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Part 1: Energy Balance in Sonoluminescing Dense Plasma

Sonoluminescence occurs from rapid implosion of gas bubbles caused to pulsate by an
externally imposed sound wave. Adiabatic compression, and in some cases shock waves, heat
the gas during the collapse phase. At maximum compression, energy density transforms gas into
cold (~eV), dense (>10%! cm™3) plasma. Light emission occurs due to thermal bremsstrahlung. This
research is driven by the fact that Sonoluminescence provides a laboratory for the study of dense
plasmas, formed in a process that concentrates energy density by 12 orders of magnitude. We
study this system through i) Mie scattering [Figure 1] which measures the radius of the bubble,
ii) spectral analysis of the emitted light which gives the temperature, and iii) light scattering which
is sensitive to the plasma density. The clock-like nature of Sonoluminescence facilitates data
acquisition. In a 40kHz sound field there are 40,000 flashes of light per second due to an
implosion rate of 40kHz. Figure 2 shows the radius versus time for a xenon bubble in 85% sulfuric
acid, as determined by Mie scattering. In this case the acoustic frequency is 28.5kHz. A
photograph of the setup is shown in Figure 3 along with a finite time exposure of the light
emission blue [which occurs at the minimum radius and the response to a single pulse of Mie
scattering [red] at the maximum radius.

Figure 1: S. Putterman, Scientific American 272 (2) 46-51, 1995
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Figure 2: B. Kappus et al. Phys. Rev. Lett. 2013.

The radius vs time curve at the moment of bubble collapse is shown in Figure 4, along
with the energy/atom available for ionization, calculated from the bubble dynamics. The
energetics analysis reveals that there is only 2.1 ev/atom available for ionization at the time of
the minimum bubble radius. The ionization energy of an isolated xenon atom is 12eV.

Figure 3: Sonoluminescing Xenon bubble in sulfuric acid, driven at 28.5 kHz. Mie scattering (right)
provides complete characterization of the hydrodynamics.

DISTRIBUTION A: Distribution approved for public release.



25 —
20 | <
£
=1
(2]
5 15 v
3.9eV/,
3 _
10 ' —
/
Eoovaon]
5-
|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|
-200 -100 0 100 200 300

Time relative to SL (ns)

Figure 4: Radius vs Time of a sonoluminescing Xenon bubble at the time of collapse. Energy analysis
shows that there is only 2.1 ev/atom available for ionization.

On the other hand, spectral measurements of the 13 ns flash reveal that the emission is
a blackbody spectrum [see Figure 5], and the blackbody size matches the radius obtained from
Mie scattering (6.5 micron). This means that the emissivity of the sonoluminescence plasma is
close to 1 and implies that it is opaque to light. We directly observed the opacity to visible light
by shooting the sonoluminescing bubble with a laser. Eight frames of the interaction of the laser
pulse with the dense plasma was captured with a nanosecond framing camera, shown in Figure
6 (frame to frame time is 10 ns). The laser comes in from the right and hits the bubble creating
a hot, brighter region that propagates across the bubble over ~80 ns. A very high charge density
is required for these phenomena to occur. We therefore conclude that the ionization potential is
dramatically lowered inside the sonoluminescing plasma.
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Figure 5: Spectroscopy of 13 ns sonoluminescence flash matches ideal Planck blackbody. Kappus et al,
Phys Rev Let 2013.

Figure 6: Frames from a movie of the propagation of an energy pulse across a dense plasma. Time
between frames is 10 ns. Prof K. Weninger and Dr. B. Kappus.

We probed the dense plasma inside a sonoluminescing bubble at two wavelength, 532
nm, and 1064 nm, with the experimental setup shown in Figure 7. Here, the laser pulse is scanned
in time to interact with the bubble at different times relative to the emission of
sonoluminescence. Figure 8 shows the results. The red points represent the Mie scattering
(proportional to bubble size) and the black points represent the light emission from the bubble.
The scatter is due to random misalignments of the laser and bubble, however the maximum of
the scattered points can be interpreted as a direct hit. As the bubble approaches its minimum
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size (Mie scattering goes down) the plasma becomes dense, and begins to interact with visible
light. If the plasma absorbs the laser pulse, the light emission will increase, otherwise it will stay
the same. Before the bubble becomes small, there is only emission from the usual
sonoluminescence (band at 1 on the PMT intensity), because the plasma does not interact with
the laser. When the bubble is small and the plasma is dense, we see that the 532 nm is always
absorbed to varying degrees, and the emission increases. However, the 1064 is less readily
absorbed, as is visible by the ‘gap’ between 2 and 10 on the PMT intensity. In other words, our
measurements find that 532 nm always interacts with the plasma, whereas for 1064, there is a
threshold for interaction.

Figure 7: Simultaneous Mie scattering and light emission measurements from sonoluminescence
interacting with a laser pulse at 1064 or 532 nm.

Figure 8: Scatter plots showing the Mie scatter intensity (red dots) and the SL intensity (black dots) for
(a) 532 and (b) 1064 nm. The SL intensity is normalized by the intensity distribution of SL flashes
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without an incident laser pulse and can be seen as a band of points centered on unity. For each SL
intensity point, there is a corresponding Mie scatter point which is a measure of the bubbles’ radius
and confirms successful spatial synchronization. SL-laser interactions only occur when the laser and SL
flash overlap in time. The spread in Mie scatter points is due to the drift in bubble location relative to
the laser focus during the laser’s repetition rate (10 Hz). As SL-laser interactions grow stronger, the
accompanying Mie scatter signal increases due to an enlarged plasma radius.

This can be ascribed to a large degree of reflection by 1064nm and a large absorption rate
for 532, a behavior that occurs for plasmas with low collisionality compared to the interacting
light’s wavelength. We can use these observations to choose between dispersion relationships
given by different dense plasma models. See (Bataller 2014) for details, but in short, the
reflection and absorption expected based on various theories is calculated (Figure 9), and
compared with experiment to choose the best model. The proposed theories of dense plasmas
give very different predictions. Our data selects in favor of the screening theory of Baalrud and
Daligault.

a)
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b)

Figure 9: a) Plasma reflection of 532 and 1064 nm light as a function of electron density for various
collision theories. The Debye theory (solid curves) represents a highly screened plasma, where wt > 1
and high levels of reflection are observed for w < w p . The dilute theory (dotted curves) diverges from
the high reflectivity behavior due to strong damping (wt < 1) in the high density regime. The Daligault

theory (dashed curves) experiences an intermediate level of reflection in the dense regime and is
capable of describing both reflection at 1064 nm and spectral opacity at 532 nm. b) Collision time of
532 and 1064 nm light as a function of electron density for various collision theories. The collision time
for the Debye theory (solid curves) is large for all electron densities and becomes density-independent
for large plasma parameters. The dilute theory (dotted curves) represents the shortest collision time.

The intermediate theory of Daligault (dashed curves) lies between these limiting theories and scales

with w p for large densities.
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Part 2: Tensile Strength in Off-Equilibrium, Dense Plasma

In this section we describe evidence for strong pressure reduction in plasmas formed in
the laser-breakdown of dense gases. Collective processes lower the effective ionization
threshold, and lead to a tensile strength in off-equilibrium plasmas.

1. EXPERIMENTAL DESCRIPTION OF LASER-BREAKDOWN SYSTEM

Before showing that a plasma formed in a dense gas can have a tensile strength, we
describe the experimental setup of the laser breakdowns system. A femto-second laser pulse is
focused into the center of a high-pressure (up to 75 atm) gas chamber through windows in the
chamber wall (chamber shown in Figure 10a). The small size and fast dynamics of the system
require specialized diagnostic equipment. Magnifying optics project an image of the breakdown
onto the entrance slit of a spectrometer which can be set in two modes: 1) when the grating is
set to image the zeroth order diffraction, it acts as a simple mirror, relaying the image to the
spectrometer output, and 2) when the grating is set to image the first order diffraction, it
separates the light by wavelength acting as a spectrometer. The output of the spectrometer is
imaged by a streak camera, which resolves sub-nanosecond dynamics. Both modes of the
spectrometer are useful and important. In zeroth order, the streak image gives time-resolved
information about the size of the plasma, while in first order the streak image gives time-resolved
information about the plasma emission spectrum. The spectrometer and streak camera can be
seen in Figure 10b, and Figure 11 shows a block diagram of the imaging optics.

An example of a streak image acquired in the spatial information mode (zeroth order) is
shown in Figure 12a, which displays the width of the cigar-shaped laser breakdown in time, with
the false-coloring indicating its brightness. In this case, the gas is 5 atm of Xe. Super-Gaussian
fits at every time point of the streak image give the plasma width over time, displayed in Figure
12b. Data acquired in spectrum mode (first order) is shown in Figure 13. At low pressures, we
see that the spectrum is line dominated (Figure 13a) —indicative of a transparent gas. In contrast,
at high pressures (Figure 13b) the spectrum becomes broad, and fits well to a Plank (blackbody)
spectrum (Figure 14). We extract the temperature of the plasma from the best-fit Plank curve.
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a) b)

Figure 10: a) Photo of the high-pressure chamber. The chamber has 5x quartz windows for optical
diagnostics and laser focusing. The focusing lens is located directly above the chamber and is aligned
using a rail system. b) Optical diagnostics for the laser breakdown micro-plasma. Animaging triplet lens
(not in photo due to scale) produces a magnified image onto the entrance slit of the Acton spectrometer
(black instrument). The Hamamatsu streak camera (white instrument) spreads the micro-plasma light
emission in time. In the background are the lasers that produce the ultra-short pulses needed for micro-
plasma generation.

Figure 11: Block Diagram of apparatus used to image dwell time of dense microplasma, and to collect
spectra. Band pass filters can be inserted into the path of the light and the spectrometer when needed
can be operate din reflection mode.
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Figure 12: Spectrally integrated plasma emission (>495 nm) vs. radius and time. The streaked image a)
was acquired for 5 bar xenon breakdown using a laser energy of 235+4 uJ/pulse, where t=0 indicates the
moment of laser breakdown. The plasma's waist (FWHM) is plotted vs. time b) for various pressures.
Plasma expansion becomes hindered with increasing pressure until ~5 bar is reached, at which point the
plasma waist dwells before expanding.
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Figure 13: Calibrated spectrum vs. time for Xenon breakdown at a) 0.5 and b) 5 bar using a laser energy
of 235+4 ul/pulse. At lower pressures, the plasma spectrum is dominated by atomic line emission. With
increasing pressure, the spectrum is broadened until it becomes completely continuous (~5 bar).
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Figure 14: Spectral intensity for 5 bar xenon breakdown at different times relative to the plasma
formation. Blackbody fits (dashed curves) are plotted for each spectrum with values of T=16350, 12350,
and 11050 K for t=0,+5, and +15 ns, respectively.

2. EVIDENCE FOR TENSILE STRENGTH IN LASER-BREAKDOWN PLASMA

We now describe the experiments which lead us to claim that a dense plasma can have a
tensile strength. We make the argument for Hydrogen gas, because it is the cleanest, best-
understood system. Similar behavior is observed in other gases, but over different timescales.
In femto-second laser breakdown in hydrogen gas (Figure 15), we create a plasma that emits as
a 34,000 K blackbody (Figure 15b). The pressure of an ideal gas at that temperature would be
thousands of atmospheres, which is much larger than the 10 atmospheres of neutral gas in the
chamber surrounding it. Fluid mechanics would predict that in such a configuration, the hot fluid
would start expanding immediately, at the speed of sound of the hot gas. We do not see this. In
startling contrast, the Hydrogen plasma stays the same size — and possibly contracts somewhat
— for 200 picoseconds (Figure 15c). We refer to this stand-still time as the “dwell time”. This
phenomenon is also observed more dramatically in Helium, Argon, and Xenon, where the dwell
can be 10ns or greater Figure 16.
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a) Streak Image of Plasma Width b) Temperature over Time

¢) Radius Over Time
Figure 15: Femto-second laser breakdown of dense hydrogen gas displays interesting features. a) A
streak image of the plasma width shows that the plasma does not begin expanding immediately, but
dwells, and possibly slightly contracts, at early times. b) The initial temperature is 35,000K and decays to
half the value over 1 nanosecond, before the cooling rate dramatically slows. c) The plasma radius over
time shows the dwell time is 200 picoseconds.
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a) Helium b) Argon
Figure 16: The dwell of the plasma radius is more pronounced in heavier gases, as seen above in a)
Helium, and b) Argon. Xenon data was shown in Figure 12b.

We consider the dwell time — and possible contraction — to be a stunning result. Its
deviation from fluid theory is so spectacular that we suspected that there was something wrong
in our measurements — such as an artifact of the optical system. To rule out this possibility we
measured the size of the plasma using transmission. The plasma was created with a pump laser
pulse, and shot with a second probing pulse that was scanned over the plasma width. The
fraction of the probing pulse transmitted is shown in Figure 17 at various times after breakdown.
Incredibly, the plasma width dwells in the transmission measurements as well, a compelling
confirmation of the phenomenon. The transmission measurements have been made in
Hydrogen so far. We would like to make them in the heavier gases to search for confirmation of
the contraction/dwell effect, which was more pronounced in the heavier gases. We also propose
to carry out these measurements at higher pressures such as 40 atm of hydrogen and deuterium.

The lack of expansion of the hot plasma must be due to its pressure being lower. In fact,
it must be of the same order as the ambient gas, 10 atm, which implies a pressure reduction of
~100x. This pressure reduction is indicative of collective attractive stress which is similar to a
tensile strength, such as is exhibited by a solid.
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a) b)
Figure 17: The width of a femto-second breakdown plasma measured in transmission. This
measurement verified that the dwell-time seen in emission was real and not an artifact.

3. ELECTRON SCREENING
We have two hypothetical explanations for the reduction of the pressure. The first theory
is that electron screening is large. For our relatively cool plasmas, and extreme electron densities

of order 5x10%°/cm3, the Debye screening length, 6, = \/kT /8mn,e?, is sub-nanometer, and
about the same size as the inter-particle spacing! We are clearly beyond the high-temperature,
weak-coupling limit of Debye theory, but let us use the small perturbation limit to predict the
effects we might expect. For weak coupling, Debye screening reduces the effective ionization

potential; if the positive nucleus is partially screened, it is easier to remove a bound electron.
eZ
5p’

this term into the free energy modifies it as,

The effective potential is y = yo, — —, where y, is the unmodified ionization potential. Inserting

2e?

F:FO_ 038D’

Where Fp is the unmodified, ideal gas free energy. The pressure is then calculated as,
e2
36p
We see that the screening term lowers the pressure, and further, the pressure lowering
term is on the order of 1000 atm.

Additional evidence of strong electron screening is given by careful analysis of the spark
breakdown in Xenon gas. In short, the emission spectrum, and opacity of the spark can only be
explained by the presence of about 3 levels of ionization. Further, energy density measurements
give the energy per ion as being less than what is needed to achieve that level of ionization if the
reduction of the ionization potential is not included. The details of this argument are given
below, as they would be a considerable digression at this point; for now let us return to possible
explanations of the dwell time.
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4. |ON CORRELATIONS

The second hypothesis of the dwell time is related to correlations (liquefaction) between
the ions. In a classic paper by Edward Teller (Monte Carlo Study of a One-Component Plasma
1966), the behavior of a one-component plasma is described. Teller's model is that ions are
immersed in a neutralizing background and are confined to stay within a fixed-volume box. This
model is applicable in the limit that the electrons are very hot and approximate a uniform
background. Physically, “hot enough” means that kT is large in comparison to the difference in
attraction between the nearest and next-nearest ions; i.e., the electron motion is not perturbed
by its nearest ion. This is exactly the situation we have in femto-second laser breakdown,
because the incoming laser pulse couples only to electrons. The pulse length is much shorter than
the time required for electrons to thermalize with ions, therefore the ions remain at ambient
temperature for a short while.

2.0
1.8
L6
L4
5 2
; 1.0
0.8
0.6

Figure 18: Fig 5 of Teller 1966. Radial distribution functions g(x) for 0.05<I<100.

