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Experimental study of classical heat transport in a magnetized plasma
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A systematic study is made of the axial and transverse heat transport that arises when a microscopic
temperature filament is generated, under controlled conditions, in a magnetized plasma of large
dimensions. For early times and relatively small temperature gradients the study conclusively
demonstrates the two-dimensional pattern characteristic of the classical theory based on Coulomb
collisions. The full nonlinear dependence of the transverse and axial electron heat conductivities is
sampled through temperature changes in the rafifg/T,~1—-10. The dependence on the
confining magnetic field is explored over a factor of-3 actor of 10 in transverse conductivity

It is found that under quiescent conditions, the observed behavior agrees with classical theory within
the experimental uncertainties. However, over long times and/or for steep temperature gradients,
fluctuations develop spontaneously and cause a significant departure from the predictions of the
classical theory. ©2000 American Institute of Physids$1070-664X00)02602-1

I. INTRODUCTION In designing an experiment that is capable of measuring
. , the unique two-dimensional pattern characteristic of classical

The theoretical foundations for heat transport due tQpeqry one must overcome the large disparity in the axial
Coulomb collisions(i.e., classical 'Franspc)rnn magnetized 5.4 transverse rates. This requires a very long systfm
plasmas were developed nearly fifty years é@]d}lthough lengthL) whose temperature is increased by a heat source of
the classical theory forms the basis for the design and plangy | transverse exterfof radiusa). When the condition
ning of major experimental act|v_|t|es gnd is explamgd_ IN €S14/1)<1.72(Q, 7o) ! is satisfied, the rate of radial energy
tablished textbooks on the subject, it has been difficult 1q,q5 aeross the surface of a heated filament exceeds the rate
quantitatively document the predicted behavior in basic labogs 4vial loss through the ends, and the anisotropic nature of

ratory studies. , , heat transport can be probed. The conditions in the present
It is common for heat transport studies to yield transportstudy are chosen to satisfy this criterion.
rates that are enhanced by orders of magnitude so-called The present experimental study is conducted in the

anomalous transpgrover the values predicted by classical Large Plasma DeviégLAPD) at the University of Califor-
theory, the extreme measure of anomaly for cross-field transsi; ~ | os Angeles. The dimensions of the ambient plasma
port being the Bohm-diffusion coefficient. _generated in this device are such that for the purpose of the
The essence of heat transport in a magnetized medium [§esent investigation the plasma can be conceptually thought
that itis inherently an anisotropic phenomenon. The classicgy, e jnfinite in extent along the axial and transverse direc-
electron thermal conductivity in the axial directidalong  ions The experiment consists of injecting a small electron

the confining magnetic field,) is given by beam whose modest parameters are chosen such that its role
K= (3.16NgTeTe /Mg, is just to provide a controlled heat source that extends axially
over a limited region € 10% of the total device lengthThe
and, in the transverse direction by concept behind the heat transport study consists of making
Kk, =(1.47 K”(Qeq-e)*{ measurements of the time evolution of the electron tempera-

ture at finely spaced points across the magnetic field at dis-
wheren, is the electron plasma densify, the electron tem- tant positions from the beam injector, i.e., we observe the
perature(in electron volty, m, the electron mass, and the spatio-temporal development of a heat plume embedded in a
electron collision timer,=(3.44X 105)T§’2/(ne)\), with A cold, infinite, magnetized plasma. Also, the results reported
the Coulomb logarithm associated with the judicious cut-offhere pertain to predominantly quiescent conditions in which
of singularities(at large distances for binary-encounter for- the spontaneous development of fluctuations do not play a
mulations, or at short distances in collective descripfions significant role in the transport behavior. Indeed, we observe
The unique features of classical transport that complicat¢hat by varying the plasma and source conditions it is pos-
laboratory studies are thatj=T2? while x, xBy?T, "%,  sible to enter a regime in which fluctuations cause the trans-
which results in a large degree of anisotropy, i.e., the timeort to deviate significantly from the behavior predicted by
scale for axial transport is much shorter than for cross-fieltlassical theory. However, we defer a discussion of such
transport. The discrepancy in time scales prevents a clegghenomena to future detailed publications, and concentrate
study of the three-dimensional propagation of heat pulses ihere on features germane to classical transport. Although the
magnetized plasmas. As a consequence, the majority of theonfinement device, the heat source and the plasma condi-
heat transport studies probe the phenomena only in the dtions used are ideal for the controlled study of heat transport
rection transverse to the confining magnetic field. at the microscopic levéthe generated temperature filaments
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have transverse scales comparable to the electron skinydeptl Cathode Temperature End-plate

a drawback in this study is the lack of robust electron and ion [ Anode  filament

