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Results are presented from a basic electron heat transport experiment consisting of multiple magnetized electron
temperature filaments in close proximity. This arrangement samples cross-field transport from nonlinear drift-
Alfven waves and is used to study elements of chaotic heat flow. Experiments are performed in the Large Plasma
Device (LAPD) at the University of California. A biased LaBg cathode injects low energy electrons (below
ionization energy) along a strong magnetic field into a pre-existing large and cold plasma forming an electron
temperature filament embedded in a colder plasma, and far from the machine walls. A carbon masking plate with
several holes is used to create 3 electron temperature filaments. Drift-Alfven and thermal waves from a single
filament have been characterized and compared to previous studies with a different electron beam source. The 3-
filament case exhibits a complex wave pattern and enhanced cross-field transport.
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INTRODUCTION

Electron heat transport in magnetized plasmas
remains one of the active research topics within the
plasma community, primarily because of its relevance to
achieving controlled fusion. Steep cross-field pressure
gradients in magnetized plasmas can lead to the
spontaneous growth in temperature, density and
magnetic fluctuations once a certain threshold gradient
is exceeded. These fluctuations give rise to complex
heat transport processes that result in energy losses
exceeding predictions based on classical transport due
to Coulomb collisions [1-3].

To simplify the study of electron heat transport, a
series of basic experiments have been performed over
the past decade in the Large Plasma Device (LAPD) [4]
operated by the Basic Plasma Science Facility (BaPSF)
at the University of California, Los Angeles (UCLA).
Since the details of the experimental arrangement and
the major findings have been previously published [5-
11], only a brief description is given here. The generic
experiment uses a small (3 mm diameter), single-crystal
lanthanum hexaboride (LaBg) cathode to inject a low-
voltage electron beam into a strongly magnetized (1 kG),
cold, afterglow-plasma. The low-voltage beam acts as
an ideal heat source that produces a long (~8 m), narrow
(~5 mm in radius) temperature filament that is well
separated from the walls of the machine. The existence
of a transition from a regime of classical transport to
one of anomalous transport has been established
through detailed measurements. During the period of
classical transport, drift-Alfvén waves grow linearly,
driven by the temperature gradient [12].

In a macroscopic model of the temperature filament
the evolution can be described in terms of an advective-
diffusive heat equation [13]. The dimensionless number
associated with this partial differential equation is
known as the Péclet number (Pe) and is essentially the
ratio of the rate of advection by the ExB flow (Vgyg) to
the rate of heat diffusion(x). In the case of classical
diffusion this ratio scales like Pe=LVgg/k which for
classical heat transport becomes Pe = 0.32 (Q,t,)(eD/T),
Where Q. is the electron cyclotron frequency, T, the
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electron-ion collision time and @ is the electric potential.
In the regime where Pe > 1 convection dominates and
temperature gradients tend to be steeper. For the present
experiments the Péclet number is typically between 3
and 30 and we will be operating the filament
experiments in the higher Pe number regime so that
nonlinear convective processes associated with drift-
Alfven waves dominate.

A very recent experiment designed to study electron
heat transport, using a ring source that produces a
hollow, cylindrical heat region embedded in the
background cold plasma, has yielded some intriguing
results exhibiting intermittent collapses of the plasma
pressure profile [14]. These intermittent collapses are
interpreted as transport avalanches and are
experimentally shown to be associated with unstable
drift-Alfven waves. To create the hollow electron
temperature filament a new source was designed.
Instead of using a LaBg crystal as in the earlier
experiments a secondary disk-shaped cathode [15] made
of LaBg is inserted into the machine at the opposite end
of the barium oxide (BaO) coated cathode. The front
side of the LaBg disk, which is 8 cm in diameter, is
masked by carbon plates to leave a ring of exposed
LaBg with 4 cm inner diameter and 6¢cm outer diameter.
A modification of this source was used for the
generation of multiple temperature filaments as will be
explained in the next section.