The behavior of the ions in such a “one-component” plasma is determined by the plasma

2
parameter of the ions, [, = [(ZkLT)] (4mn/3)/3. Figure 18 plots the ion-ion spatial correlation

function g(x) for various valus of I;,,s. For[j,ns < 1, the ions behave as an ideal gas and are not
correlated. For Ij,,s > 1, their motion becomes correlated, and as [},,s approaches 50 their
correlation looks quantitatively like redistribution functions for ordinary fluids. The key point is
that for our experiments such as shown in Figure 15, the ions are initially at ambient temperature,
50 Tions=300 K, and Ij,,s comes out to be around 70 for 10 atm of Hydrogen gas. For 10 atm of
triply-ionized Xenon, I}, is closer to 500!

Importantly, Teller also calculated the pressure required to keep the volume of the one-
component plasma fixed. At low [j,,s, this is the same as the ideal gas pressure. As [j,ns
increases, the pressure drops, and in-fact, becomes negative at I[j,,s = 16. The implication is
that the plasma wants to contract, and it requires an outward pressure to keep its size fixed. If
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allowed to contract, it would do so until a separate phenomenon provides a counter-force to
balance it out.

We propose a phenomenological adjustment to the free energy of the form,
F = Fy — NyB k T;T; tanh [},
where B is an adjustable coupling constant. The pressure is modified as,
P =—0F/0V = Py —ny B k T;T; tanh T;.

In this model, transport of heat to ions is determined by electron-phonon interactions
and not binary electron-ion collisions. Therefore equilibration is slow and the dwell time is
prolonged, beyond what it would be for transport that is dominated by binary collisions in a
charged gas.
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Part 3: Broadband, High-Power Light Switch Enabled by
lonization Lowering in Spark Discharges

In this section we argue that collective processes lower the effective ionization threshold
based on the high-ionization deduced by the observed opacity and energy density measurements
in the spark system. We have data pointing to the fact that the energy-per-ion in our dense
plasmas cannot account for the high level of ionization without a reduction of the ionization
potential. Key to this conclusion is a measurement of the internal energy density of the plasma,
which is based on a technique we developed that allows us to probe the internals of a blackbody
without looking inside directly. Our measurement of the internal energy density of these dense
plasmas represents a key advance towards understanding their equation of state. We first
describe our experimental apparatus, then explain how we use energetics to peer inside a
blackbody, and finally give our argument for the reduced ionization potential. The spark system
we study here is also at the core of the rapid optical switch we present subsequently.

1. Experimental Description of Spark-Breakdown System (Electrical
Trigger)

Figure 19b is a block diagram of the system. A high-pressure gas chamber (photograph in
Figure 19a) with tungsten needle electrodes and high-voltage feedthrough is at the core of the
experiment. A high-voltage (5kV) circuit (Figure 19c) with a fast-rise-time (10ns) switch sends a
high-voltage pulse to the electrodes in the chamber. Gas breakdown occurs when the field
between electrodes exceeds the breakdown threshold, creating a dense plasma. To measure the
opacity of the plasma, a 2ns laser pulse of 532 nm light probes the plasma, and the amount of
light transmitted is measured on a CCD. Afiber-coupled spectrometer records the spark emission
spectrum in 10 ns gated exposures.

Figure 20a,b display the transmission and emission of a spark in 2 and 10 atmosphere
respectively of Xenon gas. At 2 atmosphere, the plasma is still partially transparent. At 10
atmosphere the transmission is smaller than the noise of the system. Figure 20c,d are framing
camera images of the laser pulse hitting the spark column at 2 and 10 atmosphere respectively.
The laser pulse is impinging on the spark from the left. At 2 atmosphere, the laser is seen to
punch through the plasma, creating an extra volume of plasma on the right. At 10 atmosphere,
the laser is completely stopped on the left side of the spark, and a heat wave is seen to propagate
down the spark channel.

The emission spectrum of the spark discharge in 2 and 10 atmosphere respectively is
displayed in Figure 21. In parallel to laser-breakdown, line emission is visible at low pressure,
which transitions to a broad, blackbody spectrum at high pressure, an indirect indication of the
system opacity.
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Figure 19: Spark system experimental setup: (a) Photograph of pressure chamber with tungsten needle
electrodes. (b) Optical block diagram for measuring laser transmission and plasma emission, and for fast
spark imaging (framing). Included are laser (green arrows) and plasma emission (red arrows) ray traces.
A portion of the plasma emission is collected by an optical fiber and directed to a gated spectrometer.
The x, y, and z axes are defined by the arrows in a) and b), the origin of which is taken to be the plasma
center. (c) High-voltage circuit diagram.
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Figure 20: Laser transmission and plasma emission of spark discharges formed in (a) 2 and (b) 10bar
Xenon gas as a function of time. Laser transmission (black curve) was recorded for 532nm laser pulses
focused through the center of the spark plasma. Plasma emission (red curve) was recorded with a fast
photodiode. False color images representing plasma light emission were taken with a framing camera

during the moment of laser-plasma interaction for (c) 2 and (d) 10bar discharges. Red dashed curves
indicate the location of the HV electrodes. Laser pulses propagating from the left are absorbed by the

spark volume and surface for 2 and 10bar discharges, respectively. These transmission curves and
images were obtained using laser intensities below the breakdown threshold.
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Figure 21: Calibrated spectrum for 10bar xenon discharges. (a) Temporally resolved spectral image
shows continuous broadband emission for early times. As the plasma expands, xenon line emission
emerges from the continuum for later times. (b) Spectral line-outs reveal opaque behavior during the
early moments of discharge and is well fit to blackbody emission (black dashed curve, T=24000K and
4.9x10* um? blackbody emission area). Blackbody spectrum is observed concurrently with complete
absorption from Figure 20(b).

While the broad spectrum itself indicates the system is opaque, we measured the
transmission directly over 6 orders of magnitude in laser intensity (Figure 22). There is a
gualitative change in the behavior of the spark system depending on whether the laser intensity
is above or below the laser breakdown threshold. For intensities below the laser-breakdown
threshold, the transmission over time was about the same: the spark was opaque for about 20
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nanoseconds. For laser intensities above the laser-breakdown threshold, the opacity time
increased with laser intensity. The laser was creating more plasma, which helped absorb more
laser! This highlights an important point: since plasmas are already the ‘broken’ state of matter,
they cannot break further. The spark is indestructible; it can handle as much power as can be
sent to it. We also emphasize that the spark remains opaque, at the other extreme, at very low
laser intensities. We verified the opacity remains at laser intensities down to 2500x less than the
laser breakdown threshold. That the spark itself is opaque, even when the incoming laser does
not create more plasma, in contrast to the conclusions drawn by others [Levko and Raja; Physics
of Plasmas 22, 123518 (2016)] based on simulations at 10x lower ambient pressure.

Figure 22: Normalized laser transmission of spark discharges formed in 10 bar xenon gas as a function of
time and spanning 6 orders of magnitude in laser intensity. Laser transmission was recorded for 532 nm
laser pulses focused through the center of the spark plasma. Intensities below the laser breakdown
threshold (solid curves) produced nearly identical transmission curves indicating a linear laser-plasma
response. Intensities above the laser breakdown threshold (dashed curves) deviated from the former
curves with an increasingly nonlinear laser-plasma response, resulting in greater opacity for a longer
period of time. Importantly, even low-intensity pulses (tested to 2500x less than the breakdown
threshold) are blocked, indicating that the spark itself is opaque to visible light. At intensities near and
above the breakdown threshold, the laser creates additional plasma that further increases its opacity,
and extends the opacity time.

The spark laser-absorption process is displayed in Figure 23 at different times relative to
the discharge time. Row a) is to be used as a reference, there is no spark — only the laser
breakdown itself is visible (the laser intensity is above the laser-breakdown threshold). In row
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b), a spark is formed and the laser pulse hits it at +25 ns. The laser energy is absorbed by the
plasma, and a heat wave is seen to propagate through the spark channel. No energy is
transmitted. In row c), a spark is formed and a laser pulse hits it at +90 ns. Sufficient time has
passed since spark inception, that it is now becoming transparent. The extra plasma produced
on the far side of the plasma indicates that the laser has punched through the spark channel.

Figure 23: 5 ns framing images (false color) of three individual events: (a) Laser breakdown without a
spark and (b) laser absorption at +25ns and (c) +90ns after spark discharge initiation in 10bar xenon gas.
The timestamps given in (b) and (c) indicate the moment the image was taken relative to the spark
discharge. For the case of (a) no spark, the image was taken relative to the arrival of the laser pulse. In
all cases, the laser intensity (1.9x10*? W/cm?) was set above the breakdown threshold and centered
between the electrode gap. Laser arrival occurred during the second frame of each row and resulted in a
laser-plasma interaction. Red dashed curves indicate the location of the HV electrodes. A dark region
exists between the laser breakdown and spark plasma for t>50ns and grows larger with later laser
pulses. Shadowgraph measurements have shown this effect is due to laser breakdown induced by a
shock front generated by the spark discharge.
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2.  Experimental Description of Spark-Breakdown System (Optical
Trigger)

One difficulty with working with an electronic switch to trigger the spark breakdown is
the relatively large jitter associated with the time between closing the switch, and the time
breakdown occurs. When the switch is closed, the high voltage cable going to the electrodes
begins to charge. When it charges to the breakdown threshold, the spark is triggered. We believe
that the shot to shot jitter is as result of fluctuations in the breakdown threshold.

The breakdown threshold may change for at least two reasons. First, we know that the
electrodes burn off at a rate of about 2 micrometer per 2000 shots. This mean that the electrode
surface is constantly changing, and further, the closest point between electrodes — which
determine the breakdown threshold — changes through melting, evaporation, and re-solidifying.
Second, the repetition rate of the sparks is observed to effect the temporal, and spatial jitter of
the breakdown, with high repetition rates corresponding with larger jitter of both types.
Remnants of the previous breakdown can affect the next breakdown threshold through
variations in the gas temperature, or possibly even low levels of residual ionization. We have
reduced the repetition rate to ~“1Hz to minimize these effects.

To take advantage of high speed diagnostic equipment available in our lab, especially our
streak camera, we decided to trigger the spark discharge with a femtosecond laser pulse, which
lowered the jitter by over an order of magnitude. A block diagram of the setup is shown in Figure
24 below. The electrodes are connected to the high voltage supply and a parallel capacitor. We
set the high voltage to a level that does not trigger breakdown on its own. A femtosecond laser
pulse (not shown) is focused in between the electrodes and creates a small breakdown, which
triggers the spark. In this manner we can observe the sub-nanosecond dynamis of the spark with

the streak camera.
Light emission

HV Streak
Camera

ol

U Imaging Lens

Figure 24: Block diagram of experimental setup of a streak camera imaging a nanosecond spark.
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We measured the speed of the spark formation, including the opacity risetime, by taking
a streak image in a vertical plane between the electrodes (Figure 25). The light emmission 10%-
90% rise time is measured to be 650ps, for 5kV across a 170um gap. The discharge reaches full
opacity in ~0.1% the speed of light!

Now we look at the plasma in a horizontal plane. A streak image is shown in Figure 26b,
follwed by lineouts in time and in space. Once again, we see that the plasma turns on in ~0.5 ns
(Figure 27a), and has a very sharp boundary in space (Figure 27b). The transition from neutral
gas to dense plasma occurs over 4 micron. Note that the plasma surface temperature, 24,000K,
is uniform in both time and space during the first 20 ns (Figure 26b). The plasma colum expands
at 2 km/s.

Streak Camera
Slit Aperture

Figure 25: Rise-time of spark along its length.

Streak Camera
Slit Anerture

Figure 26: Rise-time of spark width.
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a) Temporal Line-Out b) Spatial Line-Out
Figure 27: a) Temporal line-out: The intensity is a flattop in time, indicating a uniform temperature and a
blackbody which blocks incident light for over 20 ns. b) Spatial line-out: Again the intensity flattop in
space indicates a blackbody. Furthermore, the plasma has a uniform temperature across the plasma
surface. This feature is robust and not fully understood

3. Energetics Inside a Blackbody

In our work with a spark discharges, we have observed the generation of an outgoing
shockwave (Figure 28). We have realized that understanding the evolution of the shockwave is
key to determining the energy inside the spark column at its inception. Information about the
obscured interior of a blackbody can be inferred from the dynamics of the shock wave coming
off of it.

Figure 28: Streak image of a spark discharge. The spark is backlit with an out-of-focus reflection of its
own light. A shockwave is seen to separate from the hot, central column at about 20ns.
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From scaling theory, one can derive the Sedov-Taylor solution for the expansion of a
shockwave triggered by a delta-function energy input in the limit that the radius is much larger
than the initial radius. The radius of a cylindrical shock is given by,

- . y-D+1)? Ep
R(t) = VBt, where B =2 ’—n Gr-D  pol’

where Eg/L is the energy per length, po is the ambient density, and y is the adiabatic index,
assumed constant, of the gas surrounding the shock. We see that the radius grows with t%2, with
coefficient that is proportional to (Eo/pol)”* In other words, we can extract the amount of
energy internal to the plasma by following the shock position in time. Combined with a
photograph of the initial spark size, we have measured the energy per particle. An example of
this type of analysis is shown in Figure 29. At early times, the radius is not large compared with
its initial size, so the Sedov-Taylor solution does not apply. From about 10-30 ns, the radius does
follow the Sedov-Taylor solution, and fits to that part of the curve give the internal energy per
length of the spark. At about 30 ns, the shock separates from the shock channel (as seen in Figure
28), a phenomenon called “Breakaway”. The shock continues expanding at t2 (not shown in
Figure 29), but the luminous channel expansion slows down. In our preliminary work, we
followed the luminous channel diameter, and fit the t*/2 expansion between roughly 10-30ns. In
future work we plan on following the shock further in time to obtain more reliable measurements
of the internal energy.

Figure 29: Plot of the spark radius as a function of time. Between about 10-30 ns, the expansion is
proportional to t*2, as predicted by the Sedov-Taylor scaling theory. Fits to this part of the curve allow
extraction of the energy/length internal to the spark.
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It is important to point out that the energy input to our spark breakdown is approximated
by a delta function in time, as assumed by the Sedov-Taylor solution. During the formation of
the spark channel, its resistance starts out large (equal to neutral gas) and drops to 10s of
milliohm over a nanosecond. The final resistance is estimated based on the high electron density
and the electron-ion collision time. Once the channel resistance drops, the coupling of energy to
the spark is dramatically reduced. Consequently, the energy absorbed after the first nanosecond
is substantially reduced, and the energy input can be approximated as a delta-function when
looking at dynamics after 10ns.

From the energy/length extracted from the shockwave fits, we estimate that the energy
per ion (including electrons liberated from that ion) is about 35 eV. This value remains constant
as we change the ambient gas pressure (density) and the drive voltage, and the size of the
channel changes to accommodate. For simplicity, let us assume that all atoms are triply ionized
as required for the opacity of the system at a temperature of 29,000K determined by spectral
measurements, and calculate the energy per ion required by both the non-screened and
screened theory. If screening is not important, then the energy perion s,

3
3
60=§(3+1)kT+Z)(m=80eV

m=1

where the yn are the unscreened ionization potentials of Xenon (x:=12.1 eV, x2=21.2 eV, and
x3=32.1 eV. The first term represents the kinetic energy contributions from the electrons and
ions. With screening, the energy per particle is modified as,

2
€0 = %(3 + DET + X3 (tm — %) = 15eV + (5.4 eV + 7.6 eV + 10.9¢V) = 38.9 eV.

The screened model comes within uncertainties of experiment, while the unscreened is a factor
of 2 off. Electron screening reduces the energy per particle by 40 eV - a factor of 2!
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Energy Balance for a Sonoluminescence Bubble Yields a Measure
of Ionization Potential Lowering
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Application of energy conservation between input sound and the microplasma which forms at the
moment of sonoluminescence places bounds on the process, whereby the gas is ionized. Detailed pulsed
Mie scattering measurements of the radius versus time for a xenon bubble in sulfuric acid provide a
complete characterization of the hydrodynamics and minimum radius. For a range of emission intensities,
the blackbody spectrum emitted during collapse matches the minimum bubble radius, implying opaque
conditions are attained. This requires a degree of ionization >36%. Analysis reveals only 2.1 =
0.6 eV/atom of energy available during light emission. In order to unbind enough charge, collective
processes must therefore reduce the ionization potential by at least 75%. We interpret this as evidence that
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a phase transition to a highly ionized plasma is occurring during sonoluminescence.

