uniform along the magnetic field lines. The
librium state where fluctuation levels are small and transporplasma is uncorrelated, with the ion—ion correlation param-
is dominated by collisions, rather than by turbulent pro-eter 104<I'<=1, where['=e?/aT=(5x10"%)n*T1; at
cesses. The present measurements are made on uncorreldteger temperatures, the ions would be in a liquid(ll
magnesium—ionMg*) plasma columns with temperatures <170) or solid {'>170) plasma stat¥.
5x10 4<T<0.5 eV, densities 02n,<10, and magnetic These ion plasmas are quiescent, with density fluctua-
fields 1<B<4 T. The measurements show that the crosstions of sn/n<10 2 estimated from wall sector signals.
magnetic-field heat flux in these plasmas is diffusive, i.e., The plasmas normally slow their rotation and expand
I'np=0, with average thermal diffusivityy~1.7y > x.. radially on a time scale of,,~2000 s due to undesirable
These measurements are consistent with the theory perspédrags” from small azimuthal asymmetries in the electric or
tive given above: here, the thermal diffusivity is expected tomagnetic confining fields. In the present experiments, we
be dominated by long-range collisions, sincg>r.. Also,  counterbalance these drags with torque from an applied “ro-
the derivatiod of y, in Eq. (3) presumes that.>\p, tating wall” voltage perturbatiot? at frequencyf=f; this
which is reasonably well satisfied in the experiments. Wavetechnique allows the ions to be held in a near-thermal-
mediated transport is not expected to be significant in thequilibrium steady state for days or weeks. The heating due
present experiments, sintg=<100\p. to radial expansiofJoule heatingor due to the rotating wall
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FIG. 2. (a) Measured Mg densitynyy and temperaturé; and calculated
total charge densityn as a function of radius. (b) Measured total fluid
rotationv,,; and calculated diamagnetic rotation veloaity, .

r [cm]

FIG. 3. Radial profiles showing steady-state laser-he&#¢dand laser-
cooled(b) plasmas.

drive is balanced by cooling from collisions with the neutral rotating wall drive. Also shown is the total charge density

background gas, and the plasma typically relaxes to an equi- . . . -
librium at T~0.05 eV. Usually, the rotating wall drive is and (negligiblg diamagnetic velocity g, Calculated from

turned off during the heat transport experiments; howeverthe measuredy(r), T(r). At the two largest radius points
r==0.8 cm, we measuren~0, soT and vy, cannot be

we find that the results obtained for the thermal diffusivity . : .
. : ; obtained. These steady-state plasmas are typically confined
are the same with the rotating wall on or off, as will be o ;
close to thermal equilibrium, i.en(r), T(r), and f,(r)

discussed in Sec. V. _ =vr)2m7r are relatively constant over the bulk of the
The plasma density, temperature, and rotation frequenckgIasma

are measured using laser-induced fluorescéhtfe) from a . . .
weak (~10uW) continuous probe laser bea 280 nm A temperature gradient is created in the plasma by lo-
. . " cally heating or cooling with a strong(1mW) manipulat-
Typically, the probe beam frequency is scanned sloidly . N . : 7o .
2 ; " 24p g+ = .
s) through a 3S,,32Pa, cyclic transition of2Mg"* at ing beam ah =280 nm Thls_heat|_ng or cooling is obtained
. - 3 ) o . by detuning the parallel manipulating beam to the blue or red
each radial position. The measured ion distribution functions, : ; . . .
f(v,.1,t) and fy(v;.r.t) are Maxwellian within experi- S!de of the cyclic trans.ltlon.. The manipulating peam has a
mantal ,accuracyysel:’ Fig. 8 of Ref. 14 From a fit to diameter of 1 mm and is aligned along the 0 axis of the
velocitv-shifted Maxwelli%ns we obiain the local maane- plasma, thus creating an initial condition with a strong radial
sium dinsit (), tem era:curea' (r.t) andT(r.t) ang temperature gradient. The perturbed plasma temperature is
NS gLl P LA INF2") assumed to be constant axially, since the plasma is optically
total fluid rotation velocityv,y(r). In the heat transport ex- " . : . .
periments, the temperature evolution is obtained from thin to the manipulating beam. Azimuthal temperature varia-
“fast” measurement of just the velocity distribution peaks, lons are assumed _to be small, since the plasma is spinning
rapidly compared with the transport discussed here. The ma-

that is, f)(Or,t) or f, (v, 1, 1); this is sufficient since the nipulating beam is chopped at 50 Hz and the plasma tem-
ion density is constant during the measurements. As indi- . .
cated in Fig. 1, the probe beam can be aligned parallel 0Perature and density are measured using the probe beam dur-

perpendicular to the magnetic field, and both and T, ing times when the manipulating beam is off. Examples of

