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Cross-Field Electron Thermal Conductivity in an Electron-Beam —Plasma System
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The cross-field electron thermal conductivity coefficient, x&, in an electron-beam-heated cylindrical
magnetoplasma (no —3x10" cm; ~BO~ =30 6, 120 6; Vb =200 V; Ib ~2.5 A, tb ~5 its) is mea-
sured. Results are compared with classically predicted values. After beam turnoff', x& approaches
within a factor of 3 the classical value, except for the case Ib =1.S A, ~ Bo~ =120 G. For that case, and
during the beam pulses, x.& is found to be anomalously high, by up to over 2 orders of magnitude above
the classical value.

PACS numbers: 52.25.Kn, 52.25.Fi

Heat-transport studies in a plasma are important in

fusion engineering and space physics, among other fields.
Electron heat flow across a magnetic field, due to an
electron thermal gradient, was theoretically analyzed, '

then experimentally verified, for the case of not very
strong fields, i.e., to„/v, -6 (to„ is the electron cyclotron
frequency; v, is the electron collision frequency).
Analysis of such heat flow for strong fields (cu, ))v, )
yields the transport coefficients used in this paper.

In the experiment, cross-field heat transport is ob-
served from the electron-beam-heated central axis (the
"beam flux tube, " radius r ~ 1.27 cm) of a cylindrical
plasma, to r =3.4 cm off axis. The beam produces tur-
bulent Langmuir waves of various phase velocities.
Some of these trap background electrons, producing en-

ergetic electron tails (—10-50 eV) as they damp, to
heat the background. Negatively biased grids, placed 1

and —35 cm from the beam cathode face, axially
confine the heat of the background electrons to a limited
region, leaving radial heat diffusion as the major
loss mechanism. The cross-field electron thermal-
conductivity coefficient is then obtained from probe mea-
surements of kT, (r, t) and n, (r, t).

Theory predicts that for a simple two-component
(electrons and singly charged ions) magnetoplasma, the
total electron heat flux, q', may be represented as the
sum of frictional heat flux, q„', and thermal-gradient heat
flux, qT. The former diffuses heat among the electrons
through unlike-particle collisions, assuming a nonzero
relative streaming velocity, u. For the cases considered
here, q' is

not exhibit axial drifts; elastic
th ions and neutrals do not act
e/sink on the 45-ps time scale of
xV~(kT, )] is 0, as azimuthal

heat flow carries heat only along isotherms; axial unifor-
mity is maintained between the grids (V~~ —0) through
rapid axial transport up to the confining grids (measure-
ments made along the central axis of the system during
and after a 200-V, l.5-A beam pulse indicate that

~
VtkT, /kT, (

—
( V~~n/n

~
(0.02/cm); and azimuthal

symmetry is maintained. The last two conditions result
in time and the radial position being the only indepen-
dent coordinates.

From the stress-tensor component equations, P:Vv
may be evaluated as —0 24nkT, r, (av, /a, .+ v„/r)
(v, =v, r", a/ay=a/az =0).

From the above, rc& may be calculated to be

(2)+V. (nv, ) =S,

a(kT, )
+v, V(kT, ) +nkT, V v,

t
~SkT, + 2n

(3)= —V q' —PVv+Q
where n, =n; =n, 5 is the source for electrons, P is the
electron stress tensor, and Q is the electron heat source.

The experimental design allows the following simpli-
fications: u& is caused by the V~xB electron drift (as
confirmed by comparison of measurements made in both
30- and 120-6 fields); ut —0, as background electrons,

3 nkT, - Aq'=0. 71nkT, ut+ — bx (u&+u„) —
rc~~V~~(kT, ) —tc V (kT, ) —x bxV (kT )

2 COLe 7e

where the field is Bo =Bob; r, is the electron/ion collision
time; and x~~, ~A, and x& are the electron thermal con- reflected by the grids, do
ductivity coefficients. collisions of electrons wi

The particle-conservation and energy-transport equa- as an electron heat sourc
tions for the electron species are this experiment; V [tcAb

a(kT, )x r jr'
—1.5

I'

„,„„,d(r, t) =J r ~
z n (kT, )+v, (kT, ) +kT, 2

S—

kT,
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Q dr'
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FIG. l. Experimental setup.

The classical cross-field electron thermal-conductivity
coefficient for a two-component magnetoplasma is given
by x»,~;««t(r, t) =4 7n. kT, /rnto„r,

The experimental setup is depicted in Fig. 1. A pulsed
magnetized-discharge plasma column (argon pres-
sure 1.3 x 10 Torr, chamber base pressure =2.0
&& 10 Torr, axial 80 =30, 120 6, ~

VBO/Bo
~~ 0.001/cm) is created by use of a BaO-coated cathode.

