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ABSTRACT

We present the first x-ray images of electrically exploding wires in air and water, captured at the European X-ray Free-Electron Laser
(EuXFEL). These images reveal current shunting in a copper wire during its explosion in air, and the development of electrothermal (and
possibly magnetohydrodynamic) instabilities in copper and aluminum wires exploding in water. The experiments were conducted at the
Single Particles, Clusters, and Biomolecules and Serial Femtosecond Crystallography instrument (SPB/SFX) at EuXFEL, where fine metallic
wires were driven by a pulsed-power generator with a current rise time of ~1.1us and a peak amplitude of ~28 kKA. EuXFEL enabled MHz
x-ray radiography of the wires using 20 keV photons and a narrow bandwidth of ~40 eV. Using the specific current action integral for a copper
wire explosion, we provide the first quantitative estimate of the fraction of current that is shunted through the surrounding medium of an
exploding wire. Fourier analysis of the electrothermal instability spectrum shows that its wavelength remains mostly independent of the wire
diameter once it has exploded, and that the temperature perturbation is similar in magnitude to the average temperature in the wire.
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I. INTRODUCTION current densities (>107 A/cm®) generate rapid Ohmic heating
accompanied by phase transitions and plasma formation.” Indeed,
exploding wires are the basis for many conductivity models and
equations of state in the warm, dense regime,”'’ and understand-
ing the behavior of such exploding wires is key to simulating wire
array Z-pinches,'' soft x-ray sources, '’ and nano powders

Warm Dense Matter (WDM) represents the crossover between
the condensed phase and the plasma state, in which strong ion cou-
pling in the plasma significantly alters its expected properties.
WDM is characterized by temperatures of several eV, pressures of

several gigapascals, and near-solid densities, making it central to production.'*
high-energy density physics and inertial confinement fusion."” When a wire explodes in air or vacuum, an unknown fraction
One effective experimental method for producing and investigating of the current ceases to remain confined within the wire and is
WDM is through electrical wire explosions (EWE),” wherein high instead diverted into the surrounding medium.'”™"” This process,
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known as current shunting, limits the energy deposited into the
wire.'"® The accepted mechanism for this shunting involves the
rapid impact ionization of the ambient gas near the heated wire
surface by thermionic emitted electrons. This leads to avalanche
flashover and the formation of a plasma sheath along the wire,
which provides a parallel current path that bypasses the wire core.”
In Refs. 19 and 20, electrical explosions of wires made of various
materjals in air and vacuum were investigated. Using electrical,
optical, laser shadowgraphy, and Schlieren diagnostics, the authors
proposed two possible scenarios for the formation of high-
conductivity, current-carrying plasma channels. One scenario
assumes that the wire remains in a low-conductivity state, leading
to plasma formation along the wire surface due to ionization of
desorbed gases or surrounding air molecules. This plasma captures
part of the current, thereby reducing the energy density deposited
into the wire. The second scenario suggests that the wire conductiv-
ity is sufficiently high to prevent the formation of surface plasma;
instead, a high-conductivity plasma forms due to avalanching
within the wire material, and the entire energy is deposited into the
wire. However, despite extensive studies of EWE in gases and
vacuum, no quantitative estimates of the current flowing through
such surface plasma channels have been reported, owing to the
inherent difficulty of separating this contribution from the total
discharge current. Conversely, in underwater environments, this
surface breakdown is suppressed by the high density and dielectric
strength of water,”’ thereby preventing the formation of such a
shunting plasma channel.”>>’ In addition, the low compressibility
of water suppresses rapid wire expansion, thereby allowing a higher
energy density deposition to be maintained.”* Indeed, at pressures
of <5x10° Pa, values realizable in the vicinity of an exploding
wire, the isothermal Tait-Murnaghan equation of state” yields a
water compression of § = p/p, < 1.47.