DOI: 10.1103/PhysRevLett.111.234301

Sonoluminescence (SL) is the emission of light from a
bubble whose pulsations are so strong that the energy
density of a surrounding sound field is concentrated by
many orders of magnitude. This can be achieved in cav-
itation clouds [1-3] or in a single driven cavity [3-11].
Figure 1 shows how a single spherical bubble of xenon in
sulfuric acid expands to a maximum radius R,, during the
rarefaction part of a 28.5 kHz standing wave and then
rapidly collapses to a minimum radius R during the ensu-
ing compression. For this example of sonoluminescence
the flash of light emitted at R. has a 13 nanosecond
duration and its spectroscopy (Fig. 2) reveals an accurate
match to an ideal Planck blackbody [12]. A blackbody
must be opaque and so the mean free path ¢ of light inside
the light-emitting region must be smaller than its size, or to
the accuracy of our measurements, £ < R.. As SL origi-
nates in a plasma, the charge density required for opacity
for this 6.5* 0.9 um radius bubble is n,>4.0 X
10°/cm? fundamental unbound charges/cc, or N, >
47R>3n,/3 unbound charges in the blackbody [13,14]. In
order to independently produce N, free ions, the plasma
requires an energy N,y, where y, (~12.1 eV) is the
ionization potential of a single xenon atom. Via a detailed
analysis of measurements of bubble radius “R” as a func-
tion of time ‘““t”’, we will show that the total acoustic
potential energy available to the bubble on each cycle is
much less than N, x,. There are three possible conclusions:
(1) opacity is due to a mechanism other than the scattering
of light by free charges, (ii) SL originates in a strongly
interacting Coulomb plasma which lowers the ionization
potential to such an extent that the microplasma becomes
opaque, and (iii) SL has its origins in a higher temperature
emitter which is a transparent blackbody imposter. The
discovery [15] that spectral line shifts imply free charge
densities ~10?! /cc, the analysis of spectral intensity [16],

0031-9007/13/111(23)/234301(5)
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the observation that sonoluminescence can be a bubble
filling blackbody [17-19], and the use of laser pulses to
measure the opacity of a sonoluminescing bubble [20],
select in favor of (ii); however, an evaluation of case (iii)
is included in our discussion.

In order to quantify the energy contained in the dynami-
cally evolving bubble, we acquired extremely detailed
measurements of the radius as a function of time with
pulsed Mie scattering. Experiments presented here are
carried out in an aqueous solution that is 85% sulfuric
acid (SA) by weight with 50 torr of xenon mixed in before
pressurizing with 1 atm of xenon. SL in SA is characterized
by extremely bright flashes of light [21] but also by
extreme jitter in space (~2 mm) and time (1 wus). This is
accompanied by SL intensity jitter due to the variety of
collapse conditions brought upon by the chaotic bubble
motion and resulting range of driving amplitudes [22]. A
histogram of measured SL integrated intensities is shown
in Fig. 3. To overcome these difficulties, we used a 100 fs,
1 mJ pulsed Ti:Sa laser at 830 nm to illuminate the bubble
and collect the scattered light in a Mie scattering arrange-
ment with a large area (1 cm?) photodiode. This allowed us
to simultaneously take a “‘snapshot” of the bubble radius
while saving details of the light emission (Hamamatsu
PMT) with every pulse of the laser. By recording every
event independently, we could discriminate based on SL
integrated intensity after the fact to build a set of radius
versus time curves for selected SL conditions. Further
details can be found in the Supplemental Material [23].

To calibrate the Mie scattering signal, the laser could be
steered into a backlighting configuration and collected with
a microscope (5X Mitutoyo Plan Apo Long WD
Objective). At 16 different phases of the acoustic cycle,
images of the bubble were taken to obtain an independent
determination of the bubble radius throughout its motion.

© 2013 American Physical Society
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FIG. 1 (color online). Radius versus time from Mie scattering
data, backlighting image data, and RP simulation fit in sulfuric
acid from flashes between 6 and 6.5 V ns integrated intensity.
(a) illustrates bubble motion for just over one cycle of the sound
field. (b) shows the same data scaled to reveal details of near the
minimum radius and includes points of reference to delineate
energy availability at various points on the curve. Uncertainty is
calculated as the standard deviation of the Mie scattering points
from a given time-grouping added in quadrature with the pre-
dicted velocity multiplied by the width of the grouping.

In a similar manner to the Mie scattering data, SL inte-
grated intensity and timing information was captured with
each backlit image and this could be used to select appro-
priate images for each Mie scattering set. In addition, the
ambient radius of the bubble (R;) could also be measured
in this configuration by briefly interrupting the drive. For
purposes of illustration, what follows is the analysis of a
selection with SL integrated intensities ranging from 6 to
6.5 Vns. The postprocessed radius versus time curve
resulting from this discrimination is shown in Fig. 1.

This Mie scattering data is fit to a solution of the
Rayleigh-Plesset (RP) equation and includes thermal trans-
port between the ideal gas in the bubble and the surround-
ing fluid [24-26]. The maximum Mach number M of the
bubble wall relative to the speed of sound in the gas is

350
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FIG. 2. Integrated spectrum from sonoluminescence in sulfuric
acid from flashes between —6 and —6.5 V ns integrated inten-
sity. The dotted line is a fit (from 250 to 800 nm) to a Planck
black body which gives 7= 8400 K and Re = 6.9 um. The
dashed line is a theoretical transparent spectrum following
Hammer et al. [32]. This model uses a fixed size of 6.5 um
radius, a temperature of 15900 K, and 5.4% ionization (The
upper limit of our uncertainty in both temperature and density of
the SL plasma). The associated 823 nm line emission for this hot,
dilute model is represented by the dashed gray bar.

~0.2, so it is expected that the RP equation describes R(z)
to a good approximation. For the purpose of theoretical
analysis, this is an important advantage over other single
bubbles in water which exhibit greater stability but which
implode with M > 1 [27,28]. For the vast majority of the
cycle, the xenon in sulfuric acid bubble behaves as an ideal
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FIG. 3. PMT histogram shows the relative frequency of inte-
grated PMT intensities during one data acquisition. R, is the
radius of emission from black body fits of calibrated spectrum
data. R;, is the minimum radius measured from Mie scattering
data like that of Figure 1. Both R, and R,;, data are discrimi-
nated by 0.5 Vns ranges of PMT integrated intensity.
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gas and the simulation contains all necessary terms to
accurately describe its motion. We find that the applied
acoustic pressure is 1.4 = 0.05 atm with its phase shown in
Fig. 1. Near the minimum, the necessary equations to
describe its equation of state, while simultaneously satisfy-
ing all past experimental observations, do not exist. The fit
we present near the minimum should be viewed in this
context then as merely an accurate parametrization of the
data and not a description of the internal state of the com-
pressed matter. Nonetheless, an accurate description of the
maximum collapse speed and its resulting acoustic radia-
tion can be obtained using our methods.

During a given cycle of sound, the maximum potential
energy available to heat and ionize the contents of a bubble
is E, = 4m(R}, — R2)po/3, where p is the ambient pres-
sure which for Fig. 1 is 1 atm [29]. The number of atoms in
the steady state bubble is Ny = 47TR8 p,./3kT,, where R is
the ambient radius which occurs when the total pressure
acting on the bubble equals pq, and kT, is the product of
Boltzmann’s constant with the ambient temperature. We
measured the R, via backlighting with sound off to be
22 + 2 um which equates to Ny=1.1=0.3 X 10'? atoms
and a collapse density of n, = 1.1 =0.5 X 10?! /cm?
using R, = 6.5 um. The energy available to ionize atoms
when the minimum radius is reached is equal to the poten-
tial energy plus the work done by the acoustic field, minus
the energy lost to acoustic radiation, viscosity, and heating

the gas, or:
E.=E,+ AW, — AE.4 — AE,, - AUy, (D)

where AE,,4 and AE, are the energy lost to acoustic
radiation and viscosity, respectively, and AU7 is the energy
required to heat the bubble to temperature 7T so that:

AWa == /padV;

(2)
4 d(p, —
AE,, = 777 R3R(pgd7tp)adt,
AE, = 167 [ RRZdr;
(3)

AUr = %No(l + VKT, — 1)),
where “x” is the degree of ionization and p,, is the applied
acoustic pressure. For the Xe bubble in sulfuric acid pul-
sating as in Fig. 1, E,/N, = 2.8 eV/atom, AW,/N, =
1.7 eV/atom, AE,,4/Ny = 1.8 eV/atom, and AE, /N, =
0.7 eV/atom. This leaves 2.1 = 0.6 ¢V/atom at R,. This
energy must provide for heating of electrons and ions, as
well as for ionization.

We characterized the thermodynamic state of the plasma
by measuring the emitted spectrum with a fiber-coupled
Acton spectrometer attached to a Princeton Instruments
ICCD. Individual spectrums were captured by the gated

ICCD and averaged using PMT data. The spectrum asso-
ciated with the dynamics of Fig. 1 is shown in Fig. 2.
The calibrated spectrum when fit to a Planck blackbody
yields a definite emitting radius. In this case, the size of the
emitting region is 6.4 um at 8400 K. This agrees with the
measurement of the bubble radius on collapse [Fig. 1(b)].
Given the low Mach-number motion of the bubble wall,
this allows us to infer that the system is opaque across the
visible spectrum and nearly homogenous in both tempera-
ture and density.

Heating to 8400 K requires 1.1 eV /free particle. At an
example wavelength of 400 nm, an ionization of more than
36% of the atoms, or N, > 4 X 10'!, is required for opac-
ity. With these additional electrons, the minimum energy
needed for heating is AU;/Ny = 1.5 eV. The remaining
energy [~ Ny(0.6 eV)] is used to form the free electrons.
Per electron-ion pair, this gives 1.7 = 1.7 eV /particle to
form the free charges. Even at the limits of our uncertainty,
the available energy by this reckoning is a factor of 3 lower
than the ionization potential.

According to statistical mechanics, the degree of ioniza-
tion for a dilute gas follows from Saha’s equation:

x? 28,
L = —x/kT}, 4
I — ”o/\3 exp{—x/kT} 4)

where g, is the effective degeneracy of the electronic states
of the ion, at 8400 K g, is 2.7, A = h/«/27zmekT is the
electron thermal de Broglie wavelength (8.1 A at 8400 K),
and ny = Ny/V.~ 1.1 =0.5 X 10> /cm? is the atomic
density when the radius of the bubble has reached R..
Using the value of the ionization potential for an isolated
atom y, = 12.1 eV yields x = 7 X 10~* which is orders
of magnitude below the level required for opacity. In order
to reach 36% ionization, this system would require the
presence of a collective process that reduces y from 12.1
to 2.7 eV. In the event of such a process, the energy
available inside of the collapsed bubble would be sufficient
to produce the number of ions needed for opacity.

While the interpretation of the spectrum infers opacity
and the required high level of ionization, the bubble dy-
namics and resulting available energy makes no such as-
sumption. For the purposes of discussion, we can distribute
the available energy to the plasma formed inside the bubble
in the ideal limit where Saha’s equation is applied using the
bare ionization potential y = yo = 12.1 eV. The available
energy of 2.1 = 0.5 eV/atom at a density of 1.1 = 0.5 X
10%! /cm? distributes itself according to ideal statistical
mechanics to a temperature of 13400 = 2500 K and a
degree of ionization of 3% * 2.4%. As has been empha-
sized [30], the spectrum of light emission at this tempera-
ture and degree of ionization should include bound-free
transitions in addition to free-neutral and free-free
Bremsstrahlung processes. In this manner, the best-fit
transparent spectrum is calculated within the bounds of
uncertainty and leads to the dashed plot in Fig. 2. In this
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case, both maximum temperature (15900 K) and atomic
density (1.6 X 10%' /cm?®) were needed to best match the
intensity of the data. As mentioned [31,32], the peak in the
transparent 15900 K spectrum is close to the peak in
the 8400 K blackbody. Given the various uncertainties
and the fact that the measured spectrum is an average
over the entire implosion event, these spectra are in rea-
sonable qualitative agreement.

Various theoretical and experimental insights can be
used to distinguish between the opaque and transparent
“blackbody-imposter”’ solutions for the light emitting
state. First, consider the strong spectral line at 823 nm
from a transition that has the metastable Xe* as its ground
state. This is an opaque line and its peak will lie on a
blackbody curve with the plasma’s temperature [13]
(p- 247). The predicted line intensity is shown in Fig. 2,
supposing this was a transparent system at 15900 K. Yasui
[33] has presented a detailed analysis of quenching of
molecular lines in sonoluminescence from single bubbles
in water and has argued that they are quenched by colli-
sions. What makes SL from sulfuric acid so interesting is
that the gas density at the moment of collapse is so low—
being an order of magnitude less than SL in water. This
system is therefore more amenable to modeling and it will
be interesting to see if theory exhibits quenching of the
atomic lines by collisions. Time resolved spectra of a single
xenon bubble in phosphoric acid [19] were acquired at
collapse gas densities and temperatures comparable to this
Letter. These data show that the opaque atomic line does not
disappear until it is swallowed by the broadband blackbody
spectrum. For these reasons, we propose that the absence of
the Xe* 823 nm line in Fig. 2 supports our assertion that
the light emitting region is not transparent. Finally, there is
an argument based upon well-known, first order corrections
to Saha’s equation [13,34]. At 15900 K with ny = 1.6 X
10%' /cm?3, Eq. (4) yields a degree of ionization of x = 5.4%
which we now argue is unstable at the first order of pertur-
bation. Following Landau and Zeldovich [13,34], the ion-
ization potential is corrected at first order to

X = xo(l = 2yagn/®) — A2/ 6, (5)

where A = 1 is the coefficient of the Debye screening term
which reduces the distance an electron must move from an

atom to be liberated to 8, = VkT/87n,e?, ap is the Bohr
radius, and y = 1.78 is a coefficient determined by photon
induced conductivity in cold xenon at high pressure [35].
The first term reduces the ionization potential via the hy-
bridization of nearest neighbor xenon atoms. This term has
been applied to SL previously by Yasui [36]. For 15900 K
and ny = 1.6 X 10%', Eq. (2) yields a reduction in ioniza-
tion potential of 4.8 eV. Plugging this back into Eq. (1)
dramatically increases the degree of ionization and the
transparent fit in Fig. 2 is no longer valid. We have proposed
that for such large 7 and atomic density, the effects of
screening cannot be treated as a simple perturbation.

Instead one must seek a self-consistent solution to
Egs. (4) and (5) subject to the available total energy (this
possibility was realized in [37]). For the parameter space
discussed in this Letter and with A = 1, no self-consistent
solution exists indicating a degree of ionization approach-
ing x = 1.

The high degree of ionization inside of an SL plasma is
due to the fact that SL occurs at a relatively high atomic
density. Ebeling et al. has calculated x(n,) for given tem-
peratures for xenon and found that at densities above
~10%2/cm? there is a rapid increase in “x” which looks
like a first order phase transition [38]. For the 28 kHz
xenon bubble in sulfuric acid discussed above and for the
40 Hz xenon bubble in phosphoric acid [19], blackbody
behavior and therefore, a large value of “x” is found at
ng ~ 1.1 X 102! /cc. In these cases, the phase transition to
opacity occurs at an unexpectedly low value of the density.
A simple picture of how this can happen is provided by
Eq. (5). If A is chosen to be a weakly varying function of
the thermodynamic parameters then a reduction of the
ionization potential to 2.7 eV as required for opacity can
be achieved. At 8400 K and n, = 1.1 X 10! /cc, the elec-
trostatic potential at the Debye radius is e*/8, =
10.7./x eV, so that lowering of y due to hybridization of
2.4 eV when added to a lowering of 7.0 eV due to electro-
static screening provides the requisite ionization potential.
This occurs with A = 1.1 and a self-consistent solution to
Eq. (5), for the best fit parameters used in this analysis.

