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Coherent temperature oscillations corresponding to thermal (diffusion) waves are observed to be
spontaneously excited in a narrow temperature filament embedded in a large, but colder, magnetized
plasma. The parallel and transverse propagation properties of the waves satisfy the predictions of the
classical transport theory based on Coulomb collisions. The frequency of the oscillations meets the
conditions for a quarter-wave thermal resonator. This is the plasma version of thermal resonators used in
the study of other states of matter.
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In recent years the venerable topic of thermal (diffusion)
waves [1] has received increased attention [2], primarily in
the context of modern methodologies for diagnosing the
properties of condensed and gaseous matter. Advances in
experimental techniques and in the understanding of the
mathematical properties of diffusion equations driven by
sinusoidally, time-varying sources have resulted in the
concept of thermal-wave resonators [3]. The frequency
dependence of driven resonators is currently used to mea-
sure the properties of liquids [4], gases [5], and liquid-gas
mixtures [6]. Although thermal waves have not been as
extensively studied in the plasma state [7,8], some of their
features have been effectively used to deduce subtle issues
of the anomalous cross-field transport in tokamak devices
[9,10]. A complexity of thermal waves in magnetized
plasmas is that the thermal conductivity along the magnetic
field, !k, is several orders of magnitude larger than across,
!?. In addition, the numerical value of !k can be quite
large. This makes the study of thermal waves in plasmas
considerably more difficult than in the undergraduate
‘‘Angstrom modulation’’ experiment [11]. The plasma sys-
tems must accommodate a long, and spatially isolated,
heated region whose length along the magnetic field is
much larger than the cross-field dimension. Such a situ-
ation is reported in this Letter. By injecting a weak electron
beam into a large, cold, magnetized plasma, a hot electron
filament is established whose length is a thousand times
larger than its cross-field extent [12,13]. This configuration
provides an environment akin to the thermal resonators
developed for other states of matter, but, in addition, the
free energy available is found to spontaneously generate a
highly coherent thermal resonant cavity mode.

The parallel and transverse complex wave numbers of a
thermal wave at frequency ! can be obtained by lineariz-
ing the equation describing diffusive heat transport in a
uniform magnetized plasma [14] as done by Angström [1]
for a scalar medium. The results are
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For a plasma whose transport is determined by Coulomb
collisions [14,15] the electron thermal conductivities
are given by, !k ! 3:16nTe"e=m, !? ! 1:47!k"!e"e$%2

with the electron collision time being "e ! 3:44&
105T3=2

e ="n#$. Here, n is the plasma density, Te is the
electron temperature (in eV), m is the electron mass, !e
is the electron gyrofrequency, and # is the Coulomb loga-
rithm. If the parallel and transverse phase velocities, or the
axial and radial damping coefficients, of a thermal wave
can be measured, the values of the corresponding conduc-
tivities can be obtained. Furthermore, the ratio of the real
(or imaginary) parts of the radial and axial wave numbers
yields a measurement of the electron collision time, as
shown later.

The experiment is performed in the upgraded large
plasma device (LAPD-U) [16] operated by the Basic
Plasma Science Facility (BaPSF) at the University of
California, Los Angeles. A pulsed helium plasma column,
70 cm in diameter and 18 m long, with density in the range
of 1–3& 1012 cm%3, is used. The results reported are
obtained for a magnetic field strength of 900–1000 G.
The plasma pulses are repeated at a 1 Hz rate with a high
degree of reproducibility. The experiment consists of in-
jecting a small electron beam into the afterglow phase of
the plasma, 0.5 ms after the main discharge voltage pulse is
terminated. In the afterglow the background plasma den-
sity is still high, but the plasma temperature is low. During
the main discharge Te ! 6–8 eV, but at the time of beam
injection it has cooled to about 2 eV due to electron heat
loss by conduction to the ends of the device. During the
main discharge the ion temperature remains below 1 eV. In
the afterglow it equilibrates with Te, while the plasma
density decays on a slow time scale of about 2 ms due to
ambipolar flow to the ends of the device.

The electron beam is produced by heating a 3 mm
diameter single crystal of lanthanum-hexaboride and bias-
ing it 20 V relative to the mesh anode of the source,
resulting in a peak current of 250 mA. The beam is injected
at plasma center in the direction towards the cathode of the
device, 16 m away. For the low beam voltage used, the
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extra ionization produced by the beam electrons is negli-
gible. The beam electrons are slowed down by the back-
ground plasma and deposit their energy in a distance of
approximately 1 m from the injection point. The beam
therefore produces a heat source a few millimeters in
diameter and about a meter in length. Heat conduction
parallel to the magnetic field results in a hot channel
approximately nine meters in length and five millimeters
in radial extent, with peak Te of about 6 eV. Thus the
system approximates a nearly ideal situation consisting
of a temperature filament embedded in an infinite, colder
plasma. This is the environment in which the thermal
waves are explored.