. . steady-state radial profiles of locally heated and cooled plas-
are measured; for the experiments presented here, howeveér A : o

. o mas are shown in Fig. 3. Here, the different densities are
we can approximateT, =T =T to adequate accuracy.

The total fluid rotation velocity i (r) = v e(r) +vgulr), obtained from different rotatmg. wall drive frequer}cﬂa&.
. ) ; a The curves show the smoothing andr symmetrization,
but the diamagnetic ternmvgy, is generally negligible. s . :
. which is applied to the measurements before further analysis.
Thus, the measured,y(r)~vg(r) gives the total charge

density n(r) through Poisson’s equation, i.e.n(r)
=—(B/2mecn)d(rvg)/or. Typically, we find that Il RESULTS
Nug(r)/n(r)=~0.7 at all radi, so centrifugal mass Heat transport is measured by creating steady-state plas-
separatiol is negligible. The rationq/n evolves on avery mas with a strong temperature gradient, such as shown in
slow (~day) time scale which can be neglected in theseFig. 3, then blocking the manipulating beam at titse0 and
experiments. measuring the resulting temperature evolution. Here, we use
Typical equilibrium plasma profiles are shown in Fig. 2. the fast measurement 6f(0,r,t): the probe beam is tuned to
Here, we display the measuragly, T, andv versus radius v=0, and the LIF counts are accumulated in 10 ms bins,
for a plasma that has been held in steady state for 20 h by each followed by 30 ms dwell times. Figure 4 shows the
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FIG. 6. Measured normalized radial heat flux vs temperature gradient for

time evolution shown in Fig. 5, demonstrating diffusive heat transport. Data

FIG. 4. Measured photon count rafevs time at three radii, as the plasma ) )
at the three labeled times is shown as bold symbols.

of Fig. 3(b) relaxes after the cooling is turned off.

photon count rat€ measured at three different radii for the
initial condition of Fig. 3b); each time sequence results from
a distinct relaxation of the same, repeatable initial condition
The count rate is measured at 100 time8.5<t<3.5 s, and
is normalized to thénearly constantprobe beam power at
each time step.

The plasma temperature determines the count rate,

and 1 s. For clarity, individual temperature data points are
shown only att=0.1 s; the error bars for these points are
estimated from the shot noise in the photon counts and from
evolution-to-evolution variations in the initially created tem-
perature perturbation. The approximate final equilibrium
temperature state ) is also shown; this is measured by
. Efgaving the manipulating beam off and letting the plasma
C=afy(0r,)=n(r)/Ty(r,)*?=n(r)/T(r,)*2 The con- relax to an equilibrium with the rotating wall drive left on.
stant of proportionalitya is determined from the initial The small radial temperature variation seen in the final equi-
steady staten(r,t=<0) and T)(r,t<0), which are known |iprium state of Fig. 5 is due to Joule heatifghich is larg-
from a slow probe beam frequency scan through the entirgst at Jarge radiiwhen the rotating wall is off and the plasma
distribution function. During the temperature evolution, thejg expanding radially; ofequivalently due to the rotating
density evolves very little, so we approximat®(r,t) gl jtself when the plasma is macroscopically steady state.
~n(r,0). The temperature evolution of Fig. 5 results from a radial
Repeated fast temperature measurements at different rgaat flux plus small external heating terms. The radial heat
dii are li'sed tg_(rec)ongruct tge tﬁmperﬁture elvqlu%i(on ;)f th@ux I, is obtained from the measured change in local energy
entire plasmaf(r,t). Figure 5 shows the evolution(r,t Lo _ 3
of the initial condition Fig. &) reconstructed from 18 fast density,q(r,t)= a/at[an(r)T(r,H)] as
temperature measurements such as those shown in Fig. 4.
For the purposes of heat flux calculations, we use smooth,
radially symmetrized curves fit through the temperature data;

curves through the data are shown here at titve8, 0.1, The weak external heating or cooling temg,, is known
from independent measurements, as will be described in Sec.