The above analysis was carried out for data where the
PMT integrated intensity was 6-6.5 V ns. A summary of the
spectrum blackbody radius fits (R,) and Mie scattering
collapse radius (R,) for other selections can be found in
Fig. 3. For a range of PMT areas, R and R, agree and it is
clear that blackbody behavior is attained. The analysis of
potential lowering for all values is in the Supplemental
Material [24]. In all of these cases, the ionization potential
needs significant reduction to attain the required ionization.

Sonoluminescence in a weakly collapsing bubble is well
described by hydrodynamics. We have detailed a new
technique whereby input sound and bubble dynamics can
be measured with sufficient accuracy so that via applica-
tion of energy conservation, one can elucidate thermody-
namic properties of the plasma which form inside the
bubble at the moment of light emission. In the case of a
bubble in sulfuric acid driven at 28 kHz, we can apply
energy conservation and find only 2.1 = 0.6 eV/atom
available to the interior gas for ionization and light emis-
sion. A transparent theory for this dense plasma can be
discounted as it is unstable to well-known first order per-
turbation theory and fails to describe line intensity.
Likewise, sufficient ionization for opacity cannot be
achieved with this amount of energy using the Saha model
of a dilute gas. As a result, we argue that the ionization
potential must be lowered dramatically by screening and
hybridization. How this theory is put on a first principles
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statistical mechanics basis along the lines of Teller et al. [19]
[39] remains to be seen.
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The plasma which forms inside of a micron-sized sonoluminescing bubble in water for under a
nanosecond has been probed with 3 ns long laser pulses. A comparison of the response to 532 and 1064 nm
light indicates that the plasma number density is about 2 x 102! cm™ and that transport properties are
dominated by strong screening and correlation effects. The spherical shape, well-defined atomic density,
and blackbody temperature make the sonoluminescing plasma a test bed for theories of strongly coupled
plasmas. The plasma in this experiment distinguishes between competing theories of strong, intermediate,

and weak effective screening.

DOI: 10.1103/PhysRevLett.113.024301

The passage of a planar sound wave through a fluid leads
to pulsations of a trapped bubble that are so large that the
energy density of sound is concentrated by 12 orders of
magnitude to generate flashes of ultraviolet light that can be
as short as 35 ps [1-3]. The mechanism of energy
concentration and the state of the bubble contents at the
moment of light emission constitute the study of sonolu-
minescence (SL). During the rarefaction part of the sound
field, the radius R of the bubble expands to a maximum
value, where the internal pressure of the gas it contains is
low compared to the ambient value of 1 atm. In a 30 kHz
sound field, the subsequent implosion is supersonic as it
passes through the ambient radius R, on the way to a
collapse radius R, [4]. The ideal gas law gives an ambient
density of ny=2.4x10"” cm™ and for xenon gas
Ry/a ~ 7.6, where a is the radius of the bubble when
the gas is compressed all the way to its van der Waals hard
core. Light scattering measurements indicate that for a
trapped single bubble in a 30 kHz sound field, R, ~ a, so
that the atomic density in the collapsed xenon bubble is
n, ~ 102 cm™ [5].

At the moment of maximum compression,
R~R.~1/2 ym, a flash of light is emitted. Its spectral
density closely matches an ideal Planck blackbody [6-9].
As a blackbody is opaque, the free charge density must be
very high. According to the simplest formulas for opacity,
where it is due to scattering of light by free charges [10], a
photon mean free path of 1/2 ym at 532 nm and the
measured temperature of 9250 K requires a charge density
n, > 102! ecm™3. Analysis of line spectra in other sonolu-
minescing systems has been interpreted in terms of similar
charge densities and temperatures [11-13].

The repetitive attainment of such dense plasmas in
spherical geometries with a controlled atomic density at
temperatures 7 ~ 1 eV enables the use of SL for studying
transport properties of dense plasmas. For this case, the
plasma coupling parameter is 2.9 < I" < 6.3, where
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In this Letter we explore this new direction in SL research
by comparing the response of the SL plasma to input laser
light at two different wavelengths, 1064 and 532 nm. This
test is motivated by the fact that the free charge densities are

so high that the corresponding plasma frequency w, =

\/4nn,e? /m (where m is the electron mass) is comparable
to the angular frequency w of the light in the laser pulses,
which can be used to probe the SL microplasma. According
to whether @ > w,, or < w, the incident light is trans-
mitted or reflected by an ideal plasma. We note that
n, ~10*' em™ corresponds to a plasma wavelength
A, ~ 1000 nm, which lies between the 1064 and 532 nm
probe pulses. The goal of studying the interaction of a laser
with SL was first introduced by Diebold [14] with the
purpose of generating high plasma temperatures. A recent
experiment by Khalid ef al. [15] demonstrated successful
SL-laser coupling and provided further evidence that SL
arises from a highly ionized plasma [13,16]. Our experi-
ment entails both spatial and temporal challenges. The laser
must hit the bubble at a properly synchronized moment
during the acoustic cycle.

Figure 1 shows the main experimental observation that
(a) a weak pulse of 532 nm light can interact with the SL
plasma and lead to an increase in light emission, whereas
(b) the 1064 nm light interacts with the SL plasma only
above an intensity threshold. The upper data set on each
panel shows the Mie scattering signal from the bubble,
which is a measure of its radius. The lower curve shows the
intensity of SL during that same acoustic cycle as recorded
by a photomultiplier tube (PMT). The diagonal data set in
the middle shows the increase in light output of the bubble
when the laser hits the bubble during the lifetime of the SL
microplasma. Theoretical analysis of this data permits one

© 2014 American Physical Society
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FIG. 1 (color online). Scatter plots showing the Mie scatter
intensity (red dots) and the SL intensity (black dots) for (a) 532
and (b) 1064 nm. The SL intensity is normalized by the intensity
distribution of SL flashes without an incident laser pulse and can
be seen as a band of points centered on unity. For each SL
intensity point, there is a corresponding Mie scatter point which is
a measure of the bubbles’ radius and confirms successful spatial
synchronization. SL-laser interactions only occur when the laser
and SL flash overlap in time. The spread in Mie scatter points is
due to the drift in bubble location relative to the laser focus during
the laser’s repetition rate (10 Hz). As SL-laser interactions grow
stronger, the accompanying Mie scatter signal increases due to an
enlarged plasma radius.

to select between the transport theory of dilute plasmas and
various density modifications put forward by different
authors [17-19].

Into degassed water we dissolve 150 torr of a gas mixture
that is 99% nitrogen and 1% xenon. The water is in a
30 kHz quartz resonator driven by piezoelectric transduc-
ers. A bubble is seeded into the resonator near the velocity
node of the standing wave resonance and is driven to large
pulsations and sonoluminescence. A seeded YAG (TEMOO)
laser is synchronized with the bubble by timing from the
previous SL. emissions, as the flashes have a subnano-
second clocklike repetition [20]. Three light detectors are
used: a photodiode which records the scattered laser light, a
photodiode that measures the intensity and timing of the
laser pulse, and a PMT with a laser-blocking filter (Notch)
that records the broadband SL as well as the additional
broadband emission which results from a laser pulse that is
successfully synchronized with a SL flash. The acquisition
of many scattering events and many flashes of SL is
displayed in Fig. 1. The intensities of each event are
plotted as a function of the time elapsed between the
leading edge (10% peak intensity) of the laser pulse and the
SL flash (which occurs at r = 0). For instance, the SL

events plotted at —4 ns (on the lowest trace) correspond to
acoustic cycles where the leading edge of the laser hit the
bubble 4 ns before the SL flash. Such an early hit
corresponds to a bubble with a radius larger than R,
and so the laser light scattered from the bubble as shown on
the upper trace is much larger than occurs at the minimum
radius, which happens at r = 0. If the bubble is not at its
minimum radius, i.e., if it is not in the process of emitting
SL, then the PMT records the intensity of the SL flash for
that cycle and it is plotted below the time of the laser hit.
This is shown by the PMT events close to the abscissa. As
the laser pulse is ~3 ns in duration, a laser-plasma
interaction can occur even when the leading edge of the
laser reaches a bubble 3 ns before SL. These laser on
plasma events can be weak (532 nm) or zero (1064 nm)
because the laser is turning off as the SL is turning on. A
laser hit can also result in a weak interaction if the bubble is
not centered on the laser’s focus, which results in a spread
in Mie intensities for a given time. Because of the
maximum available pulse energy, the largest events are
seen when the laser arrives at the bubble as SL is turning
on. In this case, we find broadband emission with an energy
that can be much higher than a typical flash of SL.

The SL-laser interaction gap (see Fig. 1) for 532 vs
1064 nm is apparent in the histogram of events shown in
Fig. 2. Figure 2 displays the frequency of events during the
SL-laser temporal overlap as a function of the intensity of
total light emission from the bubble. This includes the usual
SL plus the energy grabbed from the laser by the SL
plasma. The peak at unity is the strength of a typical free
running flash of SL and the gap from 4-20 reflects the
difference in interaction of the 532 vs 1064 nm laser
wavelengths with the SL plasma. What we measure is
clearly below the breakdown threshold which occurs at an
intensity 50 000 times that of SL and 200 times larger than
the minimum observable laser bubble interaction. This

FIG. 2. Normalized histogram of the SL intensity for a range of
laser intensities (0.5-25 x 10° W/cm?) at 1064 (solid curve) and
532 nm (dotted curve). Only points within the interaction region
of —4 to +1 ns (532 nm) and —8 to +1 ns (1064 nm) were used
for the histogram. Although concurrent to the SL, a large number
of laser shots did not result in an interaction due to the lack of
spatial overlap caused by the bubbles’ drift in location.
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confirms that we are seeing an interaction between the laser
and the SL plasma.

The interaction of a laser pulse with a plasma is affected
by the plasma frequency and the collisionality (or absorp-
tivity) of the plasma. The reflection of light by a sufficiently
dense plasma when @ < w,,, assumes an ideal plasma with
wt > 1, where 7 is the collision time. In this limit the
motion is reversible and no energy is absorbed by the
plasma. A theory which explains the conversion of incom-
ing light into plasma energy must include a finite 7.

Reflectivity in the limit 7 — oo is graphed in Fig. 3. The
solid curves give the plasma reflectance as a function of the
free charge density for 532 and 1064 nm. On Fig. 3 this is
labeled as the Debye theory of transport. The transition to
complete reflectance at high charge density is the well-
known plasma frequency effect which motivated this
experiment. When interactions are included according to
the transport theory of a dilute plasma (see below), one
obtains the dotted line in Fig. 3. Application of the theory
of dilute plasmas to high charge densities leads to short
collision time, wr < 1. In this limit absorption shorts out
plasma reflection. An explanation of the SL-laser inter-
action requires a theory of the collision time for dense
plasmas which follows.

Electrons of mass m and velocity v are accelerated by an
electric field E according to the Drude model,
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FIG. 3 (color online). Plasma reflection of 532 and 1064 nm
light as a function of electron density for various collision
theories. The Debye theory (solid curves) represents a highly
screened plasma, where wr > 1 and high levels of reflection are
observed for w < w,,. The dilute theory (dotted curves) diverges

m—+—7=—¢E. (2)

When coupled to Maxwell’s equations in the presence
of a disturbance driven at frequency w, one obtains the
dispersion law for the plasma wave number k, given by [21]

[}
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o | 'msm
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k3 = +t (3)
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For the frequency dependent collision time in the gaseous
plasma, we take

3w
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This termincludes the limitof aiw — 0, where 7is determined
by small energy collisions in a Coulomb plasma, as well as
free-free scattering in which an electron absorbs a photon of
frequency w. In the limit where w > w,, wr> 1, and
InA = 1, Egs. (3) and (4) yield a 2Im(k),) consistent with
inverse bremsstrahlung attenuation of light (Eq. 5.21 of [10]
corrected for induced emission).

For a strongly coupled plasma (SCP) where I" > 1,
screening and correlations must be included to determine
the effective collision frequency. Particle interactions are
well described in the framework of binary collisions, even
in the dense plasma limit [22]. In this spirit, we present a
simplified theory where the effects of SCPs are included in
our choice of the collision time. For this analysis, we
consider three models that assign a formulation for the
Coulomb logarithm in Eq. (4). The first is an extreme
screening model that utilizes the logarithmic formulation
presented by Valuev [17] and sets the Debye length as the
maximum impact parameter [Eq. 5(a)]. The second model
proposed by Daligault [18] represents an intermediate
scaling of the impact parameter [Eq. 5(b)] and includes
correlation effects. The dilute theory is also considered for
comparison [Eq. 5(c)], where screening is weak and held
constant. These models are given by

1
Debye: lnAzélnwgrgf—l—l, (5a)
n

T
Daligault: InA = é1n (0— r,? + 1>, (5b)
T

V6
V3

Dilute: InA =—, (5¢)
T

from the high reflectivity behavior due to strong damping where
(w7 < 1) in the high density regime. The Daligault theory (dashed
curves) experiences an intermediate level of reflection in the kT
dense regime and is capable of describing both reflection at r,= F(—(l - e—ﬂhw)) (6)
1064 nm and spectral opacity at 532 nm. hao
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As we apply transport theory over a range of frequencies
we include the possibility of the plasma coupling parameter
becoming a function of frequency [Eq. (6)] as has been
included by Dawson [23]. Furthermore, we have also
included an overall factor of ~2 in Eq. (4) that distinguishes
Dawson and Daligault from Zel’dovich.

Strong effective screening [Eqgs. 5(a) and 5(b)] lengthens
the collision time for I' > 1, and, according to Eq. (6), this
effect varies with wavelength. Figure 4 shows the distance
light travels before decaying to 1/e as a function of electron
density for the Daligault theory [Eq. 5(b)]. The region
labeled 7 dominated occurs when the laser frequency is
greater than the plasma frequency. For the Daligault theory
at a charge density of ~2 x 10?! cm™3, the 532 nm light is 7
dominated while the 1064 nm light is @, dominated and is
strongly reflected. In this range of charge density, the
532 nm penetrates most of the bubble while the 1064 nm
penetrates just a fraction of the bubble radius.

We appeal to the Daligault theory and the region of
parameter space with a charge density of ~2 x 10*' cm™3
to explain the interaction of a laser with the microplasma in
a sonoluminescing bubble. First, at this density the decay
length of 532 nm light is approximately equal to the bubble
radius which is consistent with the observed Planckian
spectrum. Next, the 532 nm light penetrates the bubble
whereas the 1064 nm light is restricted to a depth less than
20% of the bubble radius. Furthermore, the intensity of
light at 1064 nm to penetrate into the surface region is down
by a factor of 2.5 from the 532 nm light. It is important to
note that for all of the theories discussed, densities lower

|— Daligault, 532 nm —— Daligault, 1064 nm
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FIG. 4 (color online). Decay length of light in a dense plasma
for 532 and 1064 nm using the collision theory of Daligault. Two
absorption regimes are present for the electron density under
consideration and are separated at the critical density (w, = ).
Based on the suggested electron density of ~2 x 10> cm™ for
the SL measured in this experiment, the absorption is 7 dominated
for 532 nm and w, dominated for 1064 nm.

than 10! cm™3 would result in weak laser-plasma coupling
due to the long decay length (Fig. 4).

A full explanation of the absorption gap shown in Figs. 1
and 2 still requires some nonlinear threshold phenomenon
that allows for weak interactions at 532 nm but precludes
the absorption of weak laser light at 1064 nm. This
phenomenon goes beyond processes that we have included
in the theory of 7 (Fig. 5). To this end we note that the
average laser intensity at 1064 nm is 3.8 x 10° W/cm?,
which corresponds to an electric field E ~ 10° V/cm. From
Fig. 5 the collision time is about 5 fs so that between
collisions, an electron with thermal velocity ~7 x
107 cm/s moves about 3.5 nm. The change in electron
velocity during a period of light is about 10® cm/s. The
number of velocity increments of this size required to
double the energy is 50, if the collisions were all additive.
Because of the randomness of collisions and due to wt ~ 4,
the total number of collisions required to double the energy
is 50 x 50 x 4 x 4 = 40 000. During this time the electron
walks a distance ~1 um. This distance is much greater than
the electric fields’ penetration depth, which we interpret as
implying that at 1064 nm, externally driven diffusion
precludes finite energy transfer. At 532 nm the response
is 7 dominated and the field penetrates most of the bubble
and finite transfer is possible. The time required for the
energy of an electron to double in the externally applied
field is about 0.5 ns. Possible threshold phenomena include
breakdown at the water interface and higher levels of
ionization.