The electron temperature is obtained as a continuous
function of time from I-V traces reconstituted from an
ensemble of Langmuir probe measurements. The individ-
ual members of the ensemble are obtained by measuring
the current, I, drawn by a small, planar, probe whose bias
voltage, V, is held constant during a single discharge but is
incrementally changed after 20 discharge pulses have been
recorded at that voltage. In this manner a statistical I-V
curve is constructed from which the value of Te can be
deduced at any time by a suitable exponential fit [17]. This
technique uses 2000, nearly identical, plasma discharges.
Such an approach is required because the probe character-
istic cannot be swept sufficiently fast over the desired
range to measure wave properties within a single pulse.
The advantage of the technique is that it permits the study
of changes in Te with high temporal and spatial resolution.

The existence of a spontaneous thermal oscillation (i.e.,
not externally excited by an oscillatory source) is shown in
Fig. 1. It displays the time evolution of Te at an axial
position z ! 224 cm from the beam injector and a radial
location corresponding to the filament center. Figure 1(a)
shows the time development over the full beam-pulse
(10 ms). It exhibits a spontaneously generated oscillation

superimposed on the nearly steady-state temperature of the
filament. Figure 1(b) is an enlarged view over a 2.2 ms
range that highlights the coherency of the oscillation. The
solid curves are experimental measurements and the
dashed curves are the predictions of a two-dimensional,
time-dependent transport code that uses classical thermal
conductivities based on Coulomb collisions. The details of
the transport code have been previously described in Sec.
IVof Ref. [13]. The effective heating source is modeled as
a uniform cylinder 1 m in length (the beam thermalization
length) and radius equal to that of the beam crystal. The
error bar in Fig. 1(a) (seen at 6 ms) represents the standard
deviation of the entire statistical ensemble used to obtain
Te. The code result in Fig. 1(a) does not model the thermal
wave, while in Fig. 1(b) an oscillatory heat source is
included whose radial extent is 1=3 that of the unperturbed
beam. Its frequency is 5.1 kHz and its amplitude corre-
sponds to 50% of the heat deposited by the unperturbed
beam. The bottom trace in Fig. 1(a) shows the time varia-
tion of the injected beam current. It indicates that current
modulation is not the source of the thermal oscillations. A
possible candidate for their origin is the analog of the heat-
flux instability found in the solar wind [18] and in laser-
plasma interactions [19].

The nonoscillatory time evolution of the electron tem-
perature is described to a high level of precision by clas-
sical transport theory as demonstrated in Fig. 1(a). This is a
nontrivial result because the phenomena involves simulta-
neous axial and radial heat transport over a range where the
nonlinear dependence of !k and !? is sampled. It is also
evident from the comparison in Fig. 1(b) that a model
based on a thermal wave that propagates radially and
axially according to classical transport is in quantitative
agreement with the observations. It should be noted that, to
a large extent, the apparent temporal damping seen in the
thermal oscillation in Fig. 1(a) is due to a loss of shot-to-
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FIG. 1 (color online). Time evolution of electron temperature, Te, at a position 224 cm axially away from the beam source at the
filament center. (a) Development over the full beam-pulse. (b) The spontaneous coherent thermal oscillation over a 2.2 ms interval.
Solid curves are experimental measurements and dashed curves are predictions of the transport code. The code result in (a) does not
include a driven thermal wave, while in (b) a modulation at 5.1 kHz is included. The bottom trace in (a) is the injected beam current.
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shot coherency in the ensemble of the 2000 independent
discharge pulses. The thermal oscillations are apparently
phase locked to the turn-on of the beam pulse, but this
phase locking has a degree of variability which leads to the
apparent temporal damping. The ion saturation current
(Isat /

!!!!!
Te

p
) for an individual pulse contains oscillations

extending over time intervals much longer than indicated
in Fig. 1(a).

The axial propagation of the thermal wave is measured
using a cross-spectral technique. Two Langmuir probes
are placed "z ! 384 cm apart axially. One of these is
fixed at approximately r ! 0:15 cm to ensure that low
frequency oscillations related to the thermal wave are
detected while also minimizing perturbations during a
full two-dimensional cross-field scan performed by the
other probe. The phase difference (cross phase) between
the measured signals as a function of frequency and posi-
tion is extracted from the cross-spectrum and used to
compute the axial phase velocity at the frequency of the
thermal wave [20]. No filtering of the raw time signals is
necessary in this procedure. The minimum phase differ-
ence found in the measurement plane is used to obtain a
lower bound on the parallel phase velocity (i.e., an upper
bound on the real part of the parallel wave number). The
measured axial phase velocity of the thermal oscillation
extracted from this technique is vk ! 1:9& 107 cm= sec ,
in good agreement with the value predicted by the transport
code, vk ! 2:2& 107 cm= sec .

