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Ultrafast x-ray imaging of pulsed plasmas in water
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Ultrafast x-ray imaging is useful for diagnosing a wide range of nanosecond-time scale physical processes,
particularly those concealed by optical emission or otherwise opaque objects. Here we use the ultrafast x-ray
imaging facilities at Argonne National Laboratory’s Advanced Photon Source to interrogate nanosecond-pulsed
single-electrode plasma initiation processes in water (+25 kV, 10 ns, 5 mJ), with supporting nanosecond
optical imaging and x-ray diffraction computational model. These results clearly resolve narrow (~10 pum) low-
density plasma channels during initiation time scales typically obscured by optical emission. This multiphase
environment is not well described in literature, and these experimental results appear to be inconsistent with
prevailing breakdown initiation hypotheses. This work also proposes this plasma process as a cheap, compact,
and repeatable benchmark imaging target with hypersonic phenomena (29.1 km/s) and very high-power densities
(1 TW/cm?), useful for the development of next-generation ultrafast imaging of inertial confinement fusion and

other nanosecond processes of interest.

DOI: 10.1103/PhysRevResearch.3.1.022021

I. INTRODUCTION

Nanosecond-pulsed plasma processes attract significant
interest for their broad applicability in fields such as
nanochemistry [1,2], medicine [3,4], three-dimensional (3D)
printing [5], and aerodynamic flow manipulation [6], among
many others. Historically, research into pulsed plasma initi-
ation phenomena has focused on gas-phase processes, which
as a result are relatively well understood [7,8]. In contrast,
electrical discharges in liquids exhibit a complex multiphase
environment through which the plasma propagates [9,10],
challenging lessons learned from gas-phase discharges. Dis-
charges in liquids are also broadly applicable; therefore,
increasing our collective understanding is essential. Recent ef-
fort has focused on investigation into liquid-phase breakdown
initiation phenomena, of which there are several prevailing
hypotheses regarding the dominant breakdown mechanism
and currently no conclusive theory [11,12]. It has not yet
been proven whether electron avalanching is possible in liquid
media; therefore, several groups debate the necessity of pre-
existing bubbles or dissolved gases for streamer propagation
to occur [13-15]. Alternate hypotheses propose the generation
of nanopores via electrostriction as a source of low-density
regions required for plasma initiation [16]. Still others sug-
gest that field emission from the electrode tip can locally
heat the surrounding water, leading to rapid expansion and
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a low-density region through which electrons can avalanche
[17]. In any case, time-resolved high-resolution imaging of
the nanosecond plasma phenomena in question and associated
low-density regions can aid in verification/refutation of these
candidate initiation mechanisms.

Along with its merit as a phenomenon of primary interest to
the fields of plasma physics and engineering, the plasma diag-
nosed in this work also shows potential for application in the
development of new nanosecond imaging systems. This is due
to the inherent hypersonic phenomena involved (29.1 km/s),
as well as low turnaround time between events (less than 1 s)
compared with other benchmark imaging targets of similar
power density (such as exploding wire, which unlike water re-
quires manual reloading). Additionally, plasma initiation can
reach high-power densities over short time scales (1 TW /cm?,
with 5 mJ dissipated through 100 um? over 5 ns), within
two orders of magnitude of power densities used for inertial
confinement fusion (ICF) [18,19]. An equivalent water plasma
setup could therefore be cheaply (total cost < US$100k) and
compactly incorporated as a self-healing benchmark imaging
target for diagnostic development at ICF facilities, such as
the National Ignition Facility and Laser Mégajoule, as well
as at any other facility interested in imaging nanosecond high
power-density physical processes [20-22]. In this work we
demonstrate the operation of such a device for well-timed in-
terrogation of the water plasma initiation process itself, while
also highlighting its value as a repeatable nanosecond imaging
target.