’- - - Dilute Theory, 532 nm — - Daligault, 532 nm —— Debye Theory, 532 nm

-- Dilute Theory, 1064 nm — - Daligault, 1064 nm —— Debye Theory, 1064 nm
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FIG. 5 (color online). Collision time of 532 and 1064 nm light
as a function of electron density for various collision theories.
The collision time for the Debye theory (solid curves) is large for
all electron densities and becomes density-independent for large
plasma parameters. The dilute theory (dotted curves) represents
the shortest collision time. The intermediate theory of Daligault
(dashed curves) lies between these limiting theories and scales
with w,, for large densities.
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The plasma which forms in a collapsing noble gas bubble
reaches a density with a plasma coupling parameter in
excess of unity. The bubble has a well-defined number of
atoms, a blackbody temperature, and is spherical in shape.
It therefore becomes a test bed for the study of transport
phenomena in dense plasmas. We have probed the sono-
luminescing micro-plasma by targeting it with synchron-
ized laser pulses at 532 and 1064 nm. Light emissions from
the resulting interactions enable one to decide between
various transport theories of dense plasmas and to deter-
mine that the plasma density is about 2-3 x 102! cm™3.
This technique has provided an electron density measure-
ment for single-bubble SL in water, which has remained
elusive for almost 25 years after its discovery. The
measured plasma density of ~3 x 10>! cm™ corresponds
to a Fermi temperature of 8700 K, which is slightly less
than the spectral temperature. The possibility remains that
some regions of the SL parameter space can exhibit Fermi
degeneracy as well as dense plasma kinetics [24,25].
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Blackbody Emission from Laser Breakdown in High-Pressure Gases
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Laser induced breakdown of pressurized gases is used to generate plasmas under conditions where the
atomic density and temperature are similar to those found in sonoluminescing bubbles. Calibrated streak
spectroscopy reveals that a blackbody persists well after the exciting femtosecond laser pulse has turned
off. Deviation from Saha’s equation of state and an accompanying large reduction in ionization potential are
observed at unexpectedly low atomic densities—in parallel with sonoluminescence. In laser breakdown,
energy input proceeds via excitation of electrons whereas in sonoluminescence it is initiated via the atoms.
The similar responses indicate that these systems are revealing the thermodynamics and transport of a

strongly coupled plasma.

DOI: 10.1103/PhysRevLett.113.075001

The passage of a sound wave through a fluid can lead
to pulsations of a gas bubble that are so strong that a
dense plasma forms at its minimum radius. The degree of
ionization n, ~ 10> cm™3 is much larger than follows from
Saha’s equation at the measured temperature 7 ~ 10 000 K.
Experiments on sonoluminescence (SL) have been inter-
preted in terms of screening and correlations which modify
the equation of state at atomic densities that are over an
order of magnitude lower than expected from theories of
strongly coupled plasma (SCP) [1-8]. The SL microplasma
is created via direct heating of the atoms. Mechanical
energy from the sound field sets up an implosion that
compresses and heats the atoms to the point where they
ionize. The liberated electrons are brought up to the ion or
atom temperature via collisions. The emitted thermal
spectrum is mainly due to collisions of hot electrons with
ions. In low frequency (~40 Hz) experiments the flash
width is hundreds of nanoseconds and the electron temper-
ature is in local thermodynamic equilibrium (LTE) with the
ions and light. If the unexpected high ionization and
resulting opacity of a sonoluminescing bubble is due to
fundamental changes in the equation of state of SCPs, then
these effects should be independent of the path by which
the temperature and density are reached. To test whether the
SL microplasma is a manifestation of a new thermody-
namic state, we have generated similar plasmas using laser
breakdown in high-pressure gases with atomic densities
between 10'°-10?! cm™3, which reaches the density of SL
in acids [2,5,6,9]. In this case, the path for energy flow is
the reverse of SL as femtosecond laser pulses instantly
ionize and energize the electrons while the ions remain
cold. We report observation of an opaque plasma that
persists well after the laser has turned off, and for times
much longer than the recombination time scale. The plasma
properties are consistent with the equations of state of the
SL microplasmas and temporal evolution of the blackbody
temperature provides insights into transport in SCPs.
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PACS numbers: 52.50.Jm, 52.20.—j, 52.27.Gr, 78.60.Mq

The focusing of high-intensity laser pulses into gaseous
media begins with a rapid ionization and heating of
electrons. This is followed by a plasma expansion into
the surrounding gas, whose luminous front vs time is
shown in Fig. 1. The microplasma in Fig. 1 was generated
using a 120 fs Ti:sapphire laser (Spectra-Physics) operating
at 1 kHz with an adjustable energy of 0—1 mJ/pulse. The
laser was focused with a 6 cm lens into the center of a
pressure chamber. Optical access through the chamber was
provided by fused silica viewports (Rayotek). The plasma’s

FIG. 1 (color online). Spectrally integrated plasma emission
(> 495 nm) vs radius and time. The streaked image (a) was
acquired for 5 bar xenon breakdown using a laser energy of
235 + 4 uJ/pulse, where ¢ = 0 indicates the moment of laser
breakdown. The plasma’s waist (FWHM) is plotted vs time (b)
for various pressures. Plasma expansion becomes hindered with
increasing pressure until ~5 bar is reached, at which point the
plasma waist dwells before expanding.

© 2014 American Physical Society
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light emission was collected and imaged by a 90 mm
UV-to-near-infrared triplet lens (Edmund Optics). The
plasma image was magnified by 5.34 and imaged onto
the entrance slits of a 150 mm Czerny-Turner spectrometer
(Princeton Instruments). The spectrally resolved plasma
image was temporally resolved by aligning the spectrom-
eter’s output onto the entrance slits of a streak camera
(Hamamatsu). The streak image in Fig. 1(a) is produced by
keeping the spectrometer’s entrance slits fully open (3 mm)
and moving the grating to Oth order. Similarly, the spectral
images in Fig. 2 were acquired by closing down the
spectrometer’s entrance slits (30 ym) and moving the
grating to 1st order. The total amount of incident light
entering the system in either mode is defined by the
overlapping slit areas. The plasma image could be moved
relative to the imaging system allowing spectral analysis at
any plasma location. The spectral measurements presented
in this Letter contain light from a plasma area of 32 ym?
and was located at the center of the plasma column.

Because of the limited amount of light entering the
imaging system, each spectral image (Fig. 2) consisted of
an average of 6 x 10° breakdown events. However, shot-to-
shot plasma intensity fluctuated by only ~10% and optical
triggering resulted in a minimal temporal jitter of 20 ps.
Both streak and spectral images show the plasma emission
as a function of time, where 7, = 0 ns marks the moment of
laser breakdown. Indeed, laser-plasma scattering can enter
the imaging system at the moment of breakdown and
provide both a breakdown time stamp and a measurement
for the system’s temporal resolution. An example of this is
present in Fig. 2(a) for 7, and at the laser wavelength
of 825 nm.

FIG. 2 (color online). Calibrated spectrum vs time for xenon
breakdown at (a) 0.5 and (b) 5 bar using a laser
energy of 23544 uJ/pulse. At lower pressures, the plasma
spectrum is dominated by atomic line emission. With increasing
pressure, the spectrum is broadened until it becomes completely
continuous (~5 bar).

A plasma’s absolute spectral intensity provides impor-
tant information regarding its opacity and mechanism of
light emission. For this purpose, the imaging system was
calibrated against known sources (deuterium and quartz
tungsten halogen lamps) and corrected for solid angle.
A temporal correction (< 30 ps) was made to account for
chromatic dispersion within the imaging optics. Finally, an
intensity correction was applied due to chromatic aberra-
tion and tested against the known sources.

Spectral images were measured as a function of static
pressure p, for xenon, argon, and helium while maintaining
a fixed laser power. For low p, [Fig. 2(a)], the plasma
spectrum is dominated by atomic lines for all times
recorded. As p is increased, the continuum radiation rises
while the atomic lines become heavily broadened. This
trend continues until a critical pressure p.. is reached, where
the spectrum becomes completely continuous for early
times [Fig. 2(b)], which has been observed in a similar
system [10]. The gas-dependent value of p,. is ~5, 20, and
60 bar for xenon, argon, and helium, respectively. The
continuous nature at p. is visualized in Fig. 3, where
individual spectra are extracted from Fig. 2(b) and plotted
vs wavelength. For p, = p., continuous emission persists
for a characteristic time scale #;,.. This time scale is
also gas dependent and is approximately 5, 1.5, and
0.15 ns for xenon, argon, and helium, respectively. For
t > tine, line emission emerges from the continuum
and grows in strength relative to the continuum. This
effect is observed in Fig. 3 for the Xe I transition line
at 823 nm.

In the field of SL and SCP, testing spectra for opacity has
proven to be a powerful technique for uncovering plasma
properties [2,5-7,11-13]. The spectral intensity radiated
by an ideal blackbody at temperature 7 is

2rhc?
I, = - : (1)
XS(exp{Mi’BT -1)

[y
o

S o
P e |

Spectral Intensity (uW/nm*umz)

300 400 500 600 700 800
Wavelength (nm)

FIG. 3 (color online). Spectral intensity for 5 bar xenon
breakdown at different times relative to the plasma formation.
Blackbody fits (dashed curves) are plotted for each spectrum with
values of T = 16350, 12350, and 11050 K for t = 0, +5, and
+15 ns, respectively.
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Deviation from blackbody behavior is quantified by multi-
plying I, by an effective emissivity e, where e =1
represents an ideal blackbody. Blackbody curves are
presented in Fig. 3 and are well fit to the spectra. Fits
were performed using a standard iterative method that
minimizes the value of 2. T and e from the blackbody fits
are plotted vs time in Fig. 4(a). High opacity is observed as
€ > 0.8 for t < 14 ns and approaches e~ 1 at =~ 5 ns.
Consistent with the definition of a blackbody as the ideal
radiator at a given temperature, the emissivity in Fig. 4(a)

FIG. 4 (color online). Blackbody temperature (red curve) and
effective emissivity (black curve) as a function of time for
(a) 5 bar xenon, (b) 25 bar argon, and (c) 74 bar helium. Laser
energies of 235 + 4, 325 £ 3, and 570 &+ 6 uJ/pulse were used
for xenon, argon, and helium, respectively. For all gases, the
temperature initially decays exponentially and is followed by a
long linear decay. A fit to an exponential plus linear function is
plotted (dashed curve) for each gas with characteristic time scales
indicated. For xenon, the emissivity for the opaque Xe I transition
is plotted (green curve) using the spectral intensity at 823 nm and
the blackbody temperature.

never grows above unity (within experimental error ~15%)
even though the plasma temperature is decreasing expo-
nentially. Further blackbody behavior is observed by
measuring the emissivity value of the opaque 823 nm
Xe I transition line egy3. Using the blackbody temperature,
the intensity at 823 nm, and Eq. (1), €g,3 is plotted vs time
in Fig. 4(a). For t > #;;,., the plasma becomes increasingly
transparent as indicated by the reduced emissivity and
increased atomic line contribution to the spectrum.
However, the emissivity for the strong 823 nm line remains
opaque (egp3 ~ 1) for ¢ > ;.. Like €, €g,3 is never greater
than unity, which has been observed in other blackbody
plasmas [2]. High opacity is also observed for 25 bar
argon and 74 bar helium in Figs. 4(b) and 4(c), respectively.
With the exception of 5 bar xenon, € begins near unity
and drops after a time corresponding to the end of the
exponential temperature decay. Possible reasons for the
initial growth in e for xenon breakdown are an increasing
electron density after breakdown (as observed in [10]) and a
plasma temperature gradient producing a near-blackbody
spectrum.

When the observed opacity is interpreted in terms of
transport theory in SCPs, an estimate of the charge density
can be obtained. A key condition for opacity is that the
photon mean free path is smaller than the radiating body,
written as kR > 1, where R is the plasma thickness and «
is the absorption coefficient of light. For dense plasma, the
dominant form of absorption is the process of free-free
inverse bremsstrahlung where an electron absorbs light
during a “collision” with an ion [14]. The collisionality
in SCP is greatly affected by collective screening effects.
In the presence of an oscillating electromagnetic field of
frequency , the collisionality is characterized by the
unitless parameter wr,,, where 7, is the collision time of
an electron with an ion. For an SCP in the multi-ionization
regime [7]

2 0.7 -1
wt, = |——y"2TV2T, In (—r;ﬁ/z + 1)} . (2
= = @)

where y is a unitless parameter representing the plasma
frequency, I' is the plasma coupling parameter, and I, is
the plasma coupling parameter in the presence of an
electromagnetic field. These quantities are given by

_ (@ 2:47m02€2 r— z 4zng\1/3
4 ® mw* kgT 3 ’

F F kBT 1 e h(l)
p— —_— —_— X — s
® ho P\ 7 kpT

where Z = n,/ny is the effective ionization level, ny(n,) is
the nuclei(electron) density, and m, is the electron mass.
For Z <1, T = (e?*/kgT)(4xZny/3)"/3. The Coulomb
logarithm in Eq. (2) represents screening effects and was
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found using a molecular dynamics simulation [15] and
later supported in a laser-SL coupling experiment [7]. In
the plasma regime where y <« 1 < wr,,, the absorption
coefficient reduces to «x = (w/c)(y/wz,). For 5 bar
xenon breakdown at r=35ns, T =12350K, ng=
1.25 x 10%° cm™3, R = 50 ym [Fig. 1(b)], and selecting
a spectral region relatively void of strong line emission
(400 nm), an electron density of n, > 4.0 x 10 cm™ is
needed to satisfy the observed opacity (kR =~ z). This
electron density requires over 3 levels of ionization and
results in an SCP with I" > 3.5. The initial attainment of
such high levels of ionization is well known [16,17]. We
find that this level persists for an extended time and is a
property of the equation of state of SCP.

The temporal evolution of the opaque spectrum yields
the temperature as a function of time when ¢ ~ 1 (Fig. 4).
This behavior can be connected to the transport in SCP, in
particular, the electron-ion collision time

0.7 -1
7,_; = limz, = |[—w,I/?1n (—F_3/2 + 1)} .
[v ' V3
(3)

This is the time scale for electron-ion energy transfer and
follows from Eq. (2) in the limit of no electric field. We
argue that z,_; accounts for the initial exponential drop in
temperature soon after the laser-gas interaction. The intense
laser pulse forms a plasma in the pressurized gas via the
process of multiphoton ionization [18]. Recombination
rapidly brings the electron density and light emission into
LTE at the measured spectral temperature while leaving the
ions cold. Because of their large mass, the ions take a
longer time to heat up via collisions with the energetic
electrons in a time scale g, ~ (M/m,)z,_;, where M is the
ion mass [14]. As the ions heat up, the electron temperature
drops exponentially (Fig. 4). Opacity as deduced from the
blackbody spectrum only yields a lower bound on the
plasma density. However, this bound becomes the actual
electron density for plasmas transitioning from opaque to
transparent spectrum. This is the point at which e first drops
below 1. This also corresponds to the end of the exponential
temperature decay at t~5/1/0.1 ns for 5/25/74 bar
Xe/Ar/He breakdown [Figs. 4(a), 4(b), 4(c)]. Using
T =12350/14550/12550 K, R =50/37/25 ym, n,=
4.0/6.3/7.0x10*cm™3 (required for opacity at 400 nm),
and Eq. (3) the calculated thermalization time is
1170/305/28 ps. For the range of I' given above,
Eq. (3) can be approximated as w,7,_; % 5.37 matching
[15]. Therefore, the theory of 7y in this regime is
approximately temperature-independent and can be rea-
sonably approximated using plasma values at the end of the
exponential decay. This allows us to extrapolate the
exponential behavior to the initial temperature decay and
obtain the best fit values of 1470/380/63 ps. Comparison
of all gases results in a 7y, that is roughly linear to the ion

mass. Normalizing to argon, the ratio of atomic masses
is 3.3:1:0.10 (Xe:Ar:He). Similarly, the ratio of the
measured decay time divided by 7,_; is 3.3:1:0.13, which
is consistent with the screened theory of collisions in SCP
as applied via Eq. (3) [15]. Had we used the collision
time appropriate to dilute plasma theory we would have
found 7y, = 160/71/5.2 ps.