“thermometers” capable of sampling changes at the £ 5/ —3 / Eloctron
millimeter-scale resolution required by the underlying phys- : ( ’ -
ics, and with response times in the range qisl, as is char- . Plasma column ﬁ%ﬁ;““] j
acteristic of the phenomena. To the best of our knowledg J; 1 J:

there are no diagnostic methods available at the present tim
that meet these demandmg_ requirements. Con_sequently,_Ol 0V =410 cm  z=285cm  z=0
studies must rely on a judicious and consistent interpretation _ ' '
of information derived from Langmuir probe measurementsF'G: 1. Schematic of the experimental setup. A snialimm diameter

. . electron beam source is located near the end of the device away from the
At every stage of this study we have labored to eliminat

- Cathode. A low voltage beai20 V) produces a heat source which creates a
measurements and conclusions that do not meet the best caditd-aligned, filamentary temperature plume. Planes of Langmuir probe data

sistency checks. are taken at axial locatiors (285 cm) andz, (410 cm far away from the
To arrive at a rigorous quantitative test of classicalat source.
theory we have developed a two-dimensional, nonlinear,

transport code with realistic boundary conditions.The code ) )
uses the theoretically predicted values for the heat condu@mitted from a heated, barium oxide coated cathode and sub-

tivities x|, k, . The test consists of the direct comparison ofSequently accelerated by a semitranspafeansmission ef-
the spatio-temporal evolution of the electron temperature deliCieNcy ~50%) grid anode located 60 cm from the cathode.
duced from a consistent analysis of Langmuir probe datd "€ end of the plasma column is terminated by an electri-
with the predictions of the code. It must be emphasized tha@lly floating copper plate. The accelerated primarieQ

this is a much more rigorous and demanding test of the/) drift into a_9.4 m long vacuum c?amber and strike neutral
theory than just measuring the “local’transport coefficients € gas at a fill pressure of QL0 " Torr to generate a 40
for a prescribed temperature gradient. The present proceduf& diameter, He plasma with a greater than 75% degree of
tests the full nonlinear dependence of bathand x, on T ionization. D|scharge currents of 1-5 kA are used to gener-
(the heat changes the ambient value Tf by a large &€ axially and radially uniform plasmas with measured den-
amouni, as well as the nontrivial two-dimensional pattern Sities ne=1.0-4.0<10"*cm™?, electron temperatured
that evolves with time due to the interplay between radial=6—8 €V, and ion temperaturdg=1 eV. The confining
and axial heat flowsi.e., simultaneous changes in axial and Magnetic field is varied in the range of 0.5-1.5 kG fo test the
radial temperature gradieits predicted dependence of clgssmal theory., KL?CBO ).

It is found that within the accuracy of the measurements  1he heat transport studies are performed in the so-called
and the inherent uncertainties in the experimental arrangeaftérglow phase of the plasma, i.e., after the discharge volt-
ments, the observations reported here are in excellent agre@d€ pulse is terminated. Figure 2 illustrates the global time
ment with the predictions of the classical theory of heat€volution of the discharge including the break down, steady-
transport. The predicted rise times, saturation and temporafate, ramp-down, and afterglow stages. This figure shows
evolution of the temperature plume are validated experimenthe time evolution of the ion saturation currehyy, and the
tally. The measured radial temperature profiles agree remarie/asma density obtained with a 56 GHz interferometer. In the
ably well with the predicted values. In addition, the scaling@fterglow stagde decays rapidiyon a time scale of 10Qs)
of the phenomena on the strength of the confining magneti@ue to classical heat conduction to the ends of the device
field is confirmed over a factor of @& factor of 9 variation in
k). Again, we emphasize the key comparison made with

the transport code because of the sizable change and the 6| o _ 12.5
relative importance of axial and radial heat flow that results - / \\ . :“ 1 20
asBg is varied. o~ g . ° 177%

The manuscript is organized as follows. In Sec. Il we £ 4T M \\\ 115w
describe the experimental setup and plasma conditions in - [ h kY 17 —~
which the heat transport studies are made. In Sec. Il we g A g T~ _51 olE
describe the diagnostic methodology used. The transport - 2} / AN 1L
code is explained in Sec. IV and key predictions of classical - / R 0.5 <
theory are elucidated. Experimental results and a comparison I ]
with predictions of classical theory are presented in Sec. V. 0 s . 10.0
Conclusions are found in Sec. VI. -5 0 5 10

time (ms)

1. EXPERIMENTAL SETUP FIG. 2. Global time evolution of plasma parameters in absence of heating

beam. The solid curve is the ion saturation current measured by a Langmuir
The heat transport studies are conducted in the Larg@robe at the centdrxial and radiglof the large plasma column. The dashed

. . . . . curve is the electron density measured with a microwave interferometer.
Plasma DeVIC%(LAPD) at the University of California, Los . Discharge current- 2.5 kA, Bp=1 kG. Transport experiments are per-

