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Two different experiments involving pressure gradients across the confinement magnetic field in a
large plasma column are found to exhibit a broadband turbulence that displays an exponential
frequency spectrum for frequencies below the ion cyclotron frequency. The exponential feature has
been traced to the presence of solitary pulses having a Lorentzian temporal signature. These pulses
arise from nonlinear interactions of drift-Alfvén waves driven by the pressure gradients. In both
experiments the width of the pulses is narrowly distributed resulting in exponential spectra with a
single characteristic time scale. The temporal width of the pulses is measured to be a fraction of a
period of the drift-Alfvén waves. The experiments are performed in the Large Plasma Device
(LAPD-U) [W. Gekelman er al., Rev. Sci. Instrum. 62, 2875 (1991)] operated by the Basic Plasma
Science Facility at the University of California, Los Angeles. One experiment involves a controlled,
pure electron temperature gradient associated with a microscopic (6 mm gradient length) hot
electron temperature filament created by the injection a small electron beam embedded in the center
of a large, cold magnetized plasma. The other experiment is a macroscopic (3.5 cm gradient length)
limiter-edge experiment in which a density gradient is established by inserting a metallic plate at the
edge of the nominal plasma column of the LAPD-U. The temperature filament experiment permits
a detailed study of the transition from coherent to turbulent behavior and the concomitant change
from classical to anomalous transport. In the limiter experiment the turbulence sampled is always
fully developed. The similarity of the results in the two experiments strongly suggests a universal
feature of pressure-gradient driven turbulence in magnetized plasmas that results in nondiffusive
cross-field transport. This may explain previous observations in helical confinement devices,

research tokamaks, and arc plasmas. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.3023155]

I. INTRODUCTION

The identification of the physical processes underlying
low frequency turbulence in magnetized plasmas is a chal-
lenging topic in contemporary plasma science.' By low fre-
quency it is meant that the characteristic frequency of the
fluctuating quantities, w, is smaller than the ion cyclotron
frequency ();. Significant interest in this topic arises from
magnetic fusion research because turbulent fluctuations can
enhance the transport of mass and energy2 and thus degrade
the performance of confinement devices that aim to achieve
fusion conditions. The topic is also of interest in space
plasma investigations3 in which enhanced transport across
naturally existing sharp boundaries (in temperature, density,
magnetic field) can lead to major effects observable by
spacecraft and ground-based instruments.

Significant experimental and theoretical effort has been
devoted to the identification of universal trends in the spatial
and temporal spectra of turbulent fluctuations in
laboratory4_12 and space plasmas.”"17 The cited references
are just a representative sample of the extensive literature on
the subject. The early work by Kolmogorov18 has had a ma-
jor influence in these activities.'” In particular, since, in that
pioneering work, a general prediction is made of algebraic
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spectral dependencies, the published experimental plasma
studies typically choose to display the relevant data in a log-
log scale. Often, piecewise fits are made to extract power-
law indices that are compared to the Kolmogorov prediction.
Because of the large dynamic range compressed in log-log
displays of data, important phenomena underlying the turbu-
lence can be obscured. That is the situation addressed in this
manuscript, in which an exponential frequency dependence
is highlighted.

This manuscript reports the results of two different ex-
periments involving pressure gradients across the confine-
ment magnetic field in a large plasma column. Some of the
observations were highlighted in Ref. 20 and are expanded in
detail in the present manuscript which also includes new
modeling features. The two experiments are performed in the
Large Plasma Device (LAPD-U) (Ref. 21) operated by the
Basic Plasma Science Facility at the University of California,
Los Angeles (UCLA). One experiment involves a controlled,
pure electron temperature gradient associated with a micro-
scopic hot-electron temperature filament created by the injec-
tion of a small electron beam embedded in the center of a
large, cold magnetized plasma. The other experiment is a
macroscopic limiter-edge experiment in which a density gra-
dient is established by inserting a metallic plate at the edge
of the nominal plasma column of the LAPD-U. The tempera-
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ture filament experiment permits a detailed study of the tran-
sition from coherent to turbulent behavior and the concomi-
tant change from classical to anomalous transport. In the
limiter experiment the turbulence sampled is always fully
developed and the transport is not classical.

Both experiments exhibit a state of complex behavior
characterized by a broadband frequency spectrum that is ex-
ponential in nature for frequencies below the ion cyclotron
frequency. By carefully examining the individual time series
of the fluctuating quantities, the exponential feature has been
traced to the presence of pulses having a Lorentzian temporal
signature. The Lorentzian pulses arise from nonlinear inter-
actions of drift-Alfvén waves driven by the pressure gradi-
ents. In both experiments the temporal width of the pulses is
narrowly distributed and is measured to be a fraction of a
period of the drift-Alfvén waves. The narrow pulse width
sets the single scaling frequency for the observed exponen-
tial spectrum. Figure 17 and its accompanying text highlight
the necessity of a narrow distribution in pulse width leading
to an exponential spectrum. A remarkable consequence of
this is the ability to discern the typical time width of indi-
vidual pulses based on the exponential decay characteristic
of the broadband power spectrum.

Exponential frequency spectra have previously appeared
in a wide range of published studies but little or no attention
has been devoted to their significance. Figure 1(a) of Ref. 22
exhibits exponential behavior over four orders of magnitude
in an experiment in a helical confinement device in which
proof of inverse cascade has been reported. Figure 1 of Ref.
23 displays exponential dependence in an experiment in a
tokamak in which it is claimed that magnetic-fluctuation-
induced heat transport is observed. Figure 6(b) in Ref. 24
shows coherent modes embedded in an exponential spectrum
in a nonlinear dynamics experiment in a low-pressure arc
plasma. Figure 7 of Ref. 25 identifies an exponential spec-
trum in the magnetic fluctuations at the nominal free-edge of
the linear device in which the present studies are performed.
These are some concrete examples and should not be consid-
ered an exhaustive list of results scattered in the plasma sci-
ence literature. They were chosen because in these publica-
tions the spectra are displayed in a semilog format, making
the identification of the exponential feature straightforward
for the reader.