II. PHENOMENA OF INTEREST

This work focuses on the pulsed plasma shown in Fig. 1,
generated using the driving circuit shown in Fig. 2(a). When
applying a positive high-voltage pulse to a tungsten electrode
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FIG. 1. The pulsed water plasma of interest to this work imaged
with four different methods, in order of decreasing exposure time:
(a) 67 ms, (b) 2.38 us, (c) 10 ns, and (d) 50 ps.

submerged in distilled water (filtered to a maximum particle
size of 0.2 um, with conductivity of roughly 0.5 uS/cm), a
branched-structure plasma forms near sharp-contour regions
of the tungsten electrode tip which radiates outward at hyper-
sonic velocities. By triggering an air spark gap switch with a
nanosecond laser pulse, repeatable time-resolved diagnostics
is possible (similar to setups used in Refs. [13,23]). While a
nanosecond-pulsed plasma can occur in a more conductive
liquid [24], the branched structures of interest to this work
require low conductivity, like that of distilled water or lower.
See Supplemental Material, Sec. 1 [25] for a more detailed
description of the experimental setups and methods used in
this work.

III. IMAGING RESULTS
A. Optical Imaging

Using a high-speed video camera, the plasma of interest
was imaged with backlighting at 420 kfps (2.38 us/frame)
and a resolution of 20 um/pixel, shown in Fig. 3(a) and Sup-
plementary Video S1 [25]. Light-emitting plasma channels
propagate across the full field of view within the first captured
frame of the event, implying a lower bound of 630 m/s for
propagation speed. Optical emission and plasma energy depo-
sition has ceased by the next frame, and the resulting bubble
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FIG. 2. (a) Diagram of the laser-triggered driving circuit with
(b) voltage and current traces for a typical event. (¢) Power and
energy calculated from direct integration. Ry = 20M€2, C; = 1nF,
and V, = +25kV. During this event a total of 242 mJ was dissipated:
225 mJ (93%) was dissipated by the air spark switch, 5 mJ (2%)
contributed to plasma generation, and the remaining 12 mJ (5%)
was lost via long-time scale heating and electrolysis. The resulting
plasma current pulse had a FWHM of 12 ns and a peak of 23 A.

begins to evolve and become more spherical over the next
50 us.

To better interrogate plasma-time scale processes without
requiring ultra-high-frame-rate imaging of a single event,
we can take advantage of the fact that this plasma process
and experimental setup is well timed. By triggering the event
relative to the shutter of a nanosecond-gated camera and
logging image timing signals, single event images were sorted
according to exposure delay relative to each event. This results
in a constructed “video” of water plasma behavior at time
scales not achievable via single event high-frame-rate imag-
ing, shown in Fig. 3(b) and Supplemental Video S2 [25]. The
plasma (identified by the light-emitting region) initiates near
the electrode tip and propagates outward with a hemispherical
bush/branching structure over approximately 100 ns, with
the longest branches extending almost 4 um away from the
electrode before extinguishing. From the naming convention
used in Ref. [13], these are exclusively secondary streamers.
Outward propagation speed is therefore inferred to be
29.1 km/s (Mach 19.7 in water), estimated from the linear
trend shown in Figure 3(c). This propagation speed is of the
same order as that reported in Ref. [26], as well as in analysis
of equivalent x-ray imaging results discussed later in this work
[11.7 km/s, from Fig. 5(c)]. This high Mach number suggests
that the dominant initiation process is not limited by ambient
sound speed, undermining plasma initiation hypotheses which
rely on slower processes such as Joule heating or electrolysis.
While slower processes may still be significant during
longer time scales, they do not appear to drive the channel tip.
However, the significant optical emission obscures multiphase
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FIG. 3. A series of video frames from high-speed (2.38
pus/frame) backlit photography of a single water discharge event
{(a), Supplemental Video S1 [25]}. Collection of backlit fast-
exposure (10 ns) ICCD images from many disparate events, sorted
by camera delay relative to time of event as measured by peak PMT
signal, with ¢+ = 0 defined to be the average time of peak current
{(b), Supplemental Video S2 [25])}. Images from (b) were used
to generate plots of plasma channel length (c) and average frame
brightness (d) vs time.

phenomena needed for more informed discussion of initiation
processes. This issue, along with diffraction-limitede reso-
lution at mun scales, prompted our interest in the fast x-ray
techniques available at the Advanced Photon Source (APS).