All types of wire explosions (in vacuum, air, or water) are
subject to the electrothermal instability (ETI), which has received
growing attention over the last few decades.”” Small imperfections
within the material, such as micrometer-scale grains or voids, can
initiate this instability.”” Due to the decrease in conductivity with
temperature, this leads to radial re-distribution of the current
density and formation of a hot layer in the axial direction. The
latter compresses adjacent outer layers, slightly increasing their
conductivity. Thus, one obtains adjacent layers with lower tem-
peratures, higher densities, and lower resistivities. This process
results in the formation of a striated pattern of layers along the
axial direction of the wire, with density and temperature modula-
tions exhibiting a characteristic minimal wavelength. It should be
noted that in the case of a (near) ideal plasma, where the resistiv-
ity decreases with temperature, the striations form parallel to the
current direction.”® Later in time, providing the current remains
high enough, instabilities driven by current density—“magnetohy-
drodynamic (MHD) instabilities” may come to dominate a wire
explosion. One of the most significant ones in EWE is the m =0
(“sausage”) instability,”””" which becomes pronounced when its
typical development time 7ing = ro/V4 , determined by the wire
radius 7y and the Alfven velocity V4, becomes smaller than the
wire explosion time. The latter is determined by the specific
current action integral for the wire material and the time-
dependent current density.”’

ARTICLE pubs.aip.org/aip/jap

Until recently, analyzing fine-scale instabilities in exploding
wires, particularly in the dense, optically thick plasma of an under-
water explosion, was challenging. However, new diagnostic capabili-
ties with high-speed x-ray imaging have made it possible to directly
observe these phenomena. Synchrotron x-ray radiography, in par-
ticular, has proven effective for capturing the internal structure of
exploding wires with high spatial and temporal resolution.””"* This
method was previously used to initially identify ETT in underwater
electrical wire explosions (UEWEs) of copper,” to investigate jet
formation in wire arrays,35 and, more recently, to analyze the
minimal ETT wavelength across various materials.’

In this article, we present the first use of multi-frame quasi-
monochromatic (~40 eV bandwidth) MHz x-ray radiography on
an X-ray Free-Electron Laser source (XFEL)” to image electrical
explosions of copper wires in air and underwater electrical wire
explosions (UEWEs) of copper and aluminum wires. The main
advantages of this source are its narrow bandwidth, which allows
for better estimates of the densities produced as a wire explodes,
and the ultra-short (30fs) exposures that can be used in very
rapidly evolving situation experiments. The wires were exploded
using a microsecond (us) timescale pulse generator, and their
expansion was imaged by the Single Particles, Clusters, and
Biomolecules and Serial Femtosecond Crystallography (SPB/SEX)
instrument at European X-ray Free-Electron Laser (EuXFEL) in
Schenefeld Germany. Our results show that wire expansion in air
occurs later than in water due to plasma current shunting along the
wire surface. This allows us to provide, for the first time, an esti-
mate of the shunted current fraction derived from the specific
action integral. Additionally, both ETT and larger-scale instabilities
were resolved by MHz x-ray radiography during the explosion
process. ETT was demonstrated not to evolve significantly over time
and showed little variation between copper wires of different diam-

eters. Using the measured x-ray transmission through the wire, we :
estimated that at the time of observation, specifically at ¢ > 1.04 us

when the wire transfers to vapor-low ionized plasma state, both the
density and temperature of the wire vary on a scale comparable to
their mean values, indicating that the linear ETI model might be
invalid for underwater wire explosions. Lastly, we report a pro-
nounced hydrodynamical instability in aluminum wires, which
could be related to local inhomogeneities in the aluminum wire or
its oxide coating, leading to earlier explosion at that location.

Il. EXPERIMENTAL SETUP AND DIAGNOSTIC METHODS

Experiments were carried out using a us-timescale pulsed-
power driver, previously used in synchrotron facilities.”*” The gen-
erator consists of four low-inductance high-voltage (HV) Maxwell
capacitors, 220 nF each, connected in parallel and discharged by a
triggered spark-gap switch. When charged to a 28 kV (total stored
energy of 345]), the generator delivers a maximal current ampli-
tude of ~28 kA within a rise time of ~1.1 us.

Diagrams of the experimental setup, generator chamber, and
tested capsules are shown in Fig. 1. Single wires made of copper
(Cu) and aluminum (Al), each 35 mm long with different diame-
ters (0.16, 0.20, and 0.25mm for Cu; 0.25mm for Al), were
stretched inside a polymethyl methacrylate (PMMA) capsule
[inner/outer diameter of 4/8 mm, respectively, see Fig. 1(a)] filled
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FIG. 1. lllustration of a capsule with a wire stretched between the electrodes (a); experimental system close up of the generator chamber (b) and optical setup (c).

with de-ionized water. Two polyoxymethylene (POM) rings secured
the PMMA capsule and pressed against a set of rubber O-rings to
prevent leaks. This capsule was placed on a high-voltage (HV) elec-
trode [see Fig. 1(b)] inside the generator experimental chamber, with
the HV electrode connected to the pulse generator using a 50 cm
length cable. Current (I) and voltage (V) waveforms were measured
with a self-integrated Rogowski coil (measurement error of +3%) and
a P6015 A Tektronix voltage divider (measurement error of +5%),
respectively. Waveforms were recorded using a Tektronix DPO4104
oscilloscope (1 GHz, 5 Gs/s), and the resistive voltage was calculated
by subtracting the inductive voltage from the measured voltage
as V, = V — L4, where L is the self-inductance of the load within
+10% error. The contribution of the changing inductance IdL/dt is
assumed to be negligible in the calculation of V.