The similarity of the results in the two different experi-
ments reported here strongly suggests a universal feature of
pressure-gradient driven turbulence in magnetized plasmas
that results in nondiffusive cross-field transport. The univer-
sal feature is temporal structures consisting of Lorentzian
pulses narrowly distributed in width. This finding may ex-
plain the origin of the previously cited observations of an
exponential spectrum in helical confinement devices, re-
search tokamaks, and arc plasmas. It may also contribute to
the understanding of “blob” phenomena26 and anomalous
transport in edge plasmas.ﬂ_3 0

The manuscript is organized as follows: Section II pro-
vides a general description of the LAPD-U device. It also
explains the detailed arrangements for the temperature gra-
dient experiment and the limiter-edge experiment. Section III
reports on the temporal evolution of the controlled electron
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FIG. 1. Schematics of the LAPD-U for the two experimental configurations
reported. (a) Temperature gradient experiment. (b) Limiter-edge experiment.

temperature filament. It examines the transition from a qui-
escent, classical-transport stage to a regime of broadband
turbulence with a characteristic exponential frequency spec-
trum. Section IV reports on the observation of an exponential
frequency spectrum in the limiter-edge experiment. In Sec. V
the origin of the exponential spectra observed in the two
experiments is traced to temporal pulses of Lorentzian shape.
Section VI discusses a numerical model of the exponential
spectra measured and establishes a relationship between
pulse width and the characteristic exponential frequency
scale. The sensitivity to distortions of the Lorentzian shape is
examined. Conclusions are presented in Sec. VIL

Il. EXPERIMENTAL ARRANGEMENT

The experiments reported here are performed in plasmas
generated in the upgraded Large Plasma Device (LAPD-U)
operated by the Basic Plasma Science Facility at the Univer-
sity of California, Los Angeles (UCLA). A schematic of the
device is shown in Fig. 1 for the two different configurations
investigated.

The LAPD-U vacuum chamber is 22 m in overall
length. Two end-bells (1.5 m diameter, 2 m long) house the
turbomolecular vacuum pumps. The plasma section of the
device where the experiments are performed is a 1 m diam-
eter vacuum vessel surrounded by water-cooled magnetic
coils that provide the radial plasma confinement. The coils
are divided into ten groups powered by separate, regulated
dc supplies that are computer controlled. Presently this con-
figuration permits practical operation of plasma conditions
over the range of 300—2000 G. This arrangement also allows
for a wide variety of confinement magnetic-field profiles
(e.g., local mirrors or cusps). For the studies reported here
the confinement magnetic field is of uniform strength within
the magnetic solenoid having a total length of 17.5 m. The
plasma is produced by a hot-cathode source located at one
end of the main magnetized plasma column. The cathode is a
pure nickel sheet coated with a thin layer of barium oxide
heated to an emission temperature of about 800 °C. The an-
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ode is a molybdenum mesh (approximately 50% transparent)
located a distance of 55 cm from the cathode. This source is
used to create a pulsed beam of electrons of typical energy in
the 50 eV range and carrying currents of 3—6 kA. The ener-
getic electrons (i.e., primaries) that pass through the mesh
anode ionize an initial column of neutral He gas (at a fill
pressure of 1—-2X 107 Torr). Under steady conditions He
plasmas having densities in the range of 1-3 X 10'? cm™ are
generated with greater than 50% degree of ionization. The
characteristic electron temperature is 6 eV with the ion tem-
perature in the range of 1 eV. Plasma pulses several milli-
seconds in duration are repeated at a 1 Hz rate with a high
degree of reproducibility.

For the electron temperature gradient studies sketched in
Fig. 1(a), a hot electron channel is established by injecting a
small electron beam into the afterglow phase of the plasma,
0.5 ms after the main discharge voltage pulse applied to the
cathode is turned-off. The beam is injected at the far end of
the machine, 16 m from the cathode, and is directed towards
the cathode. The small beam injector is placed at the center
of the nominal plasma column whose diameter is 70 cm.
During the main discharge the electron temperature is 7,
=6 eV, but at the time of beam injection it decays to about
1 eV due to electron heat conduction to the ends of the de-
vice, while the plasma density decays on a slow time scale of
about 2 ms due to ambipolar flow. The electron beam is
3 mm in diameter and emits a peak current of 250 mA. It is
produced by biasing a heated, single crystal of lanthanum—
hexaboride (LaBg) to 20 V relative to the mesh anode of the
device. For the relatively low beam voltage used, the addi-
tional ionization produced by the beam electrons is negli-
gible. Heat conduction parallel to the magnetic field results
in a hot channel approximately 8 m in length and 5 mm in
radial extent, with a peak T, of about 5 eV. The system ap-
proximates a nearly ideal situation consisting of a pure elec-
tron temperature gradient (i.e., having uniform plasma den-
sity) across the magnetic field and embedded in an infinite,
colder plasma. Thus, in this case, the observed turbulence
and associated transport is insensitive to boundaries.

The limiter-edge experiment utilizes a built-in capability
that permits the length of the plasma column in the LAPD-U
to be reduced. The length reduction can be achieved by clos-
ing a hinged, electrically floating aluminum plate located
10 m from the cathode. In the plasma-edge experiments re-
ported here, this plate is partially closed and used to limit the
radial extent of the plasma column on one side, as is
sketched in Fig. 1(b). With the plate partially closed, flow of
plasma along the magnetic field lines that intersect the plate
is terminated at the plate surface. Thus, the plate casts a
plasma shadow on the side away from cathode source. In this
shadow region a sharp gradient in plasma density is estab-
lished across the magnetic field. In this study the spectral
features of the turbulence associated with this density gradi-
ent are investigated and are compared to those found in the
controlled temperature filament. The measurements for the
limiter-edge experiment are performed during the steady-
state stage of the plasma discharge when an accelerating
voltage is being applied to the cathode.
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lll. TEMPERATURE FILAMENT EXPERIMENT