Although rapid ionization from high-intensity laser
pulses has been achieved in a variety of systems
[10,19-21], we further observe that high ionization is
maintained for a surprisingly long period of time. Is the
persistent electron density due to local electronic thermo-
dynamic equilibrium or far off-equilibrium behavior due to
a long recombination time? In other words, is the plasma in
ionization equilibrium at each time step in Fig. 4?7 To
address this question, we consider the three-body recombi-
nation time scale 7., from plasma theory (photorecombi-
nation plays a minor role [14]) which occurs from the
capture of an electron by an ion in the presence of an
additional electron, given by

Trec — (U T ’.(S)Z4 2) 1’ (4>

where 0, = \/8kpT/m,z is the mean thermal electron
speed and ry, = 2¢*/3kgT is the impact parameter for
recombination in a Coulomb collision. Equation (4) and
the plasma properties for xenon at = 5 ns results in an
impossibly fast recombination time of 0.15 fs. This is a
result of dilute plasma theory applied to the dense plasma
which we study. In formulating Eq. (4), screening processes
are not accounted for and will result in an overestimation of
the probability of finding a second electron in the vicinity
of the electron-ion collision. To this end, we account for
screening by replacmg ro with the screened impact param-
eter p given by ¢ = np*> = (Znyv,7,_;)~". The result of this
substitution is that every electron-ion collision can result in
a recapturing of the electron, and, therefore, 7. = 7,_;.
This time scale is still much faster than any experimental
time scale and is necessarily smaller than zy,. We conclude
the ionization is in a state of LTE with the electron
temperature and light emission.

ITonization for an electron plasma in LTE is governed by
Saha’s equation given as

Xm41Xe _ Euerl (mekBT> 3/2 exp <_ )(_m) , (5>
X, ny u, \ 2zh* kgT

where x,,(x,), u,, and y,, is the ion(electron) concen-
tration, electronic partition function, and ionization poten-
tial for the mth ion, respectively [14,22]. Although the
electrons and ions are at different temperatures for ¢ < 7,
Eq. (5) still applies by using the electron temperature [23].
For 5 bar xenon at t = 5 ns, the charge density is > 4 X

10%° cm™ while the temperature is only ~12000 K.
According to Saha’s equation, the degree of ionization
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for the first ionization level (m =0 and y; = 12.1 eV)
should be less than 3%. Yet the opacity suggested by our
data requires over 3 levels of ionization. Therefore, the
collective processes at work in SCP must reduce the overall
ionization potential by an amount comparable to y;. In
particular, the lowering of y,, through Debye screening
results in a change of the average ionization potential

by [14.22]
&;(:2(Z+1)e3,/%. (©6)

Using the measured plasma properties of xenon breakdown
(Z = 3.2), the ionization potential is dramatically reduced
by Ay = 32 eV. This value of potential reduction, albeit
remarkably high, is consistent with the observed level of
ionization as it lies between y; = 31.1 and y, = 41.0 eV.

Application of calibrated streaked spectroscopy to fem-
tosecond laser breakdown in high-pressure gases reveals
both transport and thermodynamic properties of strongly
coupled plasmas. We observe micron-scale blackbody
spectra that persist long after the exciting laser has been
turned off. Spectral analysis indicates the presence of a
plasma with a higher ionization when compared to
Saha’s equation. We conclude a strongly coupled LTE
plasma is formed in an unexpected region of parameter
space (defined by atomic density and temperature). The
time scale for thermal relaxation depends strongly on
density effects and its measurement discriminates between
various theories, selecting in favor of [15]. Future work
will study the dwell time and expansion of the strongly
coupled plasma. These systems may possibly reach
regions of parameter space occupied by matter obeying
quantum statistics. The discovery of an opaque micro-
plasma as a thermodynamic state suggests electric dis-
charges in pressurized gases as a new route toward optical
switches.
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Nanosecond high-power dense microplasma switch for visible light
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Spark discharges in high-pressure gas are known to emit a broadband spectrum during the first 10 s
of nanoseconds. We present calibrated spectra of high-pressure discharges in xenon and show that
the resulting plasma is optically thick. Laser transmission data show that such a body is opaque to
visible light, as expected from Kirchoff’s law of thermal radiation. Nanosecond framing images of
the spark absorbing high-power laser light are presented. The sparks are ideal candidates for nano-
second, high-power laser switches. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4902914]

A Planck blackbody spectrum is emitted from a cavitat-
ing gas bubble as its implosion reaches a minimum radius.
Blackbody radiation from cavitation can be observed in a
wide-ranging parameter space that includes temperatures as
low as ~1eV and atomic densities as low as ~10*'cm>.'~
These parameters can also be achieved in a spark discharge
in a high-pressure gas. Furthermore, sparks have an advant-
age over sonoluminescence in that sparks can be triggered
on demand. As blackbodies are opaque, experiments on
sonoluminescence suggest using sparks in high-pressure
gases as an active optical limiter for high-power visible light.
Our goal of achieving blackbody behavior in non-cavitating
systems is supported by the observed blackbody response in
laser breakdown of high-pressure gases.® The opacity of
high-pressure sparks at early times has been inferred from
their broadband emission.” Here, we demonstrate a cali-
brated Planck spectrum and measure transmission under the
above conditions. The experimental conditions employed in
this letter lead to a nanosecond microplasma switch that is
capable of high-power handling. A potential application that
utilizes this opaque switching behavior is the protection of
sensitive imaging devices from high-power lasers.

The application of high-voltage (HV) between two gas-
separated electrodes can generate plasma through dielectric
breakdown. This rapid breakdown is known as spark dis-
charge. Sparks can be developed in nanosecond timescales
and heated to thousands of degrees through time-varying
resistive heating.® At these temperatures, gases become ion-
ized and radiate light. This rapid increase of light emission is
shown in Figs. 1(a) and 1(b) for sparks generated in high-
pressure xenon gas. At high values of light emission, the
plasma becomes more absorptive of the incoming light as
plotted in Figs. 1(a) and 1(b). Figs. 1(c) and 1(d) show
false color images (5ns gate) of spark plasmas absorbing
light from a 532 nm pulsed laser. For a system with tempera-
ture 7, emission and absorption of light are related by
Kirchhoff’s law

Jy 2nhy? 1
A, Sy = 2 ehv/kT _ 17 M
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where J,, is the amount of radiation emitted per unit time per
unit surface area, A, is the absorptivity, and S, is the radiant
energy flux of a blackbody at frequency v. This law states
that the ratio of a body’s emission to its absorption is equal
to blackbody emission, which only depends on T and v. The
attainment of the blackbody limit (A, =1) is suggested by
Fig. 1 not only because transmission drops to zero but also
because the transmission remains zero while the light emis-
sion continues to increase. A similar response has also been
observed for laser breakdown studies in atmospheric pres-
sure gases.” In general, plasma emission becomes more
intense with increasing density. This trend is observed in
Fig. 1 for 2 and 10 bar discharges. Similarly, the amount of
transmitted laser energy decreases with increasing pressure.
Eventually, a critical pressure is reached where the plasma
becomes opaque’ and laser transmission falls to zero. For
pressures =10 bar, laser pulses are completely blocked and
absorption occurs only on the plasma’s surface (Fig. 1(d)).
From Eq. (1), the condition for opacity is given by A, =1
and therefore J, =S,. This states that an opaque body must
emit blackbody radiation for a given frequency. The trans-
mission curve for 10bar discharges in Fig. 1(b) indicates
complete absorption at 532 nm and must therefore radiate as
a blackbody at 532nm. To confirm this requirement, cali-
brated spectrum was measured as a function of time as
shown in Fig. 2. For early moments, the discharge radiates a
continuous broadband spectrum followed later in time by
xenon line emission. Temporal line-outs from the spectral
images are shown in Fig. 2(b). Indeed, this spectrum is well
fit to blackbody emission (S,) during the same moments as
complete laser absorption (Fig. 1(b)).

Spark discharges were generated using two tungsten
needles (40 um tip radius) centered in a stainless-steel pres-
sure chamber (PC), as shown in Fig. 3(a). Optical access was
granted with four UV fused-silica windows mounted on the
PC. The distance between the electrode tips was 165 pm and
adjusted using a custom high-pressure actuator. HV pulses
were generated by an external circuit shown in Fig. 3(c). A
variable-length fast pulser (Behlke FSWP71-02, 10ns rise
time) was charged with a +5kV power supply through a 10
MQ resistor. Upon triggering, +5kV pulses were sent
through a 1.36 m RGS58C/U cable ending with a SHV

© 2014 AIP Publishing LLC
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connection. The HV electrode was connected to the external
circuit through a SHV feed-through and the ground electrode
was connected to the chamber body. The spark is achieved
when the stray capacitance of the cable and electrodes charges
to the breakdown threshold, as described in Ref. 10. Although
pulse lengths were set to 1 s for the discharges presented in
this letter, the plasma is opaque for only the first ~50ns. This
timescale is set by a combination of circuit properties and the
expansion of the heated gas."'~'* Sparking was conducted at a
rate of 5 Hz or slower to minimize any lingering effects of the
previous shot. Due to the voltage being near the breakdown
threshold, 10 bar discharges jittered in time by 100s of nano-
seconds relative to the input trigger. To improve the temporal
jitter, seed electrons were created through the photoelectric
effect by projecting a UV light source (deuterium lamp) onto
the electrodes.'*

The plasma images in Fig. 1 were acquired using a fram-
ing camera (Specialised-Imaging, Custom SIMD-052) capa-
ble of capturing four 3ns images in a 12ns interval.
Following Fig. 3(b), plasma emission was collected by a

Appl. Phys. Lett. 105, 223501 (2014)

FIG. 1. Laser transmission and plasma
emission of spark discharges formed in
(a) 2 and (b) 10bar xenon gas as a
function of time. Laser transmission
(black curve) was recorded for 532 nm
laser pulses focused through the center
of the spark plasma. Plasma emission
(red curve) was recorded with a fast
photodiode. False color images repre-
senting plasma light emission were
taken with a framing camera during
the moment of laser-plasma interaction
for (c) 2 and (d) 10 bar discharges. Red
dashed curves indicate the location of
the HV electrodes. Laser pulses propa-
gating from the left are absorbed by
the spark volume and surface for 2 and
10bar discharges, respectively. These
transmission curves and images were
obtained using laser intensities below
the breakdown threshold.

Mitutoyo infinity-corrected microscope objective (MO) and
imaged onto the framing camera with a tube lens (TL). The
imaging system has a 10x magnification and a 2.0 pm spatial
resolution. A filter stack (FS) was placed between the objec-
tive and tube lens. In FS3 were neutral density filters and a
532nm notch filter (Stopline 532/1064 nm dual-notch) to
protect the framing camera from incidental laser scattering
and pass broadband plasma emission.

Laser transmission curves from Fig. 1 were measured by
focusing laser pulses through the spark discharge. TEMOO
pulses from a seeded YAG (Coherent Infinity) were focused
into the PC (green arrows in Fig. 3(b)) with a 40 mm focal
length objective (LO). The measured flashwidth, energy,
beam waist, and peak focal intensity was 2.2 *0.15ns,
8.0 = 0.9 W/pulse, 9.5+ 1.0 um, and 1.9 = 0.4 x 10'® W/cm?,
respectively. After passing through the spark discharge at
minimum focus, the laser is collected, filtered, and imaged
onto a triggerable CCD camera (Mightex CCE-B013-U). In
FS1 were neutral density filters and a 532 nm line filter to
protect the camera from strong laser intensities and block
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FIG. 2. Calibrated spectrum for 10bar xenon discharges. (a) Temporally
resolved spectral image shows continuous broadband emission for early
times. As the plasma expands, xenon line emission emerges from the contin-
uum for later times. (b) Spectral line-outs reveal opaque behavior during the
early moments of discharge and is well fit to blackbody emission (black
dashed curve, T=24000K and 4.9 x 10*pm?* blackbody emission area).
Blackbody spectrum is observed concurrently with complete absorption
from Fig. 1(b).

broadband plasma emission. Transmission is normalized
using the integrated laser intensity on the CCD for pulses
arriving before the spark discharge.

Due to the spark’s temporal jitter, a signal representing
plasma emission (“Plasma Photodiode” in Fig. 1) was
needed to sort the CCD and framing camera images as a
function of time. As shown in Fig. 3(b), a 50:50 broadband
beamsplitter sends a portion of the plasma emission to a fast
photodiode (1ns rise time). The broadband light sent to the
photodiode was filtered by FS2 (532 nm notch) and demagni-
fied 0.6x by a 25 mm focal length singlet lens (SL). Timing
signals from the plasma photodiode and cameras were
recorded on an oscilloscope for every laser pulse. A time-
stamp was assigned for each event based on the time differ-
ence between the plasma photodiode and the camera signals.
Timing to each instrument was controlled through a delay
generator (SRS DG645).

Temporally resolved spectrum was acquired using a
calibrated fiber-coupled spectrometer (Acton SpectraPro
3001) and gated to 10ns exposures with an ICCD (Princeton
Instruments PI-MAX). Once more, a timestamp from the
plasma photodiode is recorded for every discharge. In this
way, spectra are sorted in time and averaged (2 ns time-bins)
to make the spectral image in Fig. 2(a). Because the spec-
trum is calibrated in intensity, the fit in Fig. 2(b) provides
both a blackbody temperature (24 000K) and area of emis-
sion (4.9 x 10* umz), with a fitting error of ~20%. This is in
rough agreement with the plasma’s luminous area
(2nRh =27 x 40 pm x 165 pm =4.1 x 10*pum?) taken from

Appl. Phys. Lett. 105, 223501 (2014)

FIG. 3. Experimental setup: (a) Photograph of pressure chamber with tung-
sten needle electrodes. (b) Optical block diagram for measuring laser trans-
mission and plasma emission, and for fast spark imaging (framing).
Included are laser (green arrows) and plasma emission (red arrows) ray
traces. A portion of the plasma emission is collected by an optical fiber and
directed to a gated spectrometer. The X, y, and z axes are defined by the
arrows in a) and b), the origin of which is taken to be the plasma center. (c)
High-voltage circuit diagram.

the framing camera images. For times =50ns, xenon lines
emerge from the continuum and increase in strength. The
appearance of these lines indicates a transparent plasma and
is consistent with the absorption measurement in Fig. 1(b).
This increase in line emission is due primarily to the plas-
ma’s hydrodynamic expansion into the surrounding gas,
resulting in a lowered atomic density. For comparison, spec-
trum at 2bar xenon discharge is provided in Fig. 2(b) and
shows reasonable agreement.