A_ngeles. A SChematiC_ of the experimental SetuP_ is Shown Mormed during the afterglow phasé>0) after the discharge current is
Fig. 1. The plasma is generated by electrqpsmarie3  shut-off.
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(radial heat transport of the main plasma column is negli- Plasma boundary
gible because/L is largg and eventually by cooling dueto [ — ~— ~— ~— ~— T T 1A
energy transfer to the ion&n important process forf, |
< 1.5 eV). After the discharge is terminated the plasma den-
sity decays slowlyon a time scale of 2 mslue to ambipolar |
flow at the sound speed. | :

The low ambient temperatures achieved during the after By
glow stage considerably simplify the implementation of the-| :
heat transport experiment. For instance, when power densi|
ties, Q,, on the order of 0.2 W/ch?, are applied to after- |
glow plasmas in which the ambient electron temperature de:
cays to a low level of T,<1 eV at densitiesn~2
x 10*2¢cm™3, it is possible to locally increas€, by 2—10
times the ambient values. This implies that sizeable hea] Weak heating,
transport changes can be investigated using relatively modes ~3 cm wide profile / \<_ z,=535 cm
electron-beam parameters. In fact, these very significan|
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|

|

|

|

|

|

|
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|

- z4=6600m
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beams of low voltage <20 V) at typical current levels of ~=— z,=410cm
200 mA. The lowT, values in the afterglow also imply |
relatively short mean-free path lengths thus permitting a| igéfm%k j
clear study of the axial heat conduction features in regionsl ~lcmwide
well separated from the ends of the plasma device.

An important consequence of the low beam voltage re-|
quired for meaningful studies is that the extra ionization pro-

duced by the beam electrons is negligible for the He condi-I Beam thermalized ——m
in~lm

-— z=285cm

tions used. This implies that complicating features mixing

plasma production and heating are absent in these exper| 20V 3 mm dia. beam
mm .

ments. ,I injection point

. — =«— z=0cm
The heat source generator consists of a small electro

beam 3 mm in diametefcomparable to the electron skin-
depth produced by biasing a heated, single crystal of _l Y
lanthanum—hexaboride (LgB with negative polarity rela- £ — — =— =— =— =— =— =— =— = —
tive to the mesh anode. The beam-generating crystal is lo- 40 cm

cated 75 cm from the end of the plasma colufi@., 9.25 m  FiG. 3. Qualitative overview illustrating the spatial arrangement prevailing

from the cathode in the transport experiment. Axial locatiorzs indicate where planes of
Figure 3 provides a schematic that illustrates the diﬁer_Langmuir probe data are taken to sample the electron temperature.

ent regions of behavior of relevance to the transport studies

and their relative spatial location within the plasma chamber.

Typically a 20 V beam is injected at the radial center ( !ll. DIAGNOSTIC TECHNIQUES

=0) of the plasma column at an axial position near the elec-  Thg glectrons emitted from the beam cathode are slowed
trically floating end of the device. Within 1 meter from the yown and thermalized in a fairly short distance due to colli-
injection point the beam is completely thermalized. We en-jons with the bulk plasma electrons and ions. This slowing
vision this region to be an idealized heat source a few milli-down process is represented by the Fokker—Planck
meters in diameter having a power dens@y. Heat flows  equatiorf’ The beam electrons can be considered as fast test
simultaneously along and across the ambient magnetic fielgarticles interacting with slow bulk particles. Under these
from this source region and generates an expanding heabnditions the slowing down frequency for the beam elec-
plume whose properties are measured at selected axial locions can be written 4s
tions indicated in Fig. 3 by the arrows at valugs At the

4

closest axial locatiorz; (about 3 meters from the beam in- V§/B:(1+ me/mﬁ)Zwe EE3/2ne)\, (3.2
jecton the temperature filament exhibits large temperature V2me

increases on axis and a relatively narrow radial temperaturgneree is the electron chargen, the mass of the plasma
profile (~1 cm). At a distant axial positiorzg (about 5  particle with which the beam electrons are collidirig, is
meters from the heat souncene observes small temperature the beam energyn, the density of the bulk plasma, and
increases and broad temperature profiles$(cm widg. Be-  the Coulomb logarithm. Under the conditions of the experi-
yondz, (7 meter$ there is no observable change in the am-ments reported hereng=2.25< 10'2cm™3), the 20 V beam
bient electron temperature. electrons are slowed down in a distance of 70 cm. Further-
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Langmuir probe in the center of the beam-heated plasma
fitted to an exponentidl— Aexp(—V/T)] together with a lin-

ear ramp (bV) to match the trace in the ion saturation
region (V<floating potentia) of the curve. For purposes

of assessing the degree to which the distribution is Maxwell-
ian the fit is shown as a semi-log plot in Figh#where the
Maxwellian exponential appears as a straight line. The tem-
perature of this clearly Maxwellian distribution is found to
be 2.2 eV.