The MHz x-ray radiography during the explosion was cap-
tured using the SPB/SFX instrument at EuXFEL, providing a 30 fs
pulse with a photon energy of 20 keV (~40 eV energy bandwidth)
at a repetition rate of 2.25 MHz (443 ns between pulses, ~300 uJ
energy per pulse).”” The x-ray beam, with a diameter of 1.3 mm,
propagated through the experimental chamber which had two
dielectric (Kapton) windows [Fig. 1(c)]. After illuminating the
sample, the beam traveled ~0.6 m downstream, where it was con-
verted into visible optical light by a 150 um LYSO:Ce scintillator.
This light was directed via a beam splitter to a pair of ultrahigh-
speed framing Shimadzu corp. cameras (Japan, type HPV-X2) that
operated at an alternating sequence with a frequency synchronized
with the x-ray pulses. Each camera’s total image size was 1.2 mm
wide by 0.8 mm high.

To supplement experiments, one-dimensional MHD (1D
MHD) simulations, described in Refs. 38 and 39, have been used

for copper wire explosions. These simulations solve the hydrody-
namic equations in Lagrangian mass coordinates, along with
Maxwell’s equations and Ohm’s law on a two-region grid of metal
and surrounding water. These equations are coupled with SESAME
equations of state’’ and semi-empirical conductivity models,”*"'

where the fitting parameters are the conductivity at the critical :

point ¢,,” and the dependence of conductivity on temperature in
the solid phase "' The experimental ETI wavelength was deter-
mined through Fourier analysis as described in Ref. 36, and the
uncertainty in the measured wavelength is estimated at +10 um due
to edge smearing of the ETI and the unbiased standard deviation.

lll. EXPERIMENTAL RESULTS AND DISCUSSION

A. Using underwater EWE of Cu wires to estimate
current shunting in air explosions through the specific
action integral

First, we present in Figs. 2(a) and 2(b) the waveforms of
current, resistive voltage, resistance, and deposited power and
energy obtained in an experiment with a 0.20 mm diameter Cu
wire explosion in water. The explosion initiates at ~0.92 us with a
current amplitude of ~22 kA, a radius of 0.18 mm, and an average
current density of ~2.2x 10" A/cm® At around ~1.17us, corre-
sponding to the Full Width at Half Maximum (FWHM) of the
power, the energy deposited into the wire was ~52% of the genera-
tor’s stored energy, with an energy density near 18kJ/g at an
energy deposition rate of ~4.6 x 10'°J/(g's). These finding are con-
sistent with those presented in Ref. 34, which used the same gener-
ator and similar wire diameter. The resistance of the wire reaches
~2.2Q, indicating the formation of a low ionized high-resistivity
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FIG. 2. Waveforms of (a) current (black), resistive voltage (red), and time-dependent resistance (blue), (b) deposited power (black), energy (red), and simulated tempera-
ture (blue) and trajectories of strong shock (red) and wire expansion (black) obtained from radiography images (c) obtained in underwater electrical explosions of 0.20 mm
diameter and 35 mm length Cu wire. The timing of x-ray pulses train is marked with vertical black lines in (a), and the thermodynamical transitions are noted in (b) using

dashed and dotted lines.

plasma. 1D MHD simulations show that maximum temperature
reaches ~2.5eV, placing the wire in the “warm dense matter”
regime with coupling parameter I' > 1.” In Fig. 2(c), we present the
radial position of the strong shock front and the trajectories of the
expanding wire, measured from radiography images with shifted
timings and fitted to a Taylor-Sedov cylindrical blast wave model*”
(see examples in Fig. 3). It is evident that the onset of shockwave
generation closely coincides with the start of rapid wire expansion
and the moment when the deposited energy becomes sufficient to
fully vaporize the wire. These data enable the estimation of the
shock velocity at 2400+ 50 m/s and the average wire expansion
velocity during 1040-1140ns at ~1000m/s. Extrapolating the
shock and wire expansion trajectories back to the initial radius of
the wire, ry, yields an onset time near ~950 ns. This occurs shortly
after the energy needed for complete vaporization has been depos-
ited and when the discharge current begins to decline. This is con-
sistent with our definition of the wire explosion, which is
characterized by the transition of the wire into a vapor—highly
resistive plasma state, and when its internal pressure exceeds the
self-magnetic field pressure.