Normalized transmission curves were constructed for
peak laser intensities spanning 6 orders of magnitude
(1.9 x 10-10"° W/em?, Ref. 15). These curves were inde-
pendent of laser intensity until the laser breakdown threshold
was reached, indicating that the loss of laser light is due to
linear absorption by the spark plasma. The laser breakdown
threshold was measured at 7.7 = 1.5 x 10" W/cm? and
1.9+04x10"W/cm®> for 2 and 10bar, respectively
(consistent with Ref. 16). Beyond the laser breakdown thresh-
old, the transmission curves deviated toward lower transmis-
sion due to energy loss from laser breakdown.'” This trend
suggests that there is no limit to the plasma’s power handling
capability and can be utilized at very high laser intensities. To
demonstrate this capability, Fig. 4 shows framing images of
10bar spark-laser interactions for a laser intensity ten times
larger than laser breakdown (1.9 x 10'*W/cm?). Each image
was exposed for Sns with Ons interframe time. In Fig. 4(a),
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FIG. 4. 5 ns framing images (false color) of three individual events: (a) Laser breakdown without a spark and (b) laser absorption at +-25ns and (c) +90ns af-
ter spark discharge initiation in 10 bar xenon gas. The timestamps given in (b) and (c) indicate the moment the image was taken relative to the spark discharge.
For the case of (a) no spark, the image was taken relative to the arrival of the laser pulse. In all cases, the laser intensity (1.9 x 1012W/ cm?) was set above the
breakdown threshold and centered between the electrode gap. Laser arrival occurred during the second frame of each row and resulted in a laser-plasma inter-
action. Red dashed curves indicate the location of the HV electrodes. A dark region exists between the laser breakdown and spark plasma for =50 ns and
grows larger with later laser pulses. Shadowgraph measurements have shown this effect is due to laser breakdown induced by a shock front generated by the
spark discharge. (Multimedia view) [URL: http://dx.doi.org/10.1063/1.4902914.1][URL: http://dx.doi.org/10.1063/1.4902914.2][URL: http://dx.doi.org/

10.1063/1.4902914.3]

the incident laser pulse (from left to right) is focused between
the tungsten electrodes with the spark switched off (no HV). In
this configuration, laser breakdown is formed both before and
after the electrodes, and ~25% of the laser energy is transmit-
ted to the CCD camera. With the spark activated, the laser pulse
is focused onto the plasma column and is completely absorbed
(Fig. 4(b)). Once more, no laser energy passes through to the
CCD camera for early times (~0-50ns after spark initiation).
Laser energy is absorbed only on the surface of the spark
plasma, which further indicates an opaque body. The laser
energy deposited to the spark plasma is so large that a luminous
wave propagates within the plasma (from left to right in Fig.
4(b)). Conversely, laser energy is deposited to the plasma vol-
ume at later times as shown in Fig. 4(c). Here too a luminous
wave propagates within the plasma (from middle to top/bottom
in Fig. 4(c)). This observation is consistent with both the meas-
ured spectrum and absorptivity, as a volume emitter is also a
volume absorber.

The nanosecond optical switch device presented in this
letter was motivated by the observation of a dense plasma

inside a sonoluminescing bubble. The dense microplasma
exists at an unexpectedly low temperature and has its origin
in collective processes in a strongly coupled plasma.® We
have generated an opaque plasma using spark discharges in
high-pressure xenon. As an active optical limiter, this
plasma has seemingly limitless power handling, as laser
energy is converted into higher temperature and more
plasma. In other words, the switch reported in this letter
cannot be damaged because it is already broken. This opti-
cal switch can now be optimized in parameter space for
faster discharge speeds, lower energy consumption, and
longer periods of opacity. In addition to device applica-
tions, the system discussed in this letter could lead to new
probes of strongly coupled plasmas. By varying the density
and other parameters typically inaccessible to sonolumines-
cence, new equations of state can be discovered for this ex-
otic state of matter.
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Observation of Shell Structure, Electronic Screening, and Energetic Limiting in Sparks

A. Bataller,! S. Putterman,! S. Pree,! and J. Koulakis!

! Department of Physics and Astronomy, University of California,
Los Angeles, Los Angeles, California 90095, USA*

We study the formation of micron-sized spark discharges in high-pressure xenon on the nanosec-
ond timescale. The spark’s energy per length is measured through the expansion dynamics of the
generated shockwave, and is observed to scale linearly with the spark radius. At the same time, the
surface temperature of the spark channel remains constant. Together, these observations allow us
to conclude that the spark channel, which is 15 —40 um in overall radius, is actually an energetically
hollow shell about 10 um thick. Further, the energy per nucleus in the shell is about 15eV, inde-
pendent of size and density. To reconcile these findings with the opacity to visible light, we appeal
to collective screening processes that dramatically lower the effective ionization potential, allowing
a much higher electron density than is expected. Thus nanosecond measurements of sparks provide
access to the thermodynamics and kinetics of strongly correlated plasmas.

PACS numbers:

Examples of systems that become dense plasmas when driven off-equilibrium are high-voltage electrical breakdown
(spark discharges [1]), ultra-fast laser breakdown [2], adiabatic heating of gases in shock fronts [3, 4], and bubble
implosions (sonoluminescence [5]). As these systems are driven harder, their brightness is observed to saturate. This
luminosity saturation, first recognized by Glaser [6, 7], exists over a wide range of parameter space. Although this
phenomenon has been known for over 60 years, its explanation is still in contention [8, 9]. Attempts to find the
thermodynamic and kinetic origins of this effect are shrouded by the simultaneous onset of opacity at unexpectedly
low temperatures and energy inputs. We use the acoustic and hydrodynamic response of the dense plasma expansion
to peek inside of dense xenon sparks which are formed in a nanosecond - fast compared to hydrodynamic timescales.
We find that the spark current flows in a shell structure where the energy per atom is a constant, independent of
both the absorbed energy (or spark diameter) and the initial density. Furthermore, the surface temperature remains
constant for 25 ns, a period much longer than the energy input time. Opacity is established in under 1 ns, and
this property of the plasma is due to processes that strongly reduce the ionization potential. Dense plasmas in the
parameter space described here are useful as ultra-violet sources, rapid optical switches with broadband functionality
extending to the ultra-violet, and precision discharge machining tools.

Luminosity saturates at a brightness corresponding to blackbody emission at a gas-dependent temperature Ty;.
The saturation occures in both time and space as shown by the streak image in Fig. 1(a). The image was taken
along a radial cross-section (streak slit indicated in Fig. 2(a)) for a spark discharge in 42 bar xenon. In Fig. 1(c), a
temporal lineout centered on the spark channel shows that the gas breakdown process forms in <1 ns with a rapidly
rising intensity indicated at + = 0 ns. The luminosity saturates at 5 + 0.5 uW/nm pum? within the first nanosecond
and continues for 20 — 25 ns. During this time, the luminous profile (Fig. 1(d)) is well fit to a flattop function
(super-Gaussian), indicating saturation in space as well.

Hydrodynamic analysis of Fig. 1 is the basis for insights regarding the interior of the blackbody emitter. This image
was taken with a Hamamatsu streak camera aligned to a 10x long-range Mitutoyo microscope objective as shown in
Fig. 2(b). A 550 nm bandpass filter (10 nm bandwidth) was placed between the objective and streak camera, whose
spectral intensity was cross-calibrated with the fiber spectrometer system (Fig. 2(b)). Details of the pressure chamber
and electrical circuit used to generate the discharges can be found elsewhere [10]. Briefly, spark discharges were
generated in a stainless-steel pressure chamber between 80 pm diameter tungsten needles that were dulled through
a series of spark discharges. A 50 €2 coaxial cable attached to the electrodes through a feedthrough in the chamber
walls was charged to 5 kV through a 250 €2 isolation resistor. In contrast to [10] where a fast-rise-time switch was
used to charge the cable to a voltage surpassing the breakdown threshold, here the gap length is increased so that the
potential stays below threshold. The breakdown is then initiated with a weak (< wJ) femtosecond laser pulse focused
between the electrodes. This represents a significant advancement in spark triggering that lowers timing jitter by over
an order of magnitude and makes possible ultra-fast measurements on the micron scale.

Importantly, the luminosity-saturated sparks we present are in a different regime than those considered by others
[6, 7], and particularly Yusupaliev, whose brightness-saturation theory [11] assumes that power continues to drive the
system well after the hydrodynamic shockwave has been formed. In contrast, we consider sparks whose energy source

*Electronic address: awbatall@ncsu.edu
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Figure 1: Time-resolved radial cross-section of a spark discharge in 42 bar (a) and 10 bar (b) Xe. In (b), a backlight renders
the emitted shockwave visible. Temporal (c¢) and radial (d) line-outs, whose position is indicated by the green dotted lines
in (a), reveal brightness saturation occurring both in time and space. A weak femtosecond laser pulse initiates the discharge,
indicated by emission at -10 ns in (a) and (c). Red-dashed curve in (d) is the best-fit super-Gaussian.

has been exhausted before hydrodynamic expansion even begins, and therefore the atomic density remains equal to
the ambient. We achieved this regime by relying purely on the capacitive energy stored within our drive cable and the
parasitics of the chamber, which discharge quickly. There remains an opportunity for a luminosity-saturation theory
on such rapid timescales.

A key feature of the luminosity saturation regime is the blackbody nature of the plasma emission. The flattop
radial profile observed in Fig. 1(d) is suggestive of this, as a blackbody is a Lambertian radiator. To confirm the
presence of blackbody radiation and the gas-dependent Tg,¢, calibrated, time-resolved spectra were obtained for
xenon spark discharges. Indeed, Fig. 3 shows spectrum taken at 3ns matching a 29000 K blackbody, in agreement
with previous studies of xenon discharges [12, 13]. Along with increasing power input, Tga¢ can also be reached by
increasing gas pressure as long as the power input is above a minimum value [14]. Fig. 3 demonstrates this trend as
the spectral intensity reaches its limiting value between 10 and 20 bar. Spectrum was acquired with a fiber-coupled
ICCD spectrometer (Princeton Instruments), where individual spark emission spectra were recorded in 1 ns exposures,
averaged, and reconstructed as a function of discharge time. The spectra were then divided by their averaged plasma
dimensions from corresponding streak images and electrode separation. The spectrometer system was calibrated
to an uncertainty of 10% using deuterium and tungsten sources, limiting the blackbody fitting parameters to only
temperature and allowing quantitative radiative analysis.

Fitting radial lineouts to a super-Gaussian function I (z) = Iy exp (—2 |(%)n{) at each time point (red-dashed
curve in Fig. 1(d)) provides the spark channel radius (half-width-at-half-max) over time (Fig. 4). The spark expansion
dynamics can be categorized into four temporal phases referenced to the onset of light emission:

1. Leader Phase (t < 0 ns) - This is the earliest phase of the discharge where seed ions created from the weak
femtosecond laser pulse (Figs. 1(a)&(c)) migrate and collide with the cathode. Secondary emission initiates a
cascade, a plasma leader races across the electrode gap, and a luminous spark channel becomes visible [15].

2. Tonization Wave Phase (0 < t < 3 ns) - Once the spark leader has bridged the electrodes, the channel
diameter grows rapidly as circuit energy pours into heating and creating a larger plasma. This phase is likely
an ionization wave front, considering the fast expansion speed (>5 km/s) and the absence of a radiated shock
front subsequent to its rapid deceleration around 3 ns. During this phase, the plasma reaches Tyq;.
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Figure 2: Block diagram (b) of the system used to study spark discharges in 10-42 bar Xe. (a) is a time-integrated photograph
of a single spark event in 20 bar Xe as captured by CCD1. The pressure chamber contains two 80 um diameter tungsten needles
(perpendicular to the plane of the block diagram and seen as silhouettes in (a)), held 170 um apart, that are charged to 5 kV
with the circuit shown in (¢). CCD1 and CCD2 are used for alignment and diagnostics. Sub-nanosecond dynamics are resolved
by the streak camera (Fig.1), which images a narrow band across the spark width, indicated as “Streak Slit” in (a).

3. Hydrodynamic Phase (3 < t < 25 ns) - Additional heating is limited by the small stray circuit capacitance
and the sharply-dropping plasma resistance. Once power input has ended, the channel undergoes a hydrody-
namic expansion near the speed of sound of a 29000 K xenon plasma. This phase ends when the plasma size
is so large that the initial energy input can no longer sustain the expansion, ending with a radiated shock wave
(Fig. 1(b)).

4. Cooling Phase (t > 25 ns) - Lasting 100s of nanoseconds, this phase represents the spark’s death as the
plasma cools off from Ty, to room temperature. During this phase, the plasma becomes dilute and optically
thin.
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Figure 3: Absolute spectral intensity of Xe discharges at 3 ns for various static pressures. Spectral saturation throughout the
measured spectrum occurs for pressures >10 bar and are well-fit to a 29 000 K blackbody spectrum (dotted). Simulated spectra
(dashed) at 20 bar were calculated for various levels of ionization (Z = 0.3 and 2) using Eq. 7 at Tsq+ = 29000 K and ! = 40 pum.

We find the dynamics of the spark channel radius between 3 — 25 ns (Fig. 4) are well-described by the function,
t
R(t) = Aexp (—7) + VBt (1)
T

The second term captures the asymptotic behavior of a cylindrical shock as expected from the Sedov-Taylor self-
similar solution, which assumes the initial energy input is a delta-function in time and the shock radius is much larger
than the initial radius. Because the channel resistance drops rapidly, the vast majority of the energy deposition occurs
in the first nanosecond. The initially rapid expansion of the channel diameter slows dramatically when the power
input becomes negligible, as seen between 2 — 4 ns in the velocity curves of Fig. 4. Further expansion is driven by
hydrodynamics rather than ionization, and the velocity flattens out at around the speed of sound. Additional evidence
that further energy input is negligible is provided by the observation that changing the charging cable length does
not affect the channel dynamics. We empirically insert the exponential term to account for the shock acceleration,
and fit the radius-time curves during the hydrodynamic phase (3 — 25 ns) to Eq. 1 to extract the best-fit parameters
A, 7, and B. We have also observed the shock post-separation with the use of a backlight (Fig 1(b)), and find that it
continues to follow the v/t expansion until the radius becomes comparable to the electrode distance, after which the
shock becomes spherical.

Unit analysis and self-similar theory gives the coefficient B as being proportional to the half power of the energy per
length E/L, over the mass density p = ngMx., with the proportionality constant being a function of the adiabatic
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Figure 4: Plasma radius (solid) and velocity (dotted) as a function of time for 20 and 42 bar discharges. Discharge sizes varied
from shot-to-shot within the range indicated by the shaded regions bounding the radius curves. The radial expansion is fit (black)

to Eq. 1 between 3—25 ns. A shockwave is released from the plasma surface between 20-25 ns as indicated in the shaded region.
The plasma velocity is shown normalized to the isothermal speed of sound of a 29 000 K gas (¢s = v/kTsat/Mxe = 1.36 pm/ns).

index v [16, 17],

4(v=1)(v+1)?| E TR2e
B2= |2 N 2
31 I, f) My, (2)
2 [Ho
where €= —2/ e(r)rdr, (3)
Ry Jo

is the spatial average of the energy per nucleus €(r), over the initial radius Ro, ng is the initial atomic density, and Mx.,
is the atomic mass of xenon. Ry is the radius of the spark channel after the majority of the energy has been deposited,
i.e. after the ionization wave phase, but before the hydrodynamic expansion begins. This occurs at ¢ = 4 (3) ns for
20 (42) bar, as that is when the velocity of the early, rapid expansion has dropped to approximately the speed of
sound [30], and flattens off (Fig. 4). We use the shockwave asymptotic dynamics to back-out the energy absorbed by
the spark, and then assign that energy to the number of particles in the initial channel volume. At 3 ns, the channel
density is assumed uniform and equal to the ambient density, as sound in a 29000 K ideal gas of particle mass Mx,
travels a distance small compared to the channel radius during that time.

Variations in Ry occur naturally from shot-to-shot. Fig. 5(a) is a scatter plot of B2Mx. oc E/Lng vs. Ry for
individual sparks in 20 and 42 bar xenon, all at 5 kV and 170 um electrode distance. From this plot, we find that,

Li x B*Mx. = K(Ry — Ryin), (4)
no
with K = 870 (830) + 25 (30) eV um and R, = 10(9) £ 1 (1) um for 20 (42) bar. Remarkably, B2Mx, is linear in
Ry and density-independent within experimental error. The spark brightness vs. initial radius shown in Fig. 5(b)
emphasizes that the surface temperature, and by extension the energy/nucleus at the surface, is independent of the
spark size in the brightness saturation regime.
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Figure 5: Scatter plots of (a) B>*Mx. and (b) the brightness of the spark channel vs. the initial plasma radius for individual
discharges at 20 and 40 bar. B?Mx. is proportional to (Ro — Rmin) and is pressure independent, while the surface brightness
is independent of both spark size and pressure.