The narrow dimensions of the temperature filament re-
quire the use of small, single-tip Langmuir probes for fluc-
tuation and profile measurements in order to achieve milli-
meter, or better, resolution. In cases where a multiple tip
probe is used, the probe tips are laser cut to ensure equivalent
collection areas. While some measurements are made with
triple probes or through the use of a swept bias to obtain the
1-V characteristic, most measurements are of ion saturation
current using single-tip probes (or double-sided, single-tip
probes). It has been previously shown that the uniform back-
ground density of the afterglow plasma permits accurate de-
termination of electron temperature profiles directly from the
jon saturation current (I,) measurements.’’ Two-
dimensional profiles, at a fixed axial distance from the heat
source, are obtained by computing ensemble averages over
twenty discharges at every probe position. This results in
thousands of records over a two-dimensional plane, further
providing meaningful statistics for turbulence and spectral
studies.

The heat supplied to the large plasma column of the
LAPD-U by the primary electrons disappears when the ac-
celerating pulse applied to the cathode source is turned off.
Consequently, the electron temperature decays due to parallel
heat conduction to the ends of the device. At a time of 0.5 ms
after the temperature starts to decay the small electron beam
described in Sec. II is fired. For the voltage applied, and the
parameters of this afterglow plasma, the beam electrons slow
down by Coulomb collisions within one meter of the injec-
tion point, as is sketched in Fig. 1(a). This region provides a
heat source for the colder, afterglow plasma downstream
from it. As a consequence of simultaneous axial and trans-
verse heat transport, a temperature filament is generated
whose length is approximately 8 m and its radius is a few
mm.

The temporal evolution of the temperature filament ex-
hibits three stages, as illustrated by Fig. 2. The solid black
curve in Fig. 2 corresponds to the electron temperature mea-
sured, using a small triple probe, at an axial distance 384 cm
from the beam injector at the radial center of the filament.
For this and subsequent figures in this section the strength of
the confinement magnetic field is 900 G.

The injected beam current is represented in Fig. 2 by the
dotted blue curve, with t=0 corresponding to the time when
beam injection starts. The dashed red curve shows the decay
of the electron temperature in the absence of beam injection,
i.e., during the afterglow. It is seen that the heat source sup-
plied by the beam causes a significant increase in tempera-
ture. For an interval of about 2 ms after beam injection a
quiescent temperature evolution is observed. This behavior
corresponds quantitatively to that predicted by the classical
theory of heat transport based on Coulomb collisions,”* as
has been documented extensively in previous work.”** A
second stage can be identified approximately 2 ms after
beam injection when high-frequency oscillations become ap-
parent in the electron temperature. These oscillations corre-
spond to coherent drift-Alfvén waves driven unstable by the
electron temperature gradient35 and have been described in
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FIG. 2. (Color online) Temporal evolution of the electron temperature at the
center of the temperature filament with (solid black) and without (dashed
red) heating by the electron beam. Dotted blue curve is the injected beam
current.

detail in a previous publication.% A third stage appears after
5 ms of beam injection. At this later time low-frequency os-
cillations mixed with incoherent high-frequency oscillations
are observed. This manuscript focuses on the broadband tur-
bulence that arises during this late stage.

Figure 3 illustrates the radial temperature profile of the
filament at an axial position z=384 cm from the beam injec-
tor before the appearance of broadband turbulence. Panel (a)
shows a line-cut of T, through the filament center at a time
t=3 ms (second stage). Panel (b) displays a two-
dimensional, color contour of I, at r=1.0 ms; it demon-
strates that the filament is nearly azimuthally symmetric. The
solid black curve in panel (a) is the experimental measure-
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FIG. 3. (Color) Spatial dependence of temperature filament. (a) Black curve
is the measured value and the dashed red curve is the prediction from clas-
sical theory of transport. (b) Two-dimensional contour of ion saturation
current illustrating the symmetry of the filament during early times.
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FIG. 4. (Color) Diagram of spatial behavior of fluctuations in the tempera-
ture filament experiment. A thermal wave is observed in the center region,
the amplitude of the drift-Alfvén waves peaks in the gradient region, and
positive Lorentzian pulses are found predominantly in the outer region.

ment while the dashed red curve corresponds to the predic-
tions of a two-dimensional, time-dependent transport code’!
based on Coulomb collisions. It is seen that during this early
stage the temperature filament follows closely the classical
transport behavior. It is noteworthy that during the second
stage coherent drift-Alfvén waves are present but do not
cause a significant departure from classical heat transport.
Figure 4 helps in visualizing the different spatial regions
that are involved in the turbulent evolution of the tempera-
ture filament. In this diagram the continuous solid curve,
analogous to those in panel (a) of Fig. 3, shows the radial
variation of the electron temperature. The purple circle cen-
tered at r=0 cm corresponds to the size of the crystal beam
source. The region shaded in green (0.0<x<1.5 mm) is
what is considered to be the “center region” of the tempera-
ture filament. It has the largest temperature and the smallest
temperature gradient. It is in this region where low frequency
oscillations corresponding to thermal waves®’ are localized.
These are the low frequency oscillations that appear at the
start of the third stage, close to =5 ms in the Fig. 2 display.
The largest temperature gradient is achieved at a radial posi-
tion about 3 mm from the center of the beam injector. The
radial eigenfunction35’3 % of the high-frequency oscillations
(i.e., the drift-Alfvén waves) peaks near this location. Ac-
cordingly, in Fig. 4 the sector shaded in blue (I <x<15) mm

represents the “gradient region” where large EX B drifts are
expected to arise due to the unstable waves driven by the
radial pressure gradient. Finally, for radial distances beyond
the gradient region the eigenfunction of the drift-Alfvén
waves exhibits a spatial decay. Here the temperature and the
temperature gradient are both small. This region is viewed as
the “outer region” of the temperature filament. In Fig. 4 the
black horizontal line with two opposing arrowheads delin-
eates the spatial domain over which Lorentzian pulses are
observed during the third stage of development, i.e., t>7 ms
in Fig. 2.