Using I-V traces from Langmuir probes has the advan-
tage that the temperature, density, and plasma potential can
be obtained. The principal disadvantage of this technique in
the present study is that it takes a finite time interval to
obtain the curves due to the requirement of a voltage sweep.
Also the great variation in temperature from outside the

heated filament where the plasma may be a few tenths of an
eV to inside the filament where the temperature is several eV
| requires different sweep rates for optimal measurement.
. While a rapid sweep rate of several volts per microsecond
] can be used in the hot regions, the cold plasma region re-
quires sweep rates of a few tenths of a volt per microsecond.
Thus it takes about a hundred microseconds to measure the
1 temperature using voltage sweeps, so that it is not possible to
- easily discern changes in temperature or density with this
| technique.

- (b) 1 This difficulty can be overcome by using ion saturation

-8r ) current as a measure of the electron temperature. In plasmas
with T;<T,, the ion saturation current is insensitive T¢

—-10l 1 L 1

-20 -15 -10 -5 0

Probe bias (Volts)

0_"'

Log(probe current)

and can be taken as proportionah@Té’z. Thus the electron
temperature can be measured using ion saturation current if
the plasma density can be determined by other means. Since
FIG. 4. (a) Current—Voltagd|-V) characteristic of a swept Langmuir probe th€ beam does not produce ionization, the plasma density in
(solid curve at an axial positionz=285 cm in the radial center of the the beam heated filament region can be taken to be equal to
temperature filamentr&0). The dotted curve is an exponential functional the density in the center of the plasma column. We determine
fit. (b) Aszmi-lo%plot ?emonritr_ating thr;t_ Fhe electron distribution function the density of the plasma column by using the phase shift
corresponds fo thermal equiibrium conditions. measured by a 56 GHz interferométiercated a distance 130
cm from the beam injection point. The interferometer mea-

more, the energy of the injected beam is well below thesures a column average plasma density. Langmuir traces are
ionization energy of neutral heliurf24.46 eV and also be- used to obtain a relative density profile of the column which
low the 21.22 eV energy needed to reach thPXtate, the is then used in conjunction with the interferometer data to
first excited state accessible from the ground tatee 20V obtain a calibrated density profile across the column. The
beam energy is barely enough near the injection pdiet  interferometer gives a continuous readout of the phase shift
fore slowing down to reach the metastable®s (19.72 ey  so that instantaneous column averaged density measurements
state, so some few excited metastable neutrals may be crare available.
ated. However, we do not expect, and indeed do not observe In the study of heat transport in the filament we use the
ionization due to the injected beam. Thus, the role of thefollowing expression for the electron temperature:
beam is to create an extended, rod-shaped heat source, from - N2, 02
which heat is then conducted into the plasma due to Cou- lsaf 1) Ne 3.2
lomb collisions of the Maxwellian bulk plasma. In our analy- 12, Ne(t)/ '’ 32
sis of the heat conduction we model the heat source as a
cylindrical region starting at the beam injection location, where the calibration parametd&t, Tg, andng correspond
with a radius comparable to the estimated beam ra@ilis to measurements at a single time and location. Typically, the
mm), a length comparable to the slowing down distafite calibration parameters are measured just before beam turn
m), and having a constant power dengiggual to the beam on. The continuous plasma densiy(t) is obtained from the
input power divided by the volume of the model heat sources6 GHz interferometer. Figure 5 shows a comparison be-
cylinder). tween temperature measurements obtained using swept

At a distance of 285 cm from the beam injection point Langmuir voltage traces and those obtained from B
the plasma is measured to be Maxwellian. Figu@® ghows using ion saturation measurements. The two curves agree
an |-V trace obtained from a smal-(1 mn?) flattened-tip  over most of the temperature range sampled to within experi-

Te(r,t)=T2
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FIG. 5. A comparison of a voltage-swept Langmuir probe measuremeng, . Schematic of the two-dimensional geometry used in the transport

(solid line) of the filament temperature profile with a calibrated ion satura- ;ode and associated boundary conditions. The confining magnetic field
tion current (s,) measurementdotted ling. The degree to which these points along the-direction.

curves agree indicates the accuracy of lthemeasurement method used in
the heat transport studies.

assumed to be cylindrically symmetric in zeroth-order; of
mental error. The temperature measurements used in th%t)ursed, when fluctuations develop this symmetry is de-
study were obtained using the ion saturation current tech3' 0YeC. . - . .
- ; The electron heat conduction coefficients in the axial and
nique described here. L S
transverse direction appearing in E@.1) are those pre-
dicted by classical theory,

IV. HEAT TRANSPORT CODE _ NeleTe
K”—3.l6m—e,
To achieve a detailed quantitative test of the predictions 4.3
of the classical theory of heat transport in a magnetized K|

plasma a time dependent, two-dimensional, nonlinear, heat "LzlAW'

transport code has been developed that incorporates realistic ee

boundary conditions of relevance to the geometry of the exwhereQ.=eBy/mc, andre=(3.44<10°) T¥%(n\), with A
perimental setup. The mathematical description does ndhe usual Coulomb logarithm.