The resultant afterglow plasma density and electron tem-
perature decay exponentially in time, with respective de-
cay times r„-630 ps, rt, T -770 ps. (As the plasma de-
cays through axial losses, r„and rkT are independent of

~ Bo~.) The afterglow plasma is heated by an electron
beam fired along the central axis by a 2.5-cm-diameter
BaO-coated cathode (Vb =200 V, rb =3-5 ps) applied
typically at 600 ttts into the afterglow (kT, =0.3 eV,
n =3X10" cm). Heating occurs within 5 cm of beam
injection. The grids used for electrostatic axial heat and
particle confinement are pulsed negatively (Vg = —150
V, zg 45 ps, with Vg attained 1 ps prior to beam
firing), so that Vb & —

Vg ))max(kT, /e), allowing only
beam electrons to pass. (The grids partially trap the
electron tail. ) The grids' diameter, 10 cm, is much
greater than that of the beam flux tube, preventing heat
and particle leakage around the edges. kT, and n are
measured only during the grid pulse. As zg&&z„, zkT,
measured changes in n and kT, are independent of plas-
ma decay.

Plasma parameters are measured with a single-sided
pulsed Langmuir probe (area =0.75 mm ) midway be-
tween the grids. Radial position is adjusted during a
data run. The probe face normal is perpendicular to the
beam path. This avoids interference from the energetic
tail electrons along Bo, during and shortly after the beam
pulse. (The beam tail lasts —3 ps after the beam
pulse, with a decay due to inelastic collisions. ) Probe
current is sampled (ht 100 ns) for temporal resolution;
probe current versus probe voltage is plotted over —500
shots. The plots from various probe positions and sample
times yield a temporal and spatial map of kT, and n.

As described below, kT, (r, t) and n(r, t) are used to
derive the following quantities: their partial derivatives
with respect to time and space; the particle source,
S(r, t); the electron radial velocity, v, (r, t); Bv,/Br; and
the heat source, Q(r, t). With these terms in the in-

tegrand of (4) calculated, Simpson's rule is used to com-
pute the integral. a& may be easily calculated from this.

Partial derivatives of kT, are taken after the finding of
suitable functions which are least-squares fitted to the
measurements of kT, . Temporally, kT, is seen to rise
and fall exponentially. For evaluation of B(kT, )/Bt, at
position r;, the function kT, (t) =A;exp( —8;t ')+D; is
fitted to the temperature measurements. As S and Q are
discontinuous at beam turnoff, (2) and (3) imply discon-
tinuities in derivatives of kT, and n. Therefore, different
choices of A;, 8;, C;, and D; are indicated for the periods
of temperature rise and fall. Bn/Bt is evaluated similar-
ly.

The cylindrical symmetry of the beam/plasma system
suggests fitting of a summation of Bessel functions to
measurements of kT, in order to evaluate B(kT, )/Br.
Discontinuities exist in the derivatives of kT, and n at
the edge of the beam flux tube; these were found to be
far less pronounced than the temporal derivative discon-
tinuities. At any given time t;, one function may be used
to approximate kT, (r), for all r. As the function must
be evaluated at r =0, only Bessel functions of the first
kind, J~, may be used in the summations. Vse of only Jo
and Jt proved to give an accurate fit (—~ 10%); i.e.,
the function used for time t; is kT, (r) =A Jo(a;r)
8 Jt(b;r)+C . Bn/Br is evaluated similarily.

To evaluate S, the particle source/sink, fSdV, is
solved by use of the integral of (2) over the volume be-
tween the grids. (All spatial integrals in this paper are
evaluated over the volume between the grids. )
fV (nv, )dV is taken to be 0, as particle flux through a
cylindrical surface &3 cm from the beam axis is seen to
be negligible. If we assume that S is nonzero, and uni-
form, only for a volume Vo contained in the volume be-
tween the grids, JSdV reduces to SVO. Electrons put
into the system are assumed to originate from the beam-
flux tube; for fSd V & 0, Vo is taken to be the beam-flux
tube volume. Electrons lost from the system are as-
sumed to flow out radially (as the grids block axial flow);
for fSdV & 0, Vo is approximated to be the volume of
the cylindrical region between the final two radial mea-
surements. Dividing JSdV by the relevant Vo gives S.

With knowledge of S, (2) is used to calculate v, and
Bv,/Br. With use of n, and the procedure described
above to calculate Bn/Bt and Bn/Br, v, and Bv,/Br are
solved for numerically. The Runge-Kutta method of or-
der 4 is used, with the boundary condition v„(r =O, t) =0
for all s.