Figure 5 provides a useful summary of the individual
characteristics of the low-frequency, thermal waves, and of
the high-frequency, drift-Alfvén waves. The temporal stage
sampled overlaps between the second and third stages iden-
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FIG. 5. (Color) Oscillations in ion saturation current due to (a) coherent
drift-Alfvén mode and (c) thermal wave. (b) Two-dimensional contour of
the cross-covariance, R,, between two probes with axial separation Az
=160 cm.

tified in Fig. 2, before the broadband develops. The center
panel is a two-dimensional (across the magnetic field) spatial
domain that covers the three spatial regions sketched in Fig.
4. The color contour represents the cross-covariance between
I, signals from Langmuir probes separated by an axial dis-
tance of Az=160 cm. One probe is fixed at a position
z=384 cm away from the beam injector and at a radial posi-
tion within the region of measurable drift-Alfvén wave ac-
tivity. The other probe is placed at z=544 cm and it scans a
two-dimensional plane across the confinement magnetic
field. Measured signals are bandpass filtered to isolate oscil-
lations due to the drift-Alfvén modes. The cross-covariance
is calculated for each plasma discharge over a restricted time
interval that captures the largest drift-Alfvén wave. The re-
sulting signal is averaged over 20 independent discharge
pulses at every spatial location sampled. The result is an
amplitude-dependent measurement of the phase difference
between the signals of the two probes and contains an im-
print of the structure of the coherent drift-Alfvén wave. The
light circular region at the center of the drift-Alfvén wave
depicts the highly localized thermal oscillation. The trace in
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FIG. 6. (Color online) Semilog display of ensemble-averaged power spec-
trum of fluctuations in ion saturation current in the gradient region of the
electron temperature filament. Large peaks corresponding to the coherent
drift-Alfvén mode and its harmonics are embedded in a baseline exponential
spectrum highlighted by the dashed red line.

the top panel of Fig. 5 shows the time evolution of the ion
saturation current at a location r=5 mm, i.e., within the gra-
dient region. It shows the coherent oscillations associated
with the two-dimensional snapshot seen in the center panel.
These oscillations have typical frequencies in the range of
25-40 kHz. The bottom panel shows the temporal evolution
of the ion saturation current at the center of the filament. It is
clear that the oscillations here have much lower frequency
(by a factor of 5-8) than those in the gradient region. A
cross-modulation that shows the faint presence of the drift-
Alfvén mode can be seen in portions of the trace.

Next, the spectral features of the third stage of temporal
evolution are examined. In this stage the coherent features
shown in Fig. 5 are modified. In addition to the narrow spec-
tral peaks associated with the well-separated, thermal oscil-
lations (5 kHz) and the drift-Alfvén waves (25-40 kHz), a
broadband spectrum emerges. The characteristic spectrum of
fluctuations in the ion saturation current measured in this
turbulent stage is shown in Fig. 6. More precisely, the spec-
trum shown is an ensemble average of individual spectra
measured in 20 independent plasma pulses. The bottom scale
shows the actual numerical value of the frequency while the
top scale shows the more meaningful quantity, namely the
frequency scaled to the ion cyclotron frequency. The fre-
quency range covers the fluctuations up to 1/2 of the ion
cyclotron frequency. The solid black curve corresponds to
the measurement and the dashed red line is a straight line fit
to the baseline from which narrow peaks protrude. The nar-
row peaks correspond to the modes shown in Fig. 5 and their
harmonics. The issue of interest here is the nature of the
broadband within which the narrow peaks are embedded.
Since Fig. 6 is a semilog display, the significance of the
straight, dashed red line is that the broadband exhibits an
exponential frequency dependence, i.e., the broadband spec-
trum has the functional form

S(w) =S, exp(- w/w)), (1)

where S, is the amplitude and w, is a scaling frequency.
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FIG. 7. (Color) Time evolution of power spectrum (color contour) of fluc-
tuations in ion saturation current for the temperature filament experiment. A
transition from a classical transport regime with coherent oscillations to a
state of enhanced transport and broadband fluctuation spectrum is seen at
t=~5.5 ms. This transition corresponds to the appearance of Lorentzian
pulses in the single-shot time series (solid white).

Evidence for a link between the broadband spectrum, the
interaction of low-frequency oscillations with drift-Alfvén
waves, and the generation of pulses is summarized in Fig. 7.
The color display corresponds to the time evolution of the
ion saturation current (I,) power spectrum calculated using
a continuous wavelet transform (CWT) method at a radial
position 9 mm from the filament center (outer region in Fig.
4). The single white trace at the top of Fig. 7 is the fluctuat-
ing part of the ion saturation current (normalized to the non-
fluctuating part) for one of the 20 plasma discharges that
make up the ensemble used to calculate the power spectrum.
In the time interval +<<5.5 ms the spectrum shows a tempo-
rally evolving, coherent drift-Alfvén mode at a frequency
between 25—40 kHz and no broadband noise. At these earlier
times classical transport due to Coulomb collisions is ob-
served. But at about #=5.5 ms, positive pulses are seen to
arise. Departure from classical transport, as previously docu-
mented by Burke et al. in Fig. 18 of Ref. 36, is observed to
occur simultaneously with the appearance of exponential
power spectra of the type shown in Fig. 6. Simultaneously,
with the generation of the pulses, it is seen that a strong
low-frequency (close to 5 kHz) modulation appears and the
coherent drift-Alfvén mode disappears into a broadband
spectrum.

A striking display of the transition in the character of the
fluctuation spectrum is seen in Fig. 8. The quantity displayed
in semilog form is the spectral power of the fluctuations in
the ion saturation current. The two curves shown correspond
to line cuts through the evolving spectrum displayed as a
color contour in Fig. 7. The solid black curve is the spectrum
at 71=2.21 ms (second stage of Fig. 2) and the dotted red line
is the spectrum at r=10.73 ms (late into the third stage). It is
seen that early in time there is no exponential feature in the
fluctuation spectrum. What is observed are peaks corre-
sponding to drift-Alfvén modes and their harmonics. But late
in time these peaks are overwhelmed by the appearance of
the exponential spectrum.