A sequence of x-ray radiographic images showing an
exploding 0.20 mm diameter Cu wire in water is presented in
Figs. 3(a)-3(h), where time ¢ is measured relative to the start of the
current. At t=0.7 us [Fig. 3(c)], the wire has expanded to a radius
of 0.105mm, ~0.2us after sufficient energy was deposited for
melting. This agrees satisfactorily with estimates of volumetric
thermal expansion, which for copper can be taken to be 3 um at
the wire’s melting temperature.”” At t=1.14us [Fig. 3(d)], when
the wire transitions to low ionized high-resistivity plasma [see
Fig. 2(a)], one can already observe well-developed ETT as alternat-
ing density layers and a strong shockwave propagating from the
exploding wire. Later, at t=2.03 us, when the current decreases to
<3kA, the contrast between adjacent layers diminishes (ie.,
becomes “smeared”), indicating damping of density perturbations
[see Fig. 3(f)].

Results of 1D MHD simulations of exploded Cu wires with

diameters of 0.16, 0.20, and 0.25 mm are detailed in Fig. 4. These ;

include the radial distributions of pressure [(a), (d), and (g)],
density [(b), (e), and (h)], and temperature [(c), (f), and (i)] in the
wires and surrounding water at 1, 2, and 3us after the current

Scintillator
afterglow

FIG. 3. Shadow x-ray radiography images with subtracted background of exploding 0.20 mm diameter Cu wire. All times are given relative to the start of the current dis-

charge, and the ruler in (a) applies to all frames.
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FIG. 4. Plots of simulated pressure, density, and temperature of the explosion of copper wires with diameters of 0.16 mm [(a)—(c)], 0.20 mm [(d)—(f)], and 0.25 mm [(g)—(i)]
at various times after the discharge current onset (red—1 us, black—2 s, and blue—3 us).

begins. These results were obtained by adjusting o and a values
to match the current and voltage waveforms. One can observe
the propagation of the strong shocks in water [Figs. 4(a), 4(d),
and 4(g)], propagating at ~2500 m/s, and the channel expansion
traveling at ~700 m/s, both consistent with the experimental data.
The wire temperature generally remains uniform at 2-3 eV across
the radius [Figs. 4(c), 4(f), and 4(i)], with thinner wires exhibiting
higher overall temperatures and continuous heating caused by early
explosion and underdamped discharge. The high density of the
0.25mm wire [Fig. 4(h)] at 1us compared to the other wires
[Figs. 4(b) and 4(e)] suggests that the wire did not explode at this
point. It is understood that these 1D MHD simulations cannot rep-
licate the development of ETT instability observed in experiments.
In contrast to wire explosions in water, Figs. 5 and 6 show the
waveforms and x-ray radiography of the same diameter Cu wire
explosion in air. In this experiment, the generator was charged to
only 25KkV, which resulted in slightly slower current amplitude.
However, it is clear that, although the current begins to decay at
~0.9 s, not enough energy is deposited to vaporize the entire wire,
as confirmed by radiography images [Fig. 6(d)]. Here, the wire has
only expanded to r=0.115mm at t=1.1us. In comparison, for

UEWE at nearly the same time, despite the water background, the
wire has already expanded to r=0.35mm [see Fig. 3(d)]. Full
vaporization energy is only achieved at ~1.33 us, assuming full
energy deposition into the material. The next x-ray image
t=1.55us [Fig. 6(c)] shows significant wire expansion with visible
ETI, and by t=1.99 us [Fig. 6(f)], the wire has expanded beyond
the frame borders. This suggests an expansion velocity of at least
>1500 m/s, which is considerably faster than in water (<1000 m/s),
likely because water’s density significantly dampens the explosion.

For the air explosion, the low energy density of ~10.7 k]/g,
half the energy density deposition rate of ~1.9 x 10'°J/(g's) com-
pared to an underwater explosion and the late expansion suggest
that a significant fraction of the current flows outside of the wire
due to the formation of the shunting plasma.” Considering the
expansion velocity of