Q, the energy source/sink, is calculated in the same
fashion as S. fQdV is evaluated by use of the integral
of (3). JV qTdV is taken to be 0, as the thermal-
gradient heat flux through a cylindrical surface over 3
cm from the beam axis is negligible.

Results for three experimental conditions are present-
ed. During data run 1, ~ Bo~ =30 6, rb =3 ps, Ib —2.5
A, grid positions z~ 1 cm, z2 =44 cm from the beam
cathode face; initially, n =2.2X10"cm, kT, =0.6 eV.
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During data runs 2 and 3, l Bo l
=120 6, rb =5 ps, grid

positions z| = 1 cm, z 2
=25 cm; initially, n =3.5 x 10"

cm, kT, =0.3 eV. Ib during data run 2 was 0.5 A;
during data run 3, 1.5 A.

In each case, the beam drastically increases kT, over a
very short time (—1 ps) in the beam-flux tube, as shown
for data run 3 in Fig. 2. Inside the beam-flux tube, n in-
creases rapidly during the beam, because of ionization by
the grid-confined tail electrons. This creates a sharp
density gradient (during data run 3, lVn/n l rose to
1/cm, at beam edge). Both ions and electrons drift out-
ward from the beam flux tube, in response to the density
gradient; during data run 3, electron radial velocities of
—10 —10 cm/s were found.

kT, is roughly constant in the middle of the beam-flux
tube, leading to difficulty in solving (4) there; x~ is not
calculated near the edge of the system, or at late times in

the data set, as small spatial and temporal derivatives
yield inaccurate results.

Results for x & in each of the three data runs are

presented in Fig. 3. For the cases lBol =30 G and

lb =0.5 A, lBol =120 6, x& converges very nearly to
predicted values (within a factor of 3) after beam
turnoA. This is an experimental confirmation of classical
transport theory.

During the beam pulse, for
l Bo l

=120 6, x~ exceeds
classical expectations by over 2 orders of magnitude.
Significantly higher values of x& than predicted are also
measured during the beam pulse for the case l Bo l

=30
6, as well as after the beam pulse for the Ib =1.5 A,

l Bol =120 G. This implies that other causes of heat
flow, in addition to collisional, are present. It has been
theoretically shown that ion acoustic waves may be
driven unstable by electron thermal gradients; this insta-
bility increases x& to 's' (m/2) '

l eP/kT, l (co~/ro„)
x(nkTe/m) (approximating the ion acoustic spectrum
by an average mode with k =kD/2). Ion acoustic waves
have been observed in electron-beam/plasma systems.
In one experiment, without grids, l bn/n l—

l
er/p/kT, l

—0.01-0.06; for n =3x10'' cm, kT, =2
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FIG. 2. &T, and n vs radial position and time for l Bo i
=120 6, Ib =1.5 A. Symbols are experimentaHy measured points; solid

lines are curve figs to the data, used for calculation of derivatives. Times are measured from beam turn-on; positions are measured
from central axis.
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eV, this increases the predicted tc~ by a factor of up to
17. The waves are found to damp out -2 ps after beam
turnoff. It is believed that an effect of the electrostatic
trapping of the grids is to increase bn/n, and decay time
of the waves, causing the anomalously high x& values
measured. For i Bo i

=120 6, with pulsed grids, the au-
thors detected significant wave activity (f-1-15 MHz,

i et/t/kT, i
—0.10) during the beam pulse (Ib =1.5 A), as

well as activity (f—1 MHz, pep/kT, i
—0.05) for —10

ps after beam turnoA'. The dispersion relation of these
waves is being investigated; it seems likely that these
waves are azimuthal ion acoustic waves responsible for
the high measurements of x& during the 120-G measure-
ments.

More accurate evaluation of tea measured/tee predicted

not feasible with the present experimental setup. Es-
timated measurement errors in kT, and n are —5% and
—10%, respectively. As tc»„d;„,dts:n /(kT, ) ', the un-

certainty in KJ p d t d is —22%. Much larger errors re-
sult from calculation of x& „,„„d, due primarily to the
multiple evaluations of partial derivatives. Errors are
determined by use of a pseudorandom number generator
to alter the various measurements of tcT, and n, within
the measurement errors, then reevaluating (4) based on
the new values. This procedure is repeated m times. By
use of the m values, an average and standard deviation of
&a messUtt;d/&L predicted is calculated for each r and t. m is
determined empirically. The standard deviations are in-

dicated by error bars in Fig. 3.
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FIG. 3. x~ vs time for each of the three data runs. Error
bars represent standard deviations. Times are measured from
beam turnon; positions are measured from central axis.
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