Figure 9 illustrates the presence of an enhanced, or
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FIG. 8. (Color online) Semilog display of spectrum extracted at selected
intervals from the color contour presentation of Fig. 7. Times indicate the
center of the FFT window used to calculate the power spectrum. For the
early time of 2.21 ms (solid black curve) coherent drift-Alfvén wave peaks
are clearly visible. At the later time of 10.73 ms (dotted red curve), after the
transition to broadband turbulence has occurred, an exponential spectrum
overwhelms the coherent peaks.

anomalous, transport regime. This is evident from the differ-
ence in radial extent between the measured electron tempera-
ture profile (solid black curve) and the classical model profile
(dashed red curve). As seen in Fig. 2, the electron tempera-
ture maintains a nearly constant peak value during the latter
half of beam heating. During this time, however, the tem-
perature profile widens beyond that expected from a system
described by classical transport. The transition to anomalous
transport is accompanied by the appearance of Lorentzian
pulses.

IV. LIMITER-EDGE EXPERIMENT

As described in Sec. II, the environment of the limiter-
edge experiment differs significantly from that of the tem-
perature filament. But what they share in common is the
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FIG. 9. (Color online) Radial profile of the electron temperature in the
turbulent regime. Solid black curve is a measurement and the dashed red
curve is a prediction of the classical theory of transport.
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FIG. 10. Density profile of the limiter-edge experiment. The vertical dashed
lines separate three distinct regions of behavior equivalent to the center,
gradient, and outer regions highlighted for the temperature filament experi-
ment in Fig. 4.

presence of a pressure gradient across the confinement mag-
netic field. In the temperature filament the pressure gradient
is associated with a pure temperature gradient, while in the
limiter-edge experiment the pressure gradient arises pre-
dominantly from a plasma density gradient. The temperature
filament can be considered to be a microscopic structure with
a characteristic temperature gradient length, L;=T,/|VT,|
=0.63 cm, while the limiter-edge experiment samples a mac-
roscopic region with a characteristic density gradient length,
L,=n/|Vn|=3.46 cm. The temperature filament is essentially
surrounded by an infinite, cold plasma of significant density.
In contrast the limiter-edge comes in contact with neutral gas
and a nearby metallic wall.

Figure 10 displays the spatial dependence of the time-
averaged ion saturation current across the magnetic field for
the limiter-edge configuration. The strength of the confine-
ment magnetic field is 1.5 kG for all the limiter-edge results
reported here. Following the spatial classification introduced
in Fig. 4 for the temperature filament, in this case a “center
region,” a “gradient region” and an “outer region” can also
be identified, as indicated by the labels in Fig. 10.

In contrast to the temperature filament experiment, the
fluctuations in the limiter-edge experiment are always
sampled in a broadband turbulent state. This results because
the limiter-edge situation does not have a well-defined start-
ing time, akin to the beam turn-on. The behavior is analo-
gous to the third stage in the temporal development of the
temperature filament. Accordingly, in the edge study it is not
possible to generate a figure corresponding to Fig. 7 in which
a clear transition from coherent modes to broadband turbu-
lence is identified. Thus one must examine the shape of the
fluctuation spectrum of the turbulent state.

Figure 11 is a semilog display of the ensemble-averaged
spectrum of fluctuations in the ion saturation current. The
three curves displayed correspond to the spectrum measured
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FIG. 11. (Color online) Semilog display of ensemble-averaged power spec-
tra of fluctuations in ion saturation current from the limiter-edge experiment
exhibits an exponential frequency dependence in all the spatial regions. To
be compared to Fig. 6.

in the three spatial regions of the edge density profile iden-
tified in Fig. 10. Remarkably, it is found that the turbulence
at the plasma edge exhibits a clear exponential frequency
dependence, as demonstrated by the three straight lines seen
in the semilog display. This finding and the results of the
temperature filament strongly suggest that an exponential
frequency spectrum is a universal feature of pressure
gradient-driven turbulence in magnetized plasmas.

Next, the connection of the exponential spectrum to
Lorentzian pulses is investigated.

V. LORENTZIAN PULSES

A normalized, temporal Lorentzian pulse centered at
time ¢, and having width 7 has the mathematical form

g()=7(t-1,)"+ 7T, (2)
and a corresponding Fourier transform
8(w)=mrexp(- wT+iwt,), (3)

whose amplitude has an exponential frequency dependence.
This correspondence suggests that the broadband turbulence
measured in the temperature filament and at the limiter-edge
may contain structures that exhibit a Lorentzian temporal
signature.

To identify individual pulses, it is necessary to examine
the behavior of the time series measured for a single plasma
discharge, since an ensemble average of the traces would
lead to a strong cancellation of these features. A difficulty in
extracting “pulse events” from the measurement of ion satu-
ration current in the temperature filament experiment is that
such signals also contain oscillatory behavior related to the
coherent thermal mode and the drift-Alfvén waves. To over-
come this difficulty, in this investigation a variety of pulse
extraction techniques have been used. The various methods
have consistently led to the identification of temporally lo-
calized pulses having Lorentzian shape under conditions that
simultaneously register an ensemble-averaged, broadband
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FIG. 12. (Color online) Single-shot time series of ion saturation current in
temperature filament experiment. Solid black curve is raw signal containing
features of coherent, low and high-frequency modes within which solitary
pulses are embedded. Dashed red curve is the result of using FFT filtering
that makes solitary pulses more evident, as indicated by the arrows.

spectrum having an exponential frequency dependence. Fig-
ure 12 illustrates pulses identified using a filtering method in
which coherent peaks within the FFT are manually reduced
to the background level. This reduces the amplitude of the
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coherent oscillations while leaving phase information intact.
Filtering is used to identify pulses in the time series, but it is
not a factor in the observation of exponential spectra. Re-
ported spectra are calculated either without filtering or with
low-pass filtering in which the cut-off frequency is above the
highest frequency shown in the plot.