B. X-ray Imaging at APS 32-ID-B

To integrate our setup into the existing x-ray imaging
facilities at the APS 32-ID-B beamline laboratory (see Sup-
plemental Figs. S1 and S2 [25]), several modifications to the
water discharge cell and the high-voltage circuit were neces-
sary. Since the x-ray attenuation length of water is 2.2 cm for
the x-ray energies relevant to this work (24.3 keV), a water
discharge cell was designed that minimizes the intra-device
path length of the x-ray beam to 2 mm.

See Fig. 4 and Supplemental Video S3 [25] for typical
x-ray imaging results from separate events, imaged using
24.3-keV x-rays from the APS synchrotron source during
a hybrid fill operating mode [27]. The x-ray setup at APS
32-ID-B was configured in a phase-contrast imaging mode,

which exploits relative phase delay of the x-ray beam induced
by objects on the sample plane with large density gradients
[28,29]. The gas-liquid boundary of a plasma-induced bubble
is therefore easily resolvable in these phase-contrast images
with negligible motion blur. See Supplemental Figs. S3-S7
[25] for more x-ray imaging examples of single-events.

Before any quantitative analysis of these x-ray images,
there are important qualitative observations to be made. In
the first postinitiation frame of each imaged event [such as
the second frames of Figs. 4(a) and 4(b)], we observe the
outward propagation of channellike features at time scales
much faster than the interframe period (3.69 wus), with
presumed dynamic behavior within the first 100 ns after initi-
ation. Despite saving full initiation-relative delay information
for all imaged events and frames, the stochasticity of this
plasma processes somewhat hinders insight from multievent
comparison.

This phase-contrast imaging method amplifies the effect
of discontinuities in density such as surfaces; therefore, we
interpret these features to be the liquid-gas interfaces of a low-
density channel propagating with or near the optical emission
front. We also observe correlation in location and propagation
direction between these narrow (~10 wm) channels and the
larger-diameter nonspherical bubbles visible in the subsequent
frame 3.69 us later, emphasized by the two-frame composite
image in Fig. 4(c). Depending on the unequal distribution of
energy deposition, the thin plasma branches will either expand
into a large diameter bubble (such as the branches at the 8 and
11 o’clock positions in Fig. 4), or will collapse back down
to a train of small spherical bubbles (such as the branch at
the 9 o’clock position in Fig. 4). This long-lived abnormal
bubble shape persists for almost 50 us after initiation (see
Supplemental Figs. S3—S7 [25]). Based on this, we conclude
that significant charge resides near the bubble surface for tens
of microseconds after initiation, resulting in long-lived local
Coulomb forces after plasma energy deposition. This is con-
sistent with the characteristic charge relaxation time expected
for ambient water, T = o /¢ &~ 3.6 us. The observed sharp-
contour bubbles suggest low local surface tension, caused by
the Lippmann effect acting at the locally charged interface.
Though the resulting bubble shape is quite striking, processes
which dominate at these longer (us) time scales are not nec-
essarily responsible for initiation.

It is also important to acknowledge the plasma-
independent continuous formation of bubbles visible within
the region of interest. As previously discussed, the water was
sufficiently filtered (<0.2 wm), ruling out the possibility of
particle contamination. Future work may investigate the effect
of degassing on the production of these bubbles; however,
in this case we attribute this bubble production to water ra-
diolysis and electrode heating, both induced by high x-ray
power (21 W/mm? [30]). X-ray-induced bubble production
affects the timing of nanosecond plasma initiation processes
in water; however, the rapidity of such processes appears to
be unaffected during the time scales imaged here. Since these
bubbles are present immediately prior to the plasma event
both within the volume of interest as well as on the electrode
surface, for this set of results we can use their behavior as
a rough probe of any forces induced on the fluid. We keep
this in mind while recalling the following expression for local
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FIG. 4. Frames from ultrafast x-ray imaging videos of two pulsed water plasma events [(a) and (b)], with time stamps annotated relative
to peak plasma current as measured through the positive electrode. Frame rates are 136 kfps (a) and 272 kfps (b), or 7.37 and 3.69 us/frame
respectively. Resolution is 2 um/pixel. Note the evolution from predischarge to small-diameter long plasma channels to large-diameter
cavitation and expansion, as emphasized in (c) and (d) with two-frame composite images from (a) and (b), respectively. See Supplemental
Material, Sec. 2 [25] for additional multiframe videos of single events, all of which show correlation in position between the small-diameter
channels and larger-diameter bubbles. The event shown in (a) corresponds to Supplemental Video S3 [25].
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FIG. 5. (a) Illustration of a typical plasma channel cutline inter-
polation from an x-ray image; (b) typical diffraction model result
after optimization relative to the average experimental cutline. Dot-
ted lines represent first and third quartiles of the cutline distribution
for each lateral position. For this particular result, the channel diam-
eter and specific gravity were found to be 11.71]-5 m and 0.0910:37,
respectively. Computational results for 27 interpolated experimen-
tal cutlines are summarized in (¢) dehannet VS t and (d) SGygp vs. ¢
plots, with time measured relative to water plasma initiation. See
Supplemental Figure S9 [25] for a discussion on uncertainty in
these plots. Note the general trend that longer times after initiation
correlate with larger-diameter plasma channels and lower specific
gravities on time scales much faster than the x-ray frame rate. Also
included in Fig. 5(c) are the maximum plasma channel lengths (red
crosses) taken from each event, the fastest of which implies a channel
propagation speed of 11.7 km/s.