In this paper we investigate electron temperature
filament-filament interactions within the context of
nonlinear convective heat transport using similar base
parameters as in the previous experiments. Previous
results from the 3 mm filament experiments using single
crystals have shown that deterministic chaos drives the
cross-field transport. In the three filament scenario we
expect chaotic transport between the three filaments will
be enhanced since the electrons are ExB convected from
one filament to the next when they are in close
proximity.

1. EXPERIMENTAL SETUP

For the first set of experiments we use the cathode
with carbon masking technique to create several
filaments. Working with the 8 cm diameter LaBg
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secondary cathode we apply a carbon mask with 3
separate holes, each 1.0 cm diameter, and with hole
separation of 1.5 cm from center-to-center. The location
of the LaBg secondary cathode and carbon mask is
shown in Fig. 1. The small spacing between holes is
chosen such that the cross-field spatial interaction
between the drift-Alfven waves will be enhanced, thus
modifying the transport behavior.

Emission currents of the LaBg cathode are
approximately a few amperes and the temperature of the
cold background plasma rises from 0.25 eV to about
5¢eV when a bias voltage of 10...20 V is applied. The
densities in the afterglow phase of the main discharge
are about 10™ cm™ and the background magnetic field
of 1000 G was used.

1 Hz, 12 ms pulses
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Fig. 1. Schematic of the experimental setup. The main
LAPD cathode-anode operates at 1 Hz, with 15 ms
pulses. When the LAPD plasma reaches steady state, the
LaBg cathode-anode is pulsed on. Probe access through
ball valves at multiple z locations allows for three
dimensional probing of the plasma (a); photo of the
carbon masking plate situated in front of the LaBg
cathode (b)

2. RESULTS OF MULTI-FILAMENT
EXPERIMENT

The results of Langmuir probe measurements in a
2D plane located approximately 3m from the LaBs
cathode source are shown in Fig. 2. In this figure the ion
saturation current is shown at three different times
following the source turn-on. It clearly shows the
presence of distinct filaments that begin to interact
nonlinearly within a fraction of a milli-second. In the
next set of results we examine the spatial structure of
the various low frequency fluctuations that are present.
In Fig. 3 the amplitude of the ion saturation current in
the 2D plane is shown for one of the dominant low
frequency modes (drift-Alfven) at 20.8 kHz.
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Fig. 2. Sequence of frames at three different times
13.041 ms (a); 13.14 ms (b); and 13.219 ms (c);
depicting the Langmuir probe measurements of ion
saturation current in a 2D plane, located about 3 m
from the LaBg cathode source

These modes are localized to the maximum thermal
gradient region in each filament and we observe that
they are only weakly spatially overlapping. The
azimuthal mode numbers of these drift-Alfven waves
ranges from m=1...3 on each filament.
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Fig. 3. Amplitude of the ion saturation current in a 2D
plane for fixed frequency 20.8 kHz. Bias voltage of 20 V
and 1 kG magnetic field were used

Fig. 4. Frequency versus y position at fixed x location
indicated by dashed line in Fig. 3, for a)bias voltage of
10V, and b) bias voltage of 20 V. Magnetic field of
1 kG was used

Different frequencies were examined, spatially at a
fixed x-position, along a y-cut indicated by a dotted line
in Fig. 3. As illustrated in Fig. 4,a, for bias voltage of
10 V and 1 kG magnetic field, the 20.8 kHz drift-Alfven
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modes are not strongly overlapped, however, the
1...5 kHz fluctuations are more significantly interacting.
The origin of these lower frequency eigenmodes is
currently being investigated. When the bias voltage is
raised to 20 V there is an enhancement of the 1...5 kHz
range fluctuations and a modification of the amplitude
around 20 kHz. This is partially due to the enhanced
convective transport and rotation of the three filaments.