contain the effects associated with convection and density The corresponding transverse ion heat conductivity is
changes. Since the agreement found between the code pi@ven by

digti_ons and th'e egpgrimental 0b§ervatic6d$cussgd _in de- ki i=2nT,/(MQ27), (4.9

tail in Sec. V) is within the experimental uncertainties, the

role of these effects in the present quiescent environment ihere 7;=(2.09x 10°)yM/m, T¥%(n)) andm, is the pro-

considered negligible. ton massi};=eBy/Mc.
The evolution of the electron temperatdrgis described In addition to the axial and transverse heat conduction
by processes, Ed4.1) contains the local heat loss experienced
by the electrons due to the energy transfer to the ions by
§n‘9_Te: 17 ri, o'?_Te} + i KH'?_TQ Coulomb collisions. The heat sour€g, is associated with
2 dt ror or | dz| "oz the injection of the electron beam, and as indicated in Fig. 3,

mn it is localized to a region approximately 1 meter in extent
—3——(T—T)+Qp, (4.1  where thermalization of the injected beam occurs.
Mre The ion temperature equatidftq. (4.2)] contains the
in which the ion temperatur@&; is self-consistently calcu- effect of transverse ion heat conductivity and neglects the

lated from axial heat conductiofit is insignificany. This equation also
contains the important local coupling to the electrons by
3 dT; 19 JT; m n lomb collisi Il as di local i db
N—=——|rk,j—|+3— —(To—T)) Cou omb collisions as well as direct local cooling caused by
2 ot ror or M 7¢ the ambient neutral He gas that remains within the chamber
T.\ 172 and having density, and temperatur&. oy is the ion—
—3n(Ti—T0)noao(m') , (4.2 neutral collision cross section.

The coupled equationg.1) and(4.2) are solved numeri-
wherem, M refer to the electron and ion mass, respectively cally using the standard algoritfirfor equations of this type

In Egs.(4.1) and(4.2) t is the time and 1(,z) correspond to  based on the alternating-direction implicit method. The self-
cylindrical coordinates with the-axis along the confining adjoint form of the spatial derivative is preserved by the
magnetic fieldB,. The phenomena under consideration istri-diagonal scheme employed.
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The boundary conditions implemented in the transport TP T T T T T 1 ]
code are illustrated in Fig. 6. At the extreme ends of the i ]
plasma column the electron and ion temperatures are se 8 3 t=02ms E
equal to the neutral temperatuig,=T;=T, (cathode tem- s | / 3
perature, i.e., 0.15 eV At the column centerr(=0) and at : (= 10ms ]
the far radial boundary10 times the beam siz¢he deriva- 4 F 3
tive of the electron and ion temperatures is set to zero, ie.T.@V . ]
dT;l9r=0. Since the support structure associated with the F t= 01 ms E
beam injector intersects field lines that connect to the regior o F 3
where beam thermalization occurs, the heat that flows along . ]
those lines does not reach the end plate. In fact, because tt 1 E [Beam 3
structure is biased negatively it reflects most of the electrons é emitter f fa ]
and its behavior is thus modeled as a perfect heat reflector 0 S — .
This feature is implemented by legislating that at the axial 0 200 400 z (cm) 600 800 1000

position where the injector is locatel./Jz is set to zero
within radial distances <r; wherer, is the transverse di- FIG. 7 Axial dependenge of ele_ctron temperature a}t the centgr of tempera-
mersion of th ifctor, whch s arger than e Vansversd =GR ) e e i v v
dimensions of the injected beam, and of the associated hegtne temperature plume between0.2 ms and=1.0 ms.
source,Qp -

The heat sourc®), is modeled as a uniform region of
radiusa and lengthL ¢ starting at the axial location of the phase. The radial position corresponds te0. This figure
beam injector. The numerical value Qf, is determined by illustrates a rather nonintuitive behavior of the heat pulse.
equating the total power in the idealized heat source to th&arly in time (the curve marked 0.01 md, increases rap-
actual injected power of the beam, i.Qpma’Ls=1,Vy, idly in the vicinity of the heat source location whef®,
wherel, is the measured beam current angdthe measured 0 (75cm<z<175cm). The remainder of the temperature
beam voltage. In the quantitative comparison with experiprofile is the cooling afterglow bulk plasma. As the shape of
mental resultd_g is taken to be 1 metgicomparable to the the plume evolves the value of the aspect rafib decreases
predicted thermalization lengtrand a=0.25 cm, the esti- below the critical value at which the radial losses become
mated source radius. It should be noted that the inherenérger than the axial losses. The effect is clearly visible in
uncertainty in estimating the quantity is not significantly  Fig. 7. The leading edge of the temperature plume retreats
different from the theoretical uncertainty associated with thepetween time=0.2 ms and=1.0 ms. This effect results in
truncation effect of the Coulomb logarithm, which for com- a clear signature at axial locati@* z, where the tempera-
parison studies reported in Sec. VI is takenas12.0, based ture reaches a maximum and then decreases. This dynamical
on the values of typical ambient parameters. retreat of a heat plume is an intrinsic feature of the classical