where ¢ is the permittivity of the liquid, gy is the vac-

uum permittivity, p is the mass density of the medium, £
is the electric field, and ¢ is the free-charge density [16].
The magnitudes of E, €, and p are expected to be either in-
tense or highly nonuniform for our process, and local change

density g (and therefore q?) should be relatively high due
to Fowler-Nordheim field emission [31] and significant x-ray
photoionization. Although this implies a locally intense EHD
force which would overwhelm the nanosecond behavior of
pre-existing bubbles, we do not see the effect of such a force
in these x-ray images; pre-existing bubbles do not react to the
nanosecond voltage pulse, only responding after shockwave
propagation over several microseconds. The pre-existing bub-
ble behavior is qualitatively quite different than that of the
concurrent low-density plasma channels and appears to be
independent on initiation time scales, even though some of
the smaller pre-existing bubbles are comparable in diameter
(~10 pm) to the plasma channel and would presumably expe-
rience the same electrostrictive forces. We therefore conclude
that these experimental results are not consistent with the elec-
trostriction and pre-existing bubble deformation hypotheses
for initiation, and that field emission may be aiding in the pro-
duction of seed electrons (note that x-ray and optical results
are qualitatively very similar; therefore, x-ray photoionization
is not an significant factor).

C. X-ray Computational Model

Unlike a near-field x-ray image which can be easily
converted to line density, a phase-contrast image requires
a more rigorous approach to analyze; in general, a 2D
Fresnel-Kirchhoff diffraction integral is required [32]. For
this particular case, we can take advantage of both the small
scattering angle of the x-ray beam after the sample plane and
the cylindrical geometry of a plasma channel to compose a
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simplified integral:

2miz/h 0 .
ou(¥) = N gin(X)e T dx )
Idetector(x/) = gout(-x/)g:;u[(x/)! (3)

where x is lateral position relative to the plasma channel at
the sample plane and x’ is lateral position at the detector
plane. The complex-valued functions gj,(x) and gou(x') de-
scribe the electric field at the sample plane and detector plane,
respectively. We assume the geometry shown in Supplemental
Figure S2 [25], which consists of a simple cylinder of specific
gravity SGy,p surrounded by ambient water (SGjiq = 1). The
term gj,(x) is therefore defined as follows for a plasma chan-
nel of radius R = %dcham,el in a water cell of width wy;g:
e[fii” ﬁwmer.liq'wliq]’ |x] > R
Gin(x) = { el T Avatenti*(Wig—2v/RP=2)] 4)
_e[*f#ﬁwmr(zwfm]’ Ix| <R,

where the complex refractive index 7 =1—§ —ip is lin-
early dependent on water density: dyap = SGyapdiiq and Byap =
SGvapBiiq> With 8iiq and By taken from the literature [33].
Derivation of this model is described in further detail in
the Supplemental Material, Sec. 3 [25], which builds off
of the general form from Ref. [34] and is equivalent to
work by Snigirev on phase-contrast imaging of cylindrical
samples [35].