As expected from (1), the relatively large value of the
imaginary part of the transverse wave number, due to the
low transverse thermal conductivity, should result in strong
radial localization of the thermal oscillations. Such behav-
ior is demonstrated in Fig. 2, where it is seen that the
thermal fluctuations have a much smaller radial extent

than the region heated by the beam. The radial decay rate
of the fluctuation amplitude can be estimated from the
observed radial profile of the fluctuations. The spatial
shape of the thermal radiation pattern is determined by
the convolution of the thermal wave Green’s function and
the source of the thermal oscillations. For a delta function
source, the radial decay of the radiation amplitude will be
determined by the imaginary part of the transverse wave
number, A"r$ ! A0 exp"%r=$r$, where the decay length $r
is the inverse of the imaginary part of the transverse wave
number ($r ! 1=Im"k?$). For a source with finite radial
extent, convolution will result in a slower radial decay in
the radial amplitude. Thus, the measured decay rate of the
fluctuation amplitude can provide an upper bound on the
decay length and thus a lower bound on the imaginary part
of the transverse wave number. In Fig. 2 the solid curve is
the measured radial dependence of the amplitude of the
thermal oscillations (integrated over the frequency range
3.7–6 kHz) and the dashed curve is the prediction of the
transport code. Again, good agreement is obtained. From
these curves the radial damping length can be extracted.
The extracted value is $r ! 0:10 cm while the code pre-
dicts 0.09 cm. The top curve in Fig. 2 is the nonoscillatory
electron temperature profile. It is much broader than the
radial pattern of the thermal oscillation.

From measurements of the decay rate of the radial
profile of the fluctuation amplitudes and the axial phase
velocity of the thermal wave, the ratio of the imaginary part
of the transverse wave number to the real part of the
parallel wave number, the quantity Im"k?$=Re"kk$, can
be estimated. Using Eq. (1), this ratio is Im"k?$=Re"kk$ !
"!k=!?$1=2 ! !e"e=1:21, which yields a value of the
collision time, "e ! 5:93& 10%7 s. This value can be
compared to a direct evaluation for nominal parameters
(Te ! 5 eV, n ! 1012 cm%3, # ! 10) of "e ! 3:87&
10%7 s. Given the spatial variations of the parameters
and intrinsic experimental uncertainties, these values are
consistent.

The transport code can be used further to understand the
origin of the oscillation frequency displayed by the coher-
ent thermal wave, as is illustrated by the axial dependence
shown in Fig. 3. The solid black curve labeled Te is the
calculated steady-state axial temperature profile; it exhibits
an overall length of about 8–9 m. The horizontal solid red
line corresponds to a phase value of %=2. The remaining
two curves are labeled within the legend of the figure. The
solid blue line (code) is the phase of the thermal mode
predicted by the transport code while the dashed green line
(WKB) is the Wentzel-Kramers-Brillouin phase deter-
mined from (1) for the calculated profile. The intersection
of the horizontal red line with the phase curves indicates
the axial position corresponding to one-quarter wave-
length. Indeed, it is seen that the temperature filament
behaves as a quarter-wave resonator for the thermal oscil-
lation. An independent estimate of the length, L, of the
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FIG. 2 (color online). Solid curve shows the radial dependence
of the normalized amplitude of the coherent thermal oscillations
at z ! 544 cm. Dashed curve is the prediction of the transport
code. The top dashed-dotted curve is the radial profile of the
electron temperature filament.
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resonator can be deduced from the measured axial phase
velocity based on the following relationship deduced from
Eq. (1),

 fR ! %!k
6L2n

; (2)

in which fR is the thermal-wave frequency. This yields
L ! 9:4 m.

From a closer examination of Fig. 1(b) it can be seen that
there is a relative slippage between the calculated thermal
wave, of constant frequency, and the measured signal. This
implies that the spontaneously excited mode undergoes
small frequency shifts as the parameters of the effective
quarter-wave resonator evolve in time. The frequency ex-
trema are 3.9 and 5.2 kHz, though the higher frequencies
are achieved within approximately 0.5 ms of the initial
oscillations. Experimental determination of the frequency
change in time is achieved by manually measuring the
period of the thermal oscillation for the distinct periods
observed.

Although the detailed mechanism that triggers the spon-
taneous oscillations requires further investigation, the re-
sults show that a temperature filament embedded in a
colder, magnetized plasma supports coherent thermal os-
cillations. These correspond to diffusion waves that satisfy
the quarter-wave resonator condition along the magnetic
field. The radial and axial properties of this resonator mode
are consistent with the classical theory of transport based
on Coulomb collisions. These results suggest that specially

designed, oscillatory electron beam sources could use this
phenomenon to explore anomalous transport behavior in
magnetized plasmas. Also, it is possible that similar oscil-
lations may be encountered in natural environments lead-
ing to filamentary structures, e.g., the solar corona.
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FIG. 3 (color online). Axial dependence of resonator. Curve
labeled Te is the steady-state axial temperature profile predicted
by transport code. Solid blue curve is the axial phase of a
temperature wave at 5.1 kHz also obtained from the code.
Dashed green line is a WKB phase calculation using the disper-
sion relation of Eq. (1). Red line corresponds to a wave phase of
%=2. Intercept of curves shows system behaves as a quarter-
wave thermal resonator.
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