3. DRIFT-ALFVEN MODES

For determination of the temperature gradient-driven
drift-Alfven mode frequencies it is useful to first
consider a simple, local description of the drift-Alfvén
instability associated with a pure electron temperature
gradient in order to identify the parameter dependencies.
The relevant dispersion relation is given by Eq. (30) of
Ref. [12]

2
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where the local electron diamagnetic drift frequency is
w, =k Vi/L 0, with Q. the electron gyrofrequency
{.=w/(V2k, V), Ly= |VT/T|™ the temperature
scale length, k, = m/r the local azimuthal wave number,
and ps=cs/ Q; the ion sound gyroradius, defined as the
ratio of the ion sound speed C, to the ion cyclotron

frequency Q;. The local electron thermal velocity is V.

and the Alfvén speed is V, while Z corresponds to the
derivative, with respect to argument, of the standard
plasma dispersion function. In the dispersion relation
the terms inside the left bracket describe the zero
electron mass (MHD) shear Alfvén wave branch, while
the terms inside the right bracket describe the
collisionless, drift-wave branch. For small transverse
scales (i.e., large k), as is appropriate for this study, the
two branches are coupled and result in a collective
mode known as the drift-Alfvén wave, which can
become unstable for certain values of the azimuthal
mode number, m, and axial wave number k,. The
accurate calculation of the linear growth rates and real
frequencies requires the solution of coupled differential
equations for the electric and magnetic potentials to
determine the complex eigenfrequencies and the
associated eigenfunctions that satisfy the proper
boundary conditions. Such an analysis has been
performed for the temperature filaments considered here.
The range of excited azimuthal mode numbers is m~1-6,
the frequency of oscillations is Rew ~ 0.09 Q;, and the
higher mode-numbers show relatively fast growth
(comparable to the real frequency). The linear theory
predicts a dominant frequency of approximately 25 kHz
which is in rough agreement with the observed values.

CONCLUSIONS

In this paper results are presented from a basic
electron heat transport experiment designed to produce
multiple magnetized electron temperature filaments in
close proximity. This arrangement samples cross-field
transport from nonlinear drift-Alfven waves and is used
to study elements of chaotic heat flow. Experiments are
performed in the Large Plasma Device (LAPD) at the
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University of California. A biased LaBg cathode injects
low energy electrons (below ionization energy) along a
strong magnetic field into a pre-existing large and cold
plasma forming an electron temperature filament
embedded in a colder plasma, and far from the machine
walls. A carbon masking plate with several holes is used
to create 3 electron temperature filaments. Drift-Alfven
and thermal waves from a single filament have been
characterized and compared to previous studies with a
different electron beam source. The 3-filament case
exhibits a complex wave pattern and enhanced cross-
field transport. The nonlinear interaction amongst the
filaments is dominated by fluctuations in the range
1...5 kHz which is much lower than the temperature
gradient-driven drift-Alfven modes, which are in the
20...30 kHz frequency range. Characterization of the
nonlinear eigenmodes is currently underway with
guidance from a nonlinear gyrokinetic particle
simulation model [16] and results will be reported in a
separate paper.
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HEJUWHEWHBIIA KOHBEKTUBHBIN MEPEHOC TEILJIA B HECKOJIbKMX 3AMATHUYEHHbBIX
HUTSX C QJEKTPOHHOM TEMITIEPATYPOM
R.D. Sydora, B. Van Compernolle, S. Karbashewski, G.J. Morales, J.E. Maggs