The pulses shown in Figs. 13 and 14 are obtained using
a method that fits the data to a Lorentzian function similar to
that of Eq. (2), except that in the fitting function the ampli-
tude is not normalized. This allows for the amplitude of the
measured pulse to vary. Operationally, a Lorentzian pulse of
set width is slid through the time series and a fit is performed
at each window corresponding to this width. The center of
the fitting window is always redefined to time equal to zero
so that the best fit across a measured pulse is obtained.
Thresholds to define a successful fit are set manually after
reviewing the results from an initial analysis. Once the limits
on these quality factors (the standard deviation of the width
and the convergence of the fit) are set, multiple analyses
using different pulse widths are performed. In practice, due
to the small variability of the measured widths of individual
pulses it is usually sufficient to perform the fitting once. This
is accomplished by using a width that is calculated from the
slope of the ensemble averaged exponential spectra corre-
sponding to the data set.

The existence of pulses with negative polarity in the ion
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FIG. 13. (Color online) Examples of Lorentzian pulses displaying negative polarity for the temperature filament (left panels) and limiter-edge (right panels)

experiments.
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FIG. 14. (Color online) Examples of Lorentzian pulses displaying positive polarity for the temperature filament (left panels) and limiter-edge (right panels)

experiments.

saturation current is demonstrated in Fig. 13 for the tempera-
ture filament (left panel) and the limiter-edge (right panel)
experiments. The top graphs in the right and left panels show
typical, single-shot time series for each experimental con-
figuration. They correspond to measurements taken in the
appropriate “center regions” delineated in Figs. 4 and 10.
The “raw” signals are the black curves and the filtered sig-
nals are the red curves. The black arrow singles out an indi-
vidual negative pulse that is displayed over an expanded time
scale in the bottom graph of each panel. The temporal shape
of the expanded, individual pulses is compared to a Lorent-
zian function [i.e., Eq. (2)] represented by the black dashed
curve. It is seen that for both experiments a significant por-
tion of the “pulse event” is well represented by the Lorentz-
ian function. Some of the deviations from a pure Lorentzian
shape arise because the pulses are embedded in a continuous
stream of other fluctuations that are not filtered out com-
pletely. But there could be an additional distortion to the
Lorentzian shape that is intrinsic to the process that generates
the pulses. The sensitivity of the exponential spectrum to
such distortions is examined in the next section.

Lorentzian pulses having positive polarity in the ion
saturation current are also detected in both experiments, as
shown in Fig. 14 in a format identical to that used in Fig. 13.
It is of significance, however, that the spatial region in which
the positive pulses are predominantly observed corresponds

to the appropriate “outer regions” of the pressure profiles. In
the limiter-edge environment the positive pulses have been
related”’ to “blob phenomena,”28730’38740 a topic of signifi-
cant current interest in fusion studies.

Finally, it should be strongly emphasized that thousands
of pulse events of the type illustrated in Figs. 13 and 14 have
been identified in these investigations. The limiter-edge ex-
periment corresponds to a steady-state pressure gradient in
which pulses are observed. These pulses admit a viable sta-
tistical description, as shown in Fig. 4(a) of Ref. 27. The
temperature filament experiment differs in that it features a
three-dimensional structure whose parameters evolve in
time. Consequently, an analogous statistical description is
not useful.

VI. MODELING THE EXPONENTIAL SPECTRUM

While the power spectrum of a single Lorentzian pulse is
exponential, it does not necessarily follow that the spectrum
of a series of Lorentzian pulses is exponential. Consider a
time signal composed of a sum of individual Lorentzian
pulses,
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FIG. 15. (Color online) Modeling the ensemble-average power spectrum.
Black curve is the measurement and dashed red curve is the prediction of a
numerical model consisting of an ensemble of individual pulses having a
Lorentzian temporal shape. (a) For the temperature filament experiment the
model uses a width distribution between 2.5-4.5 us. (b) For the limiter-
edge experiment (the “outer” curve from Fig. 11) the model uses a width
distribution between 6—8 us.

N N A
p=2 L0 =2 T )

with different amplitudes, A;, centered at different times, 7,;,
and with different widths, ¢,.

The Fourier transform of p(z) is

N
Pl0) = 2 mhit,; expliot,)exp(= wi), (5)
i=0
a sum of exponential terms. It is not apparent that the loga-
rithm of the power spectrum of p(7), i.e., log[p(w)p*(w)],
can produce a linear function of angular frequency, w. To
explore this question it is helpful to turn to a numerical
model.

Figure 15 compares an average power spectrum obtained
from measurements in both experiments to model results.
Figure 15(a) compares the average power spectrum obtained
from temperature filament data to a power spectrum com-
puted from an ensemble of model signals of the type ex-
pressed by Eq. (4). The model ensemble has 100 members.
Each member is a time signal 1 ms in duration composed of
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the sum of ten Lorentzian pulses (N=10). Increasing the
number of pulses results in an increased amplitude of the
power spectra without affecting the spectral shape (i.e., the
slope of the exponential is unchanged). The center times, 7,;,
are randomly distributed over the 1 ms time interval and
allow pulses to overlap. It is observed that pulse overlap,
similar in degree to that measured in the experiments, does
not affect the resulting exponential spectra. The amplitudes,
A;, are uniformly distributed over the range from 0.75 to
1.25, with the average amplitude being unity. The widths, 7,;,
are uniformly distributed over the range between
2.5-4.5 us. The average pulse width of the model ensemble,
t.=(t.;)=3.5 us, correctly represents the slope of the ob-
served power spectrum, f,=1/2t,., for a power spectrum
having the form exp(-2f/f;). This average width for the
model is calculated after matching the slope of the measured
power spectrum. It is very close to the average width ob-
tained from fitting an ensemble of measured individual
pulses directly, (t.; exp,)=4.0 us. Figure 15(b) shows the cor-
responding comparison between model and data for the
limiter-edge experiment. The pulse widths of the model are
uniformly distributed over the range 6—8 us for this case,
with an ensemble average of 7.0 us. The measured pulses
have an average width of 7.2 us. Again, the frequency scale
corresponding to the slope of the power spectrum agrees
with the average width of the individual pulses.