By numerically integrating Eq. (2), we can simulate a
phase-contrast x-ray image. Parameters needed for this model
include the specific gravity of the region within the plasma
channel SGy,p, diameter of the channel dehannel, as well as three
minor parameters which scale and shift the model. To convert
the x-ray image into a model-comparable form, we interpolate
the image onto a series of cutlines oriented perpendicular to a
spline estimation of the plasma channel centerline, forming
a cutline intensity distribution for each lateral position. The
model is then fit to experimental results to extract estimates of
SGyap and dcnannel (see Supplemental Material, Section 3 [25]
for details), as shown in Fig. 5.

From this fitted model, SGyap and dchanner Of the plasma
channel can be estimated for a particular interpolated cutline,
as shown in Fig. 5. The first evident conclusion from these re-
sults is that these plasma channels are exclusively low-density
phenomena which propagate at speeds comparable to those
calculated from the optical emission region (see Fig. 3). This
is consistent with initiation hypotheses which require the ini-
tial generation of lower-density voids for plasma propagation
such as electrostriction and deformation of pre-existing bub-
bles; however, the aforementioned overall incompatibility of
these imaging results with existing initiation hypotheses still
stands. It is also important to consider the effect of photon-
electron interaction in this environment due to high electron
density (~10'8 cm~3); however, in this case we do not believe
that this phenomena has significantly affected these x-ray
imaging results. A total of 27 model fits were produced for a
variety of selected cutlines at different imaging delays relative
to peak current and different distances from the electrode
tip {as shown in Figs. 5(c) and 5(d) and Supplemental Fig.
S8 [25]}, collectively revealing a few major trends in the

x-ray data; in particular, larger channel diameters and lower
specific gravities occur with increasing time after initiation.
Also plotted in Figs. 5(c) and 5(d) are the maximum plasma
channel lengths for each frame using a method analogous to
that of Fig. 3(c); these results suggest a peak propagation
speed of 11.7 km/s, on the same order as those measured via
optical imaging. Low-density regions visible in x-ray there-
fore evolve at comparable speeds to those of the light-emitting
region.

IV. CONCLUSION

The above work presents an imaging technique which
provides insight into the particular mechanism of breakdown
for nanosecond-pulsed plasmas in liquids. Using a combina-
tion of x-ray and optical methods, we have resolved narrow
low-density plasma channels within the streamer head which
evolve at speeds (10-20 km/s) comparable to those of the
light-emitting region. Although the x-ray videos presented
here almost exclusively show plasma channels that traverse
the full field of view within a single interframe duration,
this is still an important result in itself since such rapid
plasma channel evolution has not been previously observed
due to significant confounding plasma optical emission. To
the best of our knowledge, phase-contrast x-ray imaging
has not been previously explored as a diagnostic for such
plasmas. These results are inconsistent with the electrostric-
tion and bubble deformation hypotheses from the literature,
since pre-existing bubbles are almost entirely unaffected by
the nanosecond plasma event. This disagreement is currently
unresolved; however, the experimental nature of these re-
sults gives it precedent over the aforementioned hypotheses
which, while rooted in theory, are less evidenced by exper-
iment. Further developments in this direction will no doubt
lead to additional insight and possible resolution of this
matter.

The superior imaging resolution for this well-timed pro-
cess and insensitivity to plasma optical emission proves that
this technique is useful both as a plasma diagnostic and as
a convenient self-healing imaging benchmark; for this work,
the overall turnaround time (about 1 min) was limited by
diagnostic reset time and data logging, which can be mini-
mized to increase acquisition rate. In anticipation of further
insight from the combination of these two research avenues,
the authors intend to repeat this imaging experiment at the
APS in the future with the added experience gained from re-
sults reported here. Planned improvements include the use of
a sharpened electrode tip (ideally less than 10 wm) for better
initiation consistency. Also, note that even with the superior
x-ray imaging techniques available at the APS, the frame rate
used here still does not completely capture the dynamics of
a single event; the plasma initiation phenomena of primary
interest occurs over tens of nanoseconds, significantly faster
than the x-ray source pulsing frequency. The use of higher
x-ray imaging frame rates (6.67 MHz is expected during fu-
ture experimental campaigns, compared with 272 kHz in this
work) will reveal dynamic processes for single events at time
scales on the order of 100 ns, which will further contribute
to better understanding of plasma initiation in liquids and the
development of faster benchmark imaging targets.
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