[IpesncTaBiaeHbl pe3ynbTaThl M3Y4eHHs IEpeHOca TeIula MEXAY HECKOJIBKUMH 3aMarHMYeHHBIMH HUTSMHU C
AJIEKTPOHHOM TEeMIIepaTypoi, HaXOASLIMMUCS B HEMOCPEICTBEHHOW OnM30cTU. Takoe pacroyioKEeHUE MO3BOJISET
M3y4yaTh MEPEHOC TEeIUla MOMepeK MOJsl M3-3a HEeJIMHEHHBIX Npeii(oBo-aab()BEHOBCKUX BOJH M HCIOJIB3YETCS IS
M3yYEHUS] COCTABHBIX YaCTEH XAaOTHYECKOTrO TEIUIOBOrO IMOTOKA. JKcnepuMeHThl mpoBomsarcs Ha LAPD (Large
Plasma Device) B VYuusepcurere Kamudopuun. Cmeménnsiii LaBg-karon HHXEKTHPYeT HU3KOIHEPrETHUIHBIC
JIEKTPOHBI (HMKE SHEPTUM HOHHW3AalMH) BAOJb CWIBHOTO MAarHUTHOTO TIOJII B IPEIBAPUTENILHO CO3/1aHHYIO
XOJIOJHYIO TIJIa3My OOJBIINX pa3MepoB U CO3AAET BKPAIIEHHbIE HUTH JICKTPOHHOM TEMIIEpaTyphl B OT CTEHOK
KaMephl YCTaHOBKHU. YTIJIepoiHas HaKJIa/Ika C HECKOJILKUMH OTBEPCTUSIMH MCIIOIB3YETCs JUIS CO3AaHMsI TPEX HUTEH C
JIEKTPOHHBIMU TemIiepaTypamu. M3ydeHsl nped(oBo-aib(BEHOBCKHE W TEIUIOBBIC BOJHBI OT OJHOH HHUTH M
MPOBEJICHO CPaBHEHHUE C NPEBIAYIIIUMH PE3YJIbTaTaMU, MOJYYSHHBIMU B IDYTOM UCTOYHHKE AJIeKTPOoHOB. Ciyuaii ¢
TpeMsi HUTSMH JEMOHCTPHPYET CIIOKHYIO BOJIHOBYIO KAPTHUHY M HOBBIICHHBIH MEPEHOC MOMEPEK MOJIS.

HEJITHIMHE KOHBEKTUBHE ITEPEHECEHHSI TEILIA B KIJIbKOX 3AMATHIYEHUX HATKAX
3 EJIEKTPOHHOIO TEMIIEPATYPOIO

R.D. Sydora, B. Van Compernolle, S. Karbashewski, G.J. Morales, J.E. Maggs

[IpencraBneHo pe3ysbTaTH BUBYEHHS IIEPEHECEHHS TeIIa MK JIeKUIPKOMa 3aMarHidyeHMMH HUTKaMu 3
SJICKTPOHHOIO TEMIIEpaTypolo, sKi 3HAXOAATbcs B OesnocepenHid Onmsbkocti. Take po3ramryBaHHS JI03BOJISIE
BUBYATH NIEPEHECCHHS TeIUIa MOIIepeK Mol Yepe3 HediHiiHHI Apel(oBo-alib(BEHIBChKI XBHIII Ta BUKOPUCTOBYETHCS
JUI BUBYEHHS CKJIQJIOBHMX YaCTHH XaOTHYHOIO TEIUIOBOro MOTOKY. Excriepumentu mposoastees Ha LAPD (Large
Plasma Device) B VuiBepcuteri Kamidopwii. 3mimennit LaBg-katon iHXeKTye HH3bKOCHEPTETHYHI €IEKTPOHU
(amxde eHeprii 10HI3aIil) y30BXK CHJIBHOTO MarHiTHOTO HOJS B MONEPEIHBO CTBOPEHY XOJIOAHY IUIa3My BEIHMKHX
PO3MIpIB 1 CTBOPIOE YKpAITJICHI HUTKH €JIEKTPOHHOT TEMIIEpaTypH AaJIeKO BiJl CTIHOK KaMepH YCTaHOBKH. Byrienesa
HaKJaJKa 3 JEKiTbKOMa OTBOpAaMH BHKODHCTOBYETHCSI MJIsI CTBOPEHHS TpPbOX HHUTOK 3 EJIEKTPOHHUMH
TeMIieparypaMu. BuBdueHo npeioBo-anbPBEHIBCHKI Ta TETUIOBI XBHJII BiJl OJHIET HUTKW Ta MPOBEACHE MOPIBHIHHS
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3 TONEpenHIMU pe3yibTaTaMH, IO OTPUMaHI B IHIIOMY JDKEpelli eNeKTpOHiB. Bumazok 3 TphomMa HUTKaMHU
JIEMOHCTPY€E CKJIa[IHy XBHJIbOBY KQpTHHY 1 IiBHIICHUII IEPEHOC MOMEPEK MOJISL.