It is appropriate to inquire how sensitive is the exponen-
tial power spectrum obtained from the model to the shape of
individual pulses comprising the ensemble. After all, any
symmetric pulse has a parabolic behavior near its peak value.
Near the peak a Taylor series expansion of a temporal signal,
p(t), that represents a positive, symmetric pulse of unit am-
plitude, centered at r=1,, gives p(f)=1-(t—1,)/1*, where the
characteristic width of the pulse is #,=[p(z,)/2]""?. What
distinguishes one pulse shape from another? To investigate
this question we consider the Fourier transforms of three
basic pulse shapes: Lorentzian, Gaussian, and sech?, all with
the same characteristic width, .. A normalized Lorentzian
pulse, L(z), centered at r=0, has the shape
7 1

P+l 1472

L(n)= (6)

where ¢, is the pulse width, and 7=¢/¢, is the normalized
time. A normalized Gaussian pulse, G(f), centered at =0,
has the form

G(1) =exp(-T1?), (7)

and a normalized sech? pulse, centered at =0, has the form

S(1) = (8)

cosh(?)

The power spectrum of each basic pulse shape is pre-
sented in Fig. 16 in a semilog format. The characteristic
width, f., of all three pulses is taken to be 3.5 us in this
example, i.e., the pulses have identical shapes near their peak
values but their wings differ. In the semilog format, the
power spectrum of the Lorentzian pulse is linear. The Gauss-
ian pulse is never very close to a linear shape, and therefore
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FIG. 16. (Color online) Semilog display of power spectra of three basic
pulse shapes having identical parabolic approximations near their peak
value. The normalized frequency (w/();) is calculated using the parameters
of the temperature filament experiment to provide a perspective. Only the
Lorentzian pulse yields a linear behavior over the entire frequency range in
this display. The dashed line is a fit to the linear part of the spectrum
corresponding to the sech? pulse.

is easy to distinguish from the Lorentzian. On the other hand,
the power spectrum of the sech? pulse is very nearly linear at
higher frequencies, and therefore could be difficult to distin-
guish from the Lorentzian pulse. However, the slope of the
power spectrum corresponding to the sech” pulse is steeper
than that for the Lorentzian pulse. Thus the characteristic
spectral frequency corresponding to the sech? pulse is lower
than that associated with the Lorentzian pulse.

In Fig. 16 the characteristic spectral frequency associ-
ated with the Lorentzian is f;=1/(2m1.)=45.47 kHz for 1.
=3.5 us. The curve exp(-2f/f;) exactly matches the nu-
merically generated power spectrum of the Lorentzian pulse.
In contrast, the approximate exponential fit to the power
spectrum of the sech? pulse, the dashed line in Fig. 16, yields
fs=32.48 kHz. This lower frequency corresponds to a
Lorentzian pulse of characteristic time #.=4.9 us, which is
inconsistent with the prescribed value #.=3.5 us. Thus,
while the slope of the spectrum of the sech? pulse is linear in
the upper frequency range, the characteristic time associated
with the slope of the spectrum does not match the character-
istic time of the pulse. The consistency between the charac-
teristic slope of the semilog display of the power spectrum
and the pulse width provides a means for distinguishing be-
tween these pulse shapes.

The power spectra of signals consisting of sums of indi-
vidual Gaussian and sech? pulses can be obtained from en-
sembles constructed in the same manner as the Lorentzian
model used to produce the results presented in Fig. 15. The
result is that the ensemble average power spectra retain the
same basic shape of the power spectra of the individual
pulses. Thus the individual pulse shape determines the shape
of the ensemble of pulses and this fact can be used to distin-
guish between pulse shapes. The Lorentzian pulse shape is
essential to obtain an exponential power spectrum.

We also present an example for which an ensemble con-
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FIG. 17. (Color online) Power spectra of two ensembles of Lorentzian
pulses with different distribution of widths. Solid black curve corresponds to
a uniform width distribution between 2.5-4.5 us, and the dotted red curve
to the range 2.0—10.0 us. The normalized frequency scale (w/();) corre-
sponds to the parameters of the temperature filament experiment.

sisting of a sum of Lorentzian pulses does not result in a
power spectrum linear in frequency. Figure 17 compares the
power spectra of an ensemble of Lorentzian pulses with
widths evenly distributed between 2.5-4.5 us to an en-
semble of Lorentzian pulses with widths evenly distributed
over a much broader range between 2.0—10.0 us. The wider
distribution of pulse widths results in a power spectrum that
noticeably departs from a linear shape at lower frequencies.

This example illustrates that the distribution of widths of
Lorentzian pulses must be fairly narrow to result in the linear
power spectra curves observed in the data.

Many examples of asymmetric pulses appear in the data
of the two experiments reported here. It is also the case that
previous studies of edge turbulence have reported‘“‘42 asym-
metries in the temporal shape of “blobs.” Consequently, it is
natural to inquire about the effects of this asymmetry on the
power spectrum. It is shown next that the modest asymme-
tries observed in the present experiments do not prevent the
emergence of an exponential spectrum.