The individual components of the code, i.e., radial transtheory of heat transport in a magnetized plasma that provides
port and axial transport, were benchmarked against test casgunique signature amenable to experimental study.
using constant heat conductivities. In addition, the full code  To better elucidate the two-dimensional character of the
was compared with predictions of an effective “local code” evolving temperature filament Fig. 8 displays contours of
in which the spatial derivatives were replaced by effectiveconstantT, in ther-z plane for different times after the heat
scale lengths. It is found that both methods yield results thagource is turned on. It should be noted that in this figure the
agree within the expected limitations of the heuristic localaxial scale is compressed by a factor of 500 in order to re-
approximation. Sensitivity studies were also performed tosolve the narrow transverse variations. The spacing of the
check the dependence of numerical stability and accuracy aémperature contours shown corresponds to 0.5 eV. In order
the results on the choice of the temporal and spatial step-sizes illustrate the important dependence of classical heat trans-
It is found that for the parameters of relevance to the experiport on the strength of the confining magnetic field the top
ments a time step of &s and a 128 by 128 spatial mesh with three panels in Fig. 8 display the evolution at a large field
physical dimension&r=3 cm, Az=1000 cm provides an value(1.5 kG while the bottom panels correspond to a lower
excellent compromise between reliability and speed of exvalue(0.75 kG. It is clearly seen that at lower values Bf
ecution. the heat plume is relatively wider than at larBg and ac-

Next we proceed to illustrate the capabilities of thecordingly the length of the temperature filament is much
transport code and to elucidate some of the nontrivial predictarger at largeB,. Again, these are characteristic signatures
tions of classical theory that are inherently present in realistichat can be experimentally tested.
laboratory studies of two-dimensional heat transport in mag-
netized plasmas.

Figure 7 displays the predicted temporal evolution of theV' EXPERIMENTAL RESULTS
axial temperature profile for a case in which the heat source The experimental tests of the classical theory of heat
(in practice the electron bears turned on at a tim&defined  transport consist of direct comparison of the measured elec-
ast=0) when the electrons in the background plasma havéron temperature, consistently deduced from Langmuir probe
reached a temperaturé,=1.5 eV during the afterglow data, with the predictions of the transport code described in
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Sec. IV for various conditions. The comparison considers theffects of radial conductiofi.e., x, =0), hence it succinctly
full time evolution of the temperature filament at various depicts the role of field-aligned thermal conduction. The dot-
axial positions over a range of temperature increaseted curve is the fully 2-dimensional result in whieh and
(6Te/Te~ 1-10 in which the different nonlinear depen- «, are both retained and given by E¢.3).
dences ofc) and«, on T, are sampled. The tests also probe  The time interval displayed in Fig. 9 spans a range of 2.0
the radial temperature profile and the dependence of the pheis. Fort<—0.5 ms the discharge current is on and a steady-
nomena on the strength of the confining magnetic field ovestate temperature of 6 eV is achieved. This temperature is
a factor of 3(a factor of 9 variation ik, ). determined by a balance between axial heat losses to the end
Figure 9 displays the time evolution of the electron tem-of the machine and the Ohmic heating associated with the
perature profile at the center of the temperature filamendlischarge current. The role of radial heat transport is negli-
(r=0) for two different axial positionsz;=285cm, z,  gible during this stage because the aspect ratlo of the
=410cm away from the beam injecttas sketched in Fig. plasma column is larger than the critical value described pre-
3). The strength of the confining magnetic field is 1 kG for viously. In the intervat<—0.5 ms Fig. 9 only displays the
this case. The solid curves correspond to experimental meatashed curve corresponding to the prediction of the one-
surements and the dashed and dotted curves are the predgimensional(1-D) transport code; the measured valueTgf
tions of the transport code. The dashed curve neglects theverlaps this line, but for clarity of presentation it is not
shown. However, it must be emphasized that the transport
code based on classical heat conduction along the axial di-
L _T285cem ] rection is in full quantitative agreement with the measured
P behavior of the steady-state discharge.
It is seen from Fig. 9 that at=—0.5 ms the discharge
current is turned-off and the plasma enters the afterglow