These results considerably restrict models of the internal structure of the spark channel at the end of the ionization
wave phase (~ 3 ns), after the energy has been deposited, but before hydrodynamic expansion has begun. The
simplest, consistent model is a shell structure with an energetically hollow core, and constant energy per nucleus €g
within a shell of thickness A, i.e.,

; (5)

€0 Ro— A<r< Ry
e(r) = .
0 otherwise

_ QAEQ A

and € = I (Ro 3 ) (6)
Comparing Eqgs. 2&4 with Eq. 6 yields the shell thickness A = 2R,,,;,, and energy per nucleus eg = K/47 f () Rpin,
which is independent of Ry as required for consistency with Fig. 5(a). Such a structure might arise when a moderately-
conducting spark leader bridges the electrode gap, followed by a rush of current that is confined within an electrical
skin depth. Heating within the skin-depth increases the conductivity of the shell relative to the rest of the channel, so
that the shell draws the majority of the current density. At later times, this shell can spread inwards due to thermal
conduction and radiation transport. Although ~ is not strictly a fixed quantity, it is typically treated as a constant
value of ~ 1.2 (consistent with 2 levels of ionization) for spark discharges and dense plasmas [1, 16, 18-20]. With this
value of ~, the linear fit coefficients yield ¢y = 14.4 (15.3) £ 1.3 (1.2) eV /nucleus for 20 (42) bar discharges.

To better understand these observations, it is necessary to consider the state of matter associated with the initial
spark plasma. In this dense regime, screening effects and interparticle forces are dominant and can lead to unexpectedly
high levels of ionization [1, 2, 9, 18, 21]. To determine whether this plasma is strongly ionized, the electron density
can be estimated using the requirements for opacity [1, 2, 22, 23]. The absolute spectral intensity I at wavelength A
can be calculated using [24],

1 —exp (—kal)

Lh=L1-R)———~~—
A= 1In( ) 1—Rexp (—kral)’

(7)
where I, is the Planck spectrum at T4, R is the plasma reflectivity, [ = 4A is the plasma thickness, and & (Tsqt, 70, Z)
is the absorption coefficient, where Z is the ionization level. Using the plasma conditions for 20 bar at 3 ns (Tsq =
29000K and [ = 40 pm) and the free-free bremsstrahlung formula for xy [22] with dense screening corrections [25],
2 levels of ionization is required to match the observed spectrum (Fig. 3). In contrast, the ionization calculated
using Saha’s equation in the dilute limit gives Z = 0.3 and cannot reproduce the plasma opacity. The high level of
ionization potential reduction required is estimated by comparing the energy to ionize and heat these free electrons
with €9 = 15 €V /nucleus. Using Z = 2, the thermal energy is % (Z +1) kTsqr = 11 €V /nucleus. The vacuum ionization
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energy is Ziz=1 Xi = 33 €V, giving a total of 44 eV /nucleus. Therefore, a dramatic reduction in the ionization potential
must occur. Although formulated in a perturbative limit, the Debye screening formula suggests significant ionization
potential lowering given by xp = —3e%/dp, where 6p = \/kT/24me2ny is the Debye length and all atoms are assumed
doubly-ionized [16]. For the parameters given above, Ax = —20 eV /nucleus, leaving a significantly lowered total
energy of 22 eV /nucleus.

Our measurement of ionization potential lowering makes this system a platform for studying the equations of state
and transport properties of strongly correlated plasmas. The plasma studied in this Letter is a robust state of matter,
as the saturation temperature and opacity is maintained long after the input energy has ceased. Further study of
dense plasmas on rapid timescales will lead to discoveries of exotic phases of gaseous coulombic systems that parallel
unusual phases seen in liquid electrolytes [26] as a result of strong screening [27]. Due to its opacity, the screened
plasma phase generated by spark discharges will make an excellent sub-nanosecond means of switching off ultra-violet
probes, so as to make improved measurements for the state of trapped ion Q-bits [28, 29]. Other unexpected properties
and applications of condensed plasmas remain to be discovered.
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Theory of laser —dense plasma interaction:’ . :
incl Brem,inv. Brem, screening, Wy It

although wtp;e<l; WTpenee>1; I'~3

2.2 ﬁ
B 5 d B 0)27:2
v =gz andB 1+ w?t?
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Plasma and Electroenergetics Annual Portfolio

Energy Flow in Dense Off-Equilibrium Plasmas

Submitted by Seth Putterman
December 19, 2015

Equation of State and Transport Properties in a Dense Plasma

* We have demonstrated 3 different desktop labs for dense plasma
science

» Kinetic theory of a dense plasma is easier than you think
» lonization potential is dramatically lowered in a dense plasma
« Subnanosecond establishment of opacity in a dense plasma

« Transition to opacity occurs on micron length scale — subns
switch to block high power pulses!

 |dea for a paradigm shifting 4t" lab of warm dense plasma
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Sonoluminescence creates a strongly
coupled plasma

Sonoluminescence can be generated in a variety of systems

* As aresult, extensive properties of sonoluminescence span
many orders of magnitude:
Hz to MHz, ps to ps, 10-3 pm3 to 106 um?3
* However, intrinsic properties of sonoluminescence are similar:

T=05-2eV,n,=102"-102cm3,1< <10

Kappus, B., Khalid, S., Chakravarty,
A., Putterman, S., 2011, “Phase
Transition to an Opaque Plasma in
a Sonoluminescing

Bubble". Physical Review

Letters, 106(234302),

] is the
plasma
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Explosions are initiated by the dense plasma formed inside of a

crushed bubble

“ALL Nobel Prizes are due to
Sonoluminescenci

Kirk McDonald

Persson Book <#>
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Sonoluminescence: A micron-sized

.
blackbody emitter dense plasma

« Common feature to many

o] e ——— : sonoluminescence systems is its opacity

(blackbody spectrum)
« Conditions for blackbody:

1. Thermal equilibrium

Radiance (W/nm)
S

2. Rgg>>1,,

20,400K e

where (- is the photon mean free path

10-13 m T T T T T \1 z 21
200 300 400 500 600 700 800 |[e N = 1047 electrons/cm? needed
Wavelength (nm) e
Vazquez, G., Camara, C., Putterman, S., and Weninger, K., 2001, “Sonoluminescence: nature’s for m icron scale opaCity
smallest blackbody". Optics Letters 26(9), p. 575-577
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The sonoluminescencing microplasma is a

thermodynamic state -

of a bubble?

a O
Idea: Study the energy input to high-pressure
gases. Static high-pressure gas matches the

\bubble’s collapse density in sonoluminescence.J

[ 2500 psi = 170 bar = 4.25 x 102! atoms/cm? j

[Question: Can this plasma be generated outside}
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Contents

1) Sonoluminescence: A micron blackbody

2) Sono(less)luminescence: Laser Breakdown
a) Calibrated streaked spectroscopy
b) Transport properties from new platform

3) Sono(less)luminescence: Spark Discharge
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Spark Discharges in a Dense Gas are also a —[New
Ancient] Platform for Dense Plasmas

* 5KV potentials
across 150 ym gap

* Tungsten needles in
high-pressure gases
can create bright
nanosecond spark
discharges

* Dense plasma
triggered on-demand
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Laser Breakdown in high pressure gases

Taking the “sono” out of
sonoluminescence...
{ Adiabatic heating in a } {Laser heating in a high static pressure}

collapsing gas bubble gas by dielectric breakdown

>

LAcoustically drivenJ t Optically driven J
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Nanosecond UV Framing Camera for
Diagnosing Transport in Dense Plasmas

Bataller — Koulakis - Pree
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Density Corrections to Saha’s Equation

X2 _ 291

= exp{—y/KkT} Saha’s Equation
1-x noﬂs

7~ 70— ragng"3)— €2/ 5p — ae? 1255,

A y4 = hybridization + Debye screening + polarization

5D — \/kT /87znee2 Debye Screening Length
n, = xn,

y =2 for hydrogen atom : theory
3.56 for cold Xe ; from diamond anvil experiments

<f>

DISTRIBUTION A: Distribution approved for public release.



feouL =1, * f. + s

Ebeling 1988

— 1 — — D T T m——T T
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L1412 Q \ / ]
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81y U [ 20,000K .l'llll
_ N ]
L=3. N 12500K \/ ]
R AN 04 ]
3"
_ 09163 I +0.3008¢ " +2.117,,"* i —SL |
e(r,) = 0.1244 In T3 R
r 1 +0.3008, . 0z |
- ‘flllnﬁllz + ‘hﬁ_ ‘!clJ J';‘I"[B}"J’?l. ) I \_j ]
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Phase transition to a dense plasma is achieved at 2 orders of magnitude lower density----
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R Redmer 1997

I 1
Vil (12,1'2)= 71,_'_‘ +
- 2!

&=

L
T_-: oL, (24}

A
-

-
2 e

The vertices in the last diagram describe the interaction between a two-particle cluster and free par-
ticles [ROET79]. For the polarization function IT{g, ), a similar cluster decomposition is employed:

g, ) = ITy(g.w) + Mg, )+ ITi(gew)+ -, (23)

See also Fortov, Kraeft, Ebeling

The first term in (25) describes the polarizability of a free electron gas within the RPA whereas
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If we are correct about this being a thermodynamic effect then it is fundamente
And it applies to other sitautons where dense gases are energized

These include sparks in a dense gas

Laser breakdown in a dense gas

And initiation of explosions.
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Demonstration of Opaque Plasma Discharge Blocking Intense
Laser Pulse-due to formation of dense plasma condensate

b) Intense laser pulse arrested at plasma surface

Practically limitless power handling capability. The switch
cannot be broken as it is already the broken state of matter!

A. Bataller, J. Koulakis, S. Pree, S. Putterman, Appl. Phys. Lett. 105, 223501 (2014)
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Blocking light over six orders of magnitude of intensity; rise time not resolved-here

Active time-cable length

Normalized laser transmission of spark discharges formed in 10 bar xenon gas as a function of time
and spanning 6 orders of magnitude in laser intensity. Laser transmission was recorded for 532 nm
laser pulses focused through the center of the spark plasma. Intensities below the laser breakdown
threshold (solid curves) produced nearly identical transmission curves indicating a linear laser-
plasma response. Intensities above the laser breakdown threshold (dashed curves) deviated from
the former curves with an increasingly nonlinear laser-plasma response, resulting in greater opacity
for a longer period of time.
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Shock Wave Emission from a Dense Plasma

Although the field is as old as
electricity, many spark discharge
features remain unknown:

"We have pointed out that the problem
of streamer head radius still remains
to be solved. Today, there is no
adequate theory, nor is there
convincing experimental evidence to
determine the head size reliably.”

-Raizer, “Spark Discharge” 1998
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Switch Turns on Sub-ns
' Blackbody is Established Within a Few Microns

/
Streak CAera

Slit Aperture
Sun is evenly bright and that is typical of a BB— contrast to a projection lamp
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Temporal and Spatial
Line-Outs

Dischargereaches opacity in
~0.1% the speed of light!
Can block leading edge
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Does Plasma Contraction at Short Times Imply that a Cold

Dense Plasma acts like it has a Tensile Stren

th

Bataller et al.
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Experimental setup: Chamber and
optical diagram
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Experimental setup: Optics and streak
camera
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Xenon Spectrum

Transition to continuum at high pressures

0.5 bar 5 bar
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Plasma Temperature Evolution

12,000 — 18,000K
Blackbodly fits
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Ionization Required for Opacity

Opacity at 400 nm

opacity condition

t(ns)  +0.1
governed by Rp,/¢,

R (um) 26 34 50
Bremsstrahlung is the T(K) 12,550 14,550 12,350

dominant source of
broadband
emission/absorption in
high density plasma. Z >0.38 >1.0 >3.2

n, (cm3) >7.0x10*° >6.3x10%° >4.0x10%°

n, (cm3) 1.85x102! 6.3x10%°  1.25x10%

¢, is modified by high

density effects (G. bimonte and
J. Daligault, Phys. Rev. Lett. 101, I >1.9 >1.6 >3.6
135001 (2008).
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Thermalization Timescale Measured

Thermalization time measured

M

Tin = —Tpo_j
th mez

T,_; Is calculated using temperature and
ionization with dense plasma theory
(G. Dimonte and J. Daligault, Phys. Rev. Lett.

101, 135001 (2008)

screened collisions

SELF-CONSISTENT VALIDATION OF
TRANSPORT THEORY AND PROVIDES
COLLISION TIME MEASUREMENT
FOR A STRONGLY COUPLED PLASMA

T T D

Tth
(meas.)

Tth
(calc.)

Mass
Ratio

Tth
Te—i

63 ps

37 ps

0.10

0.13

380 ps

305 ps

1.0

1.0

1.47 ns

1.17 ns

3.3

3.3

Ar 25 bar
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Dwell Time of Dense Micro-Plasma Condensate

Ambient pressure before breakdown = 10.atm

Electron temperature after breakdown = 25,000K
Pressure. 3,000.atm

Plasma charge density ~ 1021/cc
Yet H plasma dwells for 200ps; D plasma for 400.ps

Plasma Parameter=1 ; a— 8A

If the ions are at ambient Temperature
T=e/akT :a=3/4m )" then (ions) = 70 |
- Which is very strong coupling
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Transmission measurements also match emission waist dwell times

Time (ps)
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Competing Mechanisms for Dwell?

H,: Towenn < Trherm 10 ps 1ns 200 ps
He, Ar, Xe: TDweII > TTherm He 40 ps 100 ps >800 ps
Ar 300 ps 1ns >4 ns
Xe 1.2 ns 2ns 15 ns
H.: Xe:
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Dwell Time is Due to Electron-Electron Screening

2 ’ T
e k
Screening lowers ionization potential: X=Xy 5D éD 81n.e2
e

Free Energy is modified: ~ F = N_KT{In(n A )}+ NKT{In(n A} N {2e° /35, }

1
Leading to lowering of pressure: p=—0F/oV =n, (kT +KT} - §n°

e2
5,

D

And phase transition:
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Dwell Time is Due to Tensile Strength of
Coulomb Plasma .;

lons are correlated in space (liquefying or crystalizing): e §
T, e? . L]
- ~100 I = ~ 70 inourH, system oel-
T. akT. oaltho

L L

Free Energy is modified: SR W e IR

Teller 1966
F = N KT{In(n,22)}+ N KT.{In(n,2*)}- N,BKT T tanh(T’)

F=lon Kinetic Energy + Electron Kinetic Energy — Coulomb Attraction

Leading to lowering of pressure:

p=—0F / &V =, (KT, +KT,){~n,kT, BT, tanh T,

* For ny =5-10%9/cc which is the number of H atoms at 10atm after dissociation,
e?/a~2eV; and ne?/a~1000atm; so the coulomb energy is comparable to the
pressures that we wish to balance.

e Laser breakdown ionizes and heats electrons leaving ions cold with "~70. Transport

is determined by electron-phonon interaction and NOT binary collisions. Therefore
equilibration is slow and dwell is prolonged.
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Dwell Time is Due to Tensile Strength of
Coulomb Plasma .;

lons are correlated in space (liquefying or crystalizing): ow
T, e? _ el
- ~100 ri = ~ 70 In our system osH//

A | L 1
[ 0.4 0s8 12 1.6 20 24 28

X=1a Teller 1966

p=—-0F /0V =n, (KT, +KT,)|—n,KT.BI; tanh I;

Smoking Gun Experiment: Laser Breakdown in COLD gas

In going from room to liquid Nitrogen temperature — but the same density,
[; changes by 4x by the ELECTRONS ARE UNAFFECTED.

DISTRIBUTION A: Distribution approved for public release.




Depths of blackbody can be probed by
looking at shock speed later in time

E
Sedov-Taylor for cylindrical shock: R(t)~(—L)1/4\/f = VBt
p

¥ power law
regime, continues
after breakaway

Experimental fits to shock speed at later times give
the initial energy density.

“Breakaway”: The separation
of a shock front from the
luminous “fireball”.

— Zel'dovich
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Depths of blackbody can be probed by
looking at shock speed later in time

E
Sedov-Taylor for cylindrical shock: R(t)~(—L)1/4\/f = VBt
p

Experimental fits to shock speed at later times
give the initial energy density.

Energy/particle is constant — independent of
pressure and voltage (not shown)

By what phenomenon is the initial energy per particle limited?
And what phenomenon gives a constant luminous temperature up till breakaway?
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