V.

In Fig. 6, we plot the measured radial heat flix as a
function of the temperature gradieRfT obtained from the
data of Fig. 5. We plot the heat flux measured at radii
=0.1, 0.15, and 0.2 cm, and at times 0.1-1.9 s. These
radii were chosen here because they have a strong gradient

and a strong signal, i.eq>Qe.y. It can be seen that the
gradients and fluxes are largest at early times, and decrease
as the temperature profile relaxes toward equilibrium. Since
both classical and long-range transport predigbxVT

« T VT, the displayed’, is divided by T~ to better

1 (r . .
raro=-1 [ rartae v-aerol©

on [107cm™3]

o T [eV]

0.0

-0.8

-0.4

0
r [cm]

0.8

0.00

illustrate the proportionality wittVT.
The error bars shown in Fig. 6 follow from the error
estimated in Fig. 5; the error shown here is typical of all the

FIG. 5. Measured thermal diffusion starting from locally cooled initial con- data_‘ points in Fig._ 6. The_ daShe_d line in Fig. 6 is an uncon-
dition of Fig. 3b). strained, error-weighted linear fit to the data; it can be seen
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FIG. 7. Measured cross-magnetic-field thermal diffusivtyplotted as a
function of temperatur&, demonstrating heat transport dominated by long-
range collisions.

the data with yxT Y2 gives y=(1.93+1)x103

cn? s 1T~ Y2=(0.84+0.5)r\3, which agrees within a fac-

. . . o tor of 2 with Eq.(3).
that a straight-line flt.IS a reasonable'descrlptlon' of the mea-  \va also verified that the velocity scattering collisions of
surements. The curving trends seen in the Iate-tlr_ne points Aassical transport are actually occurring at the classical
all three radii are not thought to be significant; herdrom  Fokker—Planck rates; of Eq. (1). This velocity scattering
heat transport is as small gg,;, and inaccuracies in thg.,;  rate was measured by inducing anisotropy betw&grand
model result in systematic offsets Ify,. Also, from the in- T, and measuring the subsequent rate of temperature
tercept of the line, it can be seen thafp,=0 within the isotropizationt® Since the velocity scattering collisions are
scatter in the data; thus Fig. 6 demonstrates diffusive heatot anomalously large, we conclude that the observed strong
conduction. In general, our measurements show no consigeat transport must be due to nonvelocity scattefirg,
tent signature of nondiffusive heat flux. long-rangé collisions.
We calculate the local thermal diffusivify for each data

point of Fig. 6 using

IV. BACKGROUND HEATING TERMS
g

— o=. (7) .

The small external heating correctiay,,, used in Eq.
) ) o (6) is obtained by measuring the temperature evolution of a
Values ofy(n,B,T) were obtained for different equilibrium plasma which has beamiformly heated or cooled by a spa-
plasmas covering a range of 50 in density? i) tempera- tially wide manipulating beam.
ture, and 4 ir_l magnetic field. In Fig. 7, we p_Iot the me_asured Figure 8 shows such a background heating evolution.
x as a function of temperatuie Here, we display a single The initial steady-state plasma is uniformly cooled to a tem-
averaged value of for each evolution such as Fig. 6. For perature off (r,0)=3x 103 eV. Att=0, the cooling beam
example, the dflzta of F'gl-le give an average thermal diffusivig tyred off and the subsequent temperature evolution is
ity x=1.3<10"2 cn’s %, at an average temperatufe  monjtored with a probe beam. For clarity, we show data
=0.028 eV.(This averaging has little consequence, since thg,sints only att=1 s. The evolution is illustrated by smooth
range ofn, T, and x in a single evolution is smaJlAISo  fits to the data at the three times 0, 1, and 3 s, in relation
shown on one data point are estimated random error bagg the approximate final equilibrium temperattirex. Here,
corresponding to the data of Fig. 6; this level of error isgjnce radial temperature variations are small, we expect neg-

typical of the data shown in Fig. 7. The data points of Fig. 7|- ibl ial heat flux. i ~0. implving thata~¢ A
labeled “small ST” are obtained using a small temperature ligible radial heat flux, i.e.'q~0, implying thatq= Q. AS

turbati bout a k fibri il be d i dln the heat transport experiments of Sec. Ill, the rotating wall
ﬁ\ersgg zi/'on about a known equilibrium, as will b€ AesCribea, ,ninement field is turned off briefly during these measure-

ents. The external heating was measureB-a¥ T for a

The dashed curves in Fig. 7 show the predicted classicaignge of parameters: 6=@<4x10° Torr, 1<n,<10
thermal diffusivitiesy, for the five densities and magnetic . "1 53_7-5 av T ' ! '

fields usgd. Th.e solid "’?e shows the predicted long-range The background heating measurements are qualitatively
thermal diffusivity x , Wh.'Ch Q¢pends only on temperature. ., \qistent with a simple model of Joule heating and neutral
The measured thermal diffusivities are up to 100 times Iargeélas heating/cooling, i.e

than the classical prediction, and are independet afdn.
The T~ %2 scaling is observed over 3 decadesTinand ex-
tends into the low-temperature regime whege-b. A fit to

Qext: qJ‘*‘dN . (8
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Here, the Joule heating is due to the expansion from inherent 5~ 3 — ~—

trap asymmetries. We model this as a uniform density col- lEE
umn with Ry[1+t/7,]*? andne[1+t/7,,] 2, giving the 0
heating rate S
— 0 8
- nr © <R 1l %
D= eErZTm' o T
b= —6 =)
The characteristic expansion rate in the regime of these ] =
experiments is approximately .
L 14
-2 -2
R - °
-1 -3 o1 P I 1
m =(10°7 s )(4 T (0.5 CVTD ' (10 -0.8 -0.4 0 0.4 0.8

. . . . r [cm]
This expansion rate is obtained from measurements over the

parameter range <n,<14, 103<T<2 eV, and 0.3 Rp FIQ. 9. Measured_thermal diffusion starting from small temperature pertur-
<0.5 cm atB=4 T andL,=12 cm. The measured expan- Pation about a uniformly cooled plasma.

sion rate does not show tiie n? dependence required for

the “bounce rigidity” scaling of (,/fg) 2 seen in many

plasma regime¥. This difference may be due to the rela- about ten times smaller than the measured initial heating
tively high collisionality of cold ions: af=10"2 eV and from radial heat flow in Fig. 5d25><106 eVem 3s ).

n;=1, for example, we calculate; /f,=8, so the ions are  Thys, we have a clear signature of radial heat flow in the data
actually diffusing along the axial magnetic field. We have of Fig. 5.

assumed @~ 2 expansion rate scaling; this is qualitatively
consistent with observed confinement times at different
B and also with the IB/LF,)*2 scaling seen on most

apparatuse?. The R;z scaling probably relates only to the V. SMALL PERTURBATION METHOD

present experimental techniques for varym@R,,, andN;. The “small §T” data points in Fig. 7 are obtained by
The heatingor cooling expected from ion-neutral @ creating small temperature perturbations about a known
collisions with relative particle velocity . is: equilibrium plasma, with the rotating wall kept on during
measurements of the subsequent relaxation. We use the ter-
qu — (NNTiNY 1) 2m my - ;n(T—TN) minology “small 5T " only to distinggish from the expgri-
(m+my) ments discussed in Sec. Ill, not to imply th&T<T. This

technique allows the external heating terin§t to be esti-
mated by linearizing about the known equilibrium; as will be
10°° Torr seen below, the essential assumption here is that the tem-
(11) perature dependence of the external heating terms does not
vary with radius. Values of are then obtained without the

Here, Ty is the effective neutral gas temperature seen by themall model-dependent correction introduced by the use of
rotating plasma, Eq. (8).

A typical “small 6T” thermal evolution is shown in Fig.
9. The plasma is held by a steady-state rotating wall drive,
and is cooled uniformly with a steady-state cooling beam to

Tn=0.026e\W imyriw?
ro\? f 2
=0.026 e\JtlJrO.ll(l—) (10 T(H ) . (12 a temperaturdl (r,)=7x104 eV, as shown by the line
cm % labeledt=oc. Initially, additional cooling is applied at

An improved normalization ofj is obtained for each heat- :IO by a zgcond r|1arr_ow coolinglbeam along theoaxis of the
flux experiment such as Fig. 5 by normalizigg,, so as to ii‘c(’)r_nf e\t/ IZsriil(J)\s\?nlg ihzegarzet?argggggjrﬂ?{ _’%);héle
maintain energy conservation in the evolution: that is, we ’ y ) B

ire (Ror dra— (R dre icall find | narrow cooling beam is turned off and the plasma tempera-
require/,*rdrq=J,"r drgeq. Typically, we find anormal- -y o relaxes toward thie= equilibrium value. In Fig. 9, the

ization factor between 1 and 3, consistent with the factor-of—Curves are smooth, radially symmetric fits to the temperature

=—(8.8x10* cm 3s 1) (T-Ty)n,

two uncertainty in the model. _data, which is displayed fdr=0.02 andt =, with LIF shot
For the heat transport data presented here, the correctiopyise error bars shown only for=0.02.
to x due to the external heating terms is small, sigeg/q The radial heat flud’, for this experiment is obtained

~0.1 in the regions with a large temperature gradient. Thérom the measured temperature evolutidfr,t) using Eq.
uniformly cooled initial condition of Flg 8, for example, (6), as was done for the |arge temperature perturbation
corresponds to the same conditions on axis=6X10"  method described in Sec. Ill. Here, however, we do not as-
cm 3, T=3x102 eV) as the strong-gradient initial condi- sume that the external heating terms are given by the model
tion of Fig. 5. However, the measured initial heating from Eq. (8); instead we linearize the heating terms about the final
background effects on Fig. &1E4x10° eVem 3s™1) is  equilibrium temperaturd@..(r):
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. . J . Direct measurements of the equipartition ra§q=%v” be-
Gext(1 T) = ext(1 Tee) + 7 Gt T, T)| - OT(1L1), tween perpendicular and parallel temperatdfesand T in
T these plasmas verify that short-range velocity-scattering col-
- lisions are indeed occurring at the ratg of Eq. (1). Pre-
=Qeulr,T)+ B(F D ST(E ), (19 g F of Ba. (1

sumably, about one half of the heat flux for the high tem-

where 8T(r, T)=T(r,T)—T.(r). Here, we have assumed perature, high density regime in Fig. 7 is due to classical

that the measured equilibrium is steady state; i_e_}/elocny-scatter.lng collisions. . . .

. _ 50 h d that th dial . Wave-mediated heat transport is not believed to be sig-
Gex(r, To) =0. We also have assumed that the radial variaygicant here, since these plasmas are not sufficiently large;

tion of B(r,t) is small over the region wheréT is signifi- the very lowest-temperature data presented hefe-g
cant; that is, we approximate the external heating terms ag 104 eV), correspond to plasmas about 100 Debye

t_Jelng cqns_tant in mag”'t“de_ over the bulk of the plasma_. Th?engths across. Future experiments will attempt to measure
time variation of3(t) is obtained from the data at each time the characteristics of this wave-mediated transport. The pos-

step by using energy conservations(t)=(Jrdrd)/  sibility of enhanced heat transport due to long-range binary

(JrdréT). The thermal diffusivityy is then calculated at cojlisions was also considered by Psimopodfobut ques-

each (,t) as described in Sec. IIl. tions as to the validity of Debye shielding in 1D suggested
In Fig. 7, each “smallsT" data point indicates the av- jmpact parameters as large as the skin depth, giving transport

erage thermal diffusivity obtained for a small perturbationmagnitudes and scalings substantially different from those
experiment such as Fig. 9. These small temperature pertugpserved here.

bation experiments are taken at densitiessh5<2.5 and

magnetic fields £B<4 T. _It can be seen t_hat the values of ACKNOWLEDGMENTS

x from the small perturbation method are in good agreement

with values of y obtained using the large perturbation The authors wish to thank Dr. T. M. O'Neil and Dr. D.

method described in Sec. Ill. H. E. Dubin for theory support and the late R. Bongard for
outstanding technical assistance. This work is supported by

VI. DISCUSSION the Office of Naval ReseardiGrant No. NO0014-96-1-0239

In summary, we have measured the cross-magnetic—fielsgnd the National Science Foundatig@rant No. PHY-

heat flux in a quiescent pure ion plasma. The heat flux i

proportional to the thermal gradieMtT, and is apparently

dominated by long-range collisions, predicted to have impactl(F- V\gagner and U. Stroth, Plasma Phys. Controlled Fusibn1321

iainna(1993.

parameters up to 1 Debye Iength. These long-range CO.IIISI.On§S. M. Ichimaru, H. lyetomi, and S. Tanaka, Phys. R0, 93 (1987); B.

cause heat fluxes that are |ndependent_of magnetic fieldy . chadran and S. C. Cowley, Phys. Rev. L8@, 3077(1998.

strength: the observed thermal diffusivity scales s  3M. Tuszewski, Phys. Plasm&s 1198(1998.

«n®B°T~ %2 as predicted for long-range collisions, whereas ‘A. T. Burke, J. E. Maggs, and G. J. Morales, Phys. Rev. |8{.3659

the thermal diffusivity resulting from classical, short-range S(Dlga&b'jbig' g‘ﬁ;ﬁ'i’}‘é’:ﬂgdﬁég@tggZ‘ﬁ’d' 58, 1426(1987.

isi —21-1/2 i in fi N g : :

collisions scales ag.<nB"“T" " At high magnetic field o1 m. oNeil and C. F. Driscoll, Phys. Fluidg2, 266 (1979.

and low densities, the classical prediction is more than two’D. Montgomery, G. Joyce, and L. Turner, Phys. Flulds 2201(1974.
p

orders of magnitude too small to explain the observed heaﬁ'\"- N. Rosenbluth and A. N. Kaufmann, Phys. R&09, 1 (1958.
fluxes D. H. E. Dubin and T. M. O'Neil, Phys. Rev. Leff8, 3868(1997.

. . 101 Brillouin, Phys. Rev67, 260(1945; R. C. DavidsonPhysics of Non-
This enhanced heat transport should occur in most NON-neytral PlasmagAddison-Wesley, Redwood City, CA, 198%. 42.

neutral plasmas, wheney>r . is always satisfied, and may M. N. Rosenbluth and C. S. Liu, Phys. Fluid8, 815 (1976.
{?E. M. Holimann, F. Anderegg, and C. F. Driscoll, Phys. Rev. L8,
apply to the electron component of neutral plasmas that sa 28391999 ' : :
isfy A\p=7rce. In neutral plasmas, a heat flux that is inde-isr "y “oNeil, AIP Conf. Proc.175 1 (1988; J. N. Tan, J. J. Bollinger,
pendent of magnetic field could be significant when scaling and D. J. Wineland, IEEE Trans. Instrum. Medd, 144 (1995.
to high-field devices. 14E. Anderegg, X.-P. Huang, E. Sarid, and C. F. Driscoll, Rev. Sci. Instrum.
The enhanced heat transport rate is not caused by thgb8 2367(1997. .
tating wall drive used here to confine the plasmas in stead J. H. Malmberg and T. M. O'Neil, Phys. Rev. Le89, 1333(1979).
rotating : p_ ) ¥x.-P. Huang, F. Anderegg, E. M. Hollmann, C. F. Driscoll, and T. M.
state. This can be seen by the agreement in Fig. 7 betweerp'Neil, Phys. Rev. Lett78, 875(1997; F. Anderegg, E. M. Hollmann,
the large temperature perturbation détehere the rotating 17and C. F. Driscolljbid. 81, 4875(1998.
: : T. M. O’Neil, Phys. Plasmag4, 1447(1981).
wall is turned ofj and .the sz.i” tempera’_[ur_e _per_tL_eratlon 18F. Anderegg, X.-P. Huang, C. F. Driscoll, E. M. Hollmann, T. M. O'Neil,
method(wherg the rotating yvall is left gnThis is mtumve_ly and D. H. E. Dubin, Phys. Rev. Leff8, 2128 (1997; B. R. Beck, J.
reasonable, since the rotating wall acts to balance radial par-Fajans, and J. H. Malmberihid. 68, 317 (1992.

ticle drifts that are extremely slow compared with the ob-1%3. M. Kriesel, Experiments on viscous and asymmetry-induced transport in

: magnetized, pure electron plasmas, Ph.D. dissertation, UCSD, 1999.
served ra_d|al heat transport. . 20C. F. Driscoll, K. S. Fine, and J. H. Malmberg, Phys. Fluki 2015
Classical heat transport presumably also occurs in these1ogg.

systems, but it is negligible for most of our parameter range?m. Psimopoulos and D. Li, Proc. R. Soc. Lond.487, 55 (1992.

876999.

17 Jul 2000 Downloaded to 132.239.69.90. Redistribution subject to AIP copyright, see http://ojps.aip.org/pop/popcpyrts.html.