An example of an asymmetric pulse measured in the
limiter-edge experiment (solid black curve), together with a
numerical fit (dashed red curve), is given in Fig. 18(a). This
pulse has been previously shown in the bottom right panel of
Fig. 13. A much better fit to these asymmetric pulses can be
obtained by multiplying the basic Lorentzian shape, L(t), by
a function of the form

f(®)=1+a(l +b{l +tanh[(r—1,)/1,]}). 9)

Figure 18(a) illustrates that a very close fit to the measured
asymmetric pulse can be obtained using a product fitting
function of the form f(r)L(r). The asymmetry of the pulse
shape introduced by a function of the type given in Eq. (9)
has very little effect on the power spectrum, as illustrated in
Fig. 18(b) which shows a comparison between the power
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FIG. 18. (Color online) Effect of pulse asymmetry on the exponential spec-
trum. (a) Solid black curve is a measured pulse previously shown in the
bottom right panel of Fig. 13. Dashed red curve is a functional fit consisting
of a Lorentzian multiplied by a distortion given by Eq. (9). (b) Power spec-
tra of the measured pulse (solid black) compared to that of the fit (dashed
red) and of the fundamental Lorentzian pulse (dotted blue). The normalized
frequency scale corresponds to the limiter-edge experiment in which the
pulse is observed.

spectrum of the product fitting function, fL, the power spec-
trum of the basic Lorentzian, L, and the power spectrum of
the individual pulse. The power spectrum of the Lorentzian
[solid black line in Fig. 18(b)] and the skewed Lorentzian
(dashed red line labeled “fit”) are almost indistinguishable
and both represent the power spectrum of the individual
pulse very well, but for a slight deviation at higher frequen-
cies. The exponential nature is retained over a broad fre-
quency range. This example shows in detail that the asym-
metry of pulses observed in the data does not destroy the
exponential nature of the power spectrum.

While the particular example given here shows no dis-
cernible difference between the power spectrum of the basic
Lorentzian fit and the product fitting function, the general
case is that the power spectra of the two fits will differ.
However, for the two experimental studies presented here,
the differences are found to be small and occur at low fre-
quencies (below 20 kHz). In general, observed asymmetries
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in individual pulse shape do not alter the exponential nature
of the power spectrum.

VIl. CONCLUSIONS

An extensive investigation has been made of the turbu-
lent fluctuations in the frequency band below the ion cyclo-
tron frequency in two different experiments involving pres-
sure gradients across the confinement magnetic field in a
large plasma column. One experiment involves a controlled,
pure electron temperature gradient associated with a micro-
scopic (6 mm gradient length) hot-electron temperature fila-
ment created by the injection of a small electron beam em-
bedded in the center of a large, cold magnetized plasma. The
other experiment is a macroscopic (3.5 cm gradient length)
limiter-edge experiment in which a density gradient is estab-
lished by inserting a metallic plate at the edge of the nominal
plasma column of the LAPD-U.

The two different experiments are found to exhibit a
broadband turbulence that displays an ensemble-averaged,
exponential frequency spectrum for frequencies below the
ion cyclotron frequency. By carefully examining the indi-
vidual time series of the fluctuating quantities, at fixed spa-
tial locations, the exponential feature has been traced, in both
experiments, to the generation of pulses having a Lorentzian
temporal signature.

Since the pressure gradient in the temperature filament
experiment is determined by the application of a heat source
under external control, this configuration provides unique in-
sight into the phenomena. The temperature filament experi-
ment permits the clear observation of the transition from a
quiescent regime, regulated by classical heat transport, to a
turbulent regime displaying broadband fluctuations and a
concomitant departure from classical transport. The broad-
band is the consequence of pulses of Lorentzian temporal
shape generated by nonlinear interactions of drift-Alfvén
waves driven unstable by the pressure gradient. The temporal
width of the pulses is measured to be a fraction of a period of
the drift-Alfvén waves and sets the scaling frequency for the
observed exponential spectrum.

The limiter-edge experiment also provides a unique ele-
ment to the study. In this case there is no well-defined start-
ing point and thus a transition from a quiescent to a turbulent
regime is not observed. Here one encounters a steady-state,
turbulent regime in which the Lorentzian pulses are copi-
ously generated. They result in a pure exponential frequency
spectrum, not mixed with coherent peaks, as is the case for
the temperature filament. In spite of the intrinsically turbu-
lent nature of the environment in this experiment, the distri-
bution of the pulse widths of the Lorentzian pulses is very
narrow, as is also the case in the temperature filament experi-
ment.

A numerical model consisting of an ensemble of random
Lorentzian pulses is found to reproduce the exponential
spectrum observed in both experiments. Furthermore, the
separate measurement of the average temporal-width of nu-
merous pulses, identified from the time series, is found to be
in close agreement with the pulse-width independently deter-
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mined from the slope of the ensemble-average frequency
spectrum, extracted from a semilog display.

A strong conclusion of the study is that an exponential
frequency spectrum is a signature of Lorentzian pulses gen-
erated by drift-Alfvén waves. Because of the significant dif-
ferences in the two situations investigated in detail (i.e., one
is microscopic, the other macroscopic, one is a pure tempera-
ture gradient, the other is a density gradient, one is embed-
ded in an essentially infinite plasma, the other is in contact
with boundaries) this investigation strongly suggests that an
exponential frequency spectrum is a universal feature of
pressure-gradient driven turbulence in magnetized plasmas.
The universality suggested by the present results may pro-
vide an explanation for previous observations in other mag-
netic confinement devices.

An open question that deserves close consideration, both
experimental and theoretical, pertains to the spatial morphol-
ogy that accompanies the temporal Lorentzian signature. Per-
haps it is valuable to explore the observed deviations from
pure Lorentzian shape to obtain deeper insight into the spa-
tial structure. The present study has conclusively identified
that temporal pulses of both polarities are generated. Positive
pulses are predominantly found in the “outer region” of the
pressure gradient while pulses with negative polarity are
more frequently found in the “center” and “inner region.” A
cautionary statement must be made that no measurements
have been performed that relate the two-polarity features si-
multaneously, nor any information is available about the ex-
tended spatial propagation of individual pulses. The tech-
niques in the present investigation are unable to provide an
answer to these issues. What is required is an instantaneous
diagnostic that is able to image the complete fluctuation pro-
file across the magnetic field without perturbing the system.
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