Discharge | Afterglow

o
———
N

h
(=]
[e]
3
1

The heat resulting from beam injectioh,&220 mA,
Beam tum_onT Vp,=20 V) att=0 is represented in Fig. 9 by the rapidly
0 L L L rising solid curves. It is seen that these curves closely over-
-0.5 .00 0.5 1.0 |ap the predicted behavior of the 2-D transport cédetted
time (ms) . . . .
curves and display the characteristic drop associated with
FIG. 9. Time evolution of electron temperature over a time span includingthe retreat of the heat plume described in Sec. IV and illus-
the discharge and afterglow stages. The heating beam is tumnedterdat  trated in Fig. 7. It is also seen in Fig. 9 that radial heat
The solid curve is the measured electron temperature at the center of ”ﬁ’ansport plays a crucial role in determlnlng the observed
temperature plumer&0). Behavior at two different axial positiong; behavior. The dashed curves obtained with=0 fail to
=285 cm andz,=410 cm are shown. The dashed curve is the result of the b
transport code withe, =0 (1-D). Dotted curves are predictions of the 2-D Predict the saturation level, and do not exhibit the character-
code based on classical heat conductivitig=1 kG. istic retreat. However, the, =0 code explains correctly the

o phase. It should be noted that the measured decdy, iis
5T also well described by the 1-D transport code over the entire
RS S R 0 can decay stage extending up te 1.0 ms and labeled as “bulk
-t N T RgiiE plasma.” This trace corresponds to the baseline conditions

- prevailing in the absence of the heat input provided by the

LN injected beam.

|
o
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which the aspect rati@/L is larger than the critical value
previously discussed. This implies that the controlled injeCic. 11. Predictions of the transport code compared to experimental data
tion of heat at a small transverse scale is found to simultapoints for various values of the numerical coefficientgfand «; . Results
neously expand across and along the confining magnetief doubling and halving the coefficient f, are shown ina) and (b) while
field at the different rates predicted by the intrinsically a‘n_the results of doubling and halving the coefficientgfis shown in(c) and
isotropic classical theory of transport based on Coulomb col- "

lisions in a magnetized plasma.

Having ascertained the predicted temporal behavior ahroduces a filament about the same length but with a steeper
two distant axial positions at the center of the temperaturgyradient than the classical value. As a result, the temperature
filament (=0) the question remains as to how well is the 5t 7, is increased by about 20%, while the temperature, at
observed radial temperature profile explained by classicghcreases by 30%.
theory. The relevant comparison is shown By=1 kG in To explore the role played by the ions in determining the
Fig. 10 at an axial positioa=285 cm away from the beam ghape of the measured radial electron temperature profile,
injector at a timet=0.7 ms after the heat source is turned—on,:ig_ 12 compares the predictions of the 2-D code for three
(the full time dependence at=0 is shown in Fig. £ In this gifferent ion models. The electron temperature is represented
figure the dotted curve is the predicted behavior of the 2-Dyy the open circles and correspond to measurements at
transport code and the open symbols are experimental mea-og5 cm att=0.7 ms. The dotted line is the prediction
surements which scan the full spatial dependence across thgsed on local ion cooling by neutrals alone, i®.;=0.
temperature filament on both sides of its center, hence th¢he constant dash-length curve is obtained by holding the
x-label used in this display. It is found from Fig. 10 that jon temperature constant, while the dash—dot curve repre-
within the experimental uncertainty the measured temperasents the prediction including local ion cooling and ion

ture profile is well described by the classical theory. cross-field conduction, as given by Eg.4). From an exami-
The sensitivity of the predicted temporal and spatial be-
havior of the temperature plume to the numerical coefficients
of the perpendicular and parallel heat conductivities given in : : : : ]
Eq. (4.3 are illustrated in Fig. 11. If the numerical coeffi- B Doteiion conling . Rdtal lom conduction ]
cient of k, is doubled the heat transport code predicts,=at t : ]
1 ms, a filament two meters shorter with a peak temperature
at positionz; (285 cn) less than half the classical value. On
the other hand, ik, is halved, the filament is three meters
longer and the peak temperaturezatis almost double the
classical value. Clearly the predicted spatial distribution of
the temperature is very sensitive to the value of the numeri-
cal coefficient ofx, . The numerical coefficient ok, must
be within 10% of the classical value to agree with the mea-
surements. Changing the coefficient«gfresults mostly in a
change in the axial temperature gradient. Doubling the nu-
merical coefficient OfK” results in a filament about a meter FIG. 12. The role of ion behavior in determinir_]g the electron temperature
longer wih a gentler temperature gradient and the temperdfTle 112, 9per el 46 venmente ressuenens, Toe
ture atz; remains essentially unchanged while the temperagegit of holding the ion temperature constant, and the dot—dashed curve
ture atz, increases. Halving the numerical coefficientigf  uses classical ion thermal conduction as given by Ed.

T, (eV)
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different values of the confining magnetic field. Solid curves are measure-

ments and dotted curves are predictions of classical transport theory. Theig 14, Electron temperature profiles transverse to the confining magnetic
turn-on time for the heating beam is different for the different field strengthsgiq g for different field strengths. Open symbols are measurements and dot-

to ensure quiescent conditions. ted curves are predictions of classical theory. The time marks correspond to
the time scale in Fig. 13.

nation of Fig. 12 it can be deduced that the local model, in
which the ion temperature achieves a higher value, provides The radial profiles ofT, corresponding to the different
a better fit to the measured behavior. It can also be deducedlues of the confining magnetic field are shown in Fig. 14
that holding the ions at constant temperature gives the worgor an axial positiorz=285 cm from the beam injector. The
agreement and that the inclusion of,;# 0 is somewhere in times indicated in the various panels correspond to the time
between. However, it must be realized that the ion contribuscale used in the display of Fig. 14. It is seen from Fig. 14
tion to the T, profile is relatively small and the differences that good agreement is obtained between the measured val-
between the three ion models is within experimental uncerues ofT, (open symbolsand the predictions of the 2-D code
tainty. Since in this study there is no independent measurgdotted curves However, at the larger magnetic field values
ment of the ion temperature it would be inappropriate toa noticeable departure from the predicted behavior begins to
conclude the existence of an anomaly in the ion behavioroccur. The reason for these small departures from classical
However, it must be mentioned that the best fit to the entirdoehavior can be traced to the presence of a finite level of
data set gathered in this studincluding results not pre- enhanced fluctuations, which for the higher magnetic field
sented heneis consistently obtained by using the local ion cases develop very early in time and thus can not be fully
cooling model. eliminated by a judicious choice of the beam turn-on time.
The dependence of the behavior of heat transport on th&éhe overall trend seen from the profiles in Fig. 14 is that as
strength of the confining magnetic field is illustrated in Fig.By is decreased the temperature changes achieved are
13. The results shown in this figure are analogous to thosemaller and the profiles are wider, as expected.
presented in Fig. 9 foBy=1 kG. A significant difference in Figure 15 documents the development of spontaneous
Fig. 13 is that the time at which the heating beam is turned
on during the afterglow stage is different for the different
values of magnetic field used. One reason for doing this is to
ensure that the relevant data pertains to a quiescent situation 6

in which spontaneous fluctuations do not play a role in the i
transport processes. The position along the temperature fila- 1-|
ment being sampled in Fig. 13 is=0 andz=285 cm. The = 4p
solid curves correspond to measured values of the electron % K

oL

temperature and the dotted curves are the predictions of the L

2-D transport code for the different valuesky in the range 2 —\‘

of 0.5 kG to 1.5 kG. It is seen from Fig. 13 that the observed '

temporal evolution of the temperature filament closely fol-

lows the predicted behavior, including the rise time, satura- 0 ' i i . !

tion, and characteristic retreat features. This close agreement 0 2 4 timee(ms) 8 10 12

is quite remarkable because it corresponds to a variation of a

factor of 9 ink, , with no change in¢|. Of course, because FIG. 15. Time evolution of electron temperature désalid curve at r

k, and K| have a different functional dependence Tanthe fO, z=660 cm shows development of spontaneous flut_:tuation§ on a longer

different curves in this figure also validate the correct tem-ime scale foBo=1 kG. The dashed curve is the behavior predicted by the
. . . classical theory of heat transport, which in the presence of fluctuations fails

perature dependence associated with the classical theory B?

explain the observed behavior. To be compared to quiescent behavior
heat transport. shown in Fig. 9.
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fluctuations and the associated departure from the behavisample the intrinsic anisotropic nature of the classical theory
predicted by classical theory at a location 0, z=660 cm, it is necessary for the temperature filament to meet the strin-
for Bo=1 kG. The solid curve corresponds to measured valgent requirement that/L<1.72(Q.7.) ~®. It is the essence
ues ofT,; it clearly shows the spontaneous development off this experiment that this condition is achieved by using a
fluctuations in a frequency range=<0.1Q);. The dashed beam of small transverse extent and a very long plasma.
curve is the prediction of the 2-D transport code which inComplications resulting from secondary ionization produced
this case fails to explain the observed behavior. We defer thby the injected beam have been mitigated by working at
study of the fluctuations and the transition to anomalous heatlatively low voltages. This capability has been facilitated
transport to a future detailed publication. The purpose oby the usage of afterglow plasmas and relatively large con-
showing the result of Fig. 15 is to document that in this studyfining magnetic fields, so that substantial heating can be
the failure of the classical theory of transport is indeedachieved with modest heating power densities.

sampled when conditions that result in steep temperature It should be emphasized that the past decade has seen the
gradients are achieved, as is natural at the higher values dievelopment of increasingly sophisticated experiments prob-
the confining magnetic field which result in a situation, albeiting the nature of classical transport. Noteworthy among these

short-lived, of smaller radial heat conduction. are measurements of the effective cross-field thermal
conductivityl® determination of velocity—space transpbrt,
VI. CONCLUSIONS and test particle transpdftin non-neutral plasmas. Most re-

ently very delicate experimerifsin non-neutral plasmas

In this study we report measurements of electron hearif{ b dql N heat diffusiviti q
transport from a carefully chosen experimental arrangeme ave observed farge transverse heat di US.'V'(:E:E pare
to the classical values measured hemssociated with the

using the Large Plasma Devi¢eAPD) at UCLA that con- _ o L
clusively demonstrate the quantitative predictions of the clas§mal| Larmor radius conditions prevailing in such systems.
sical theory of heat transport in a strongly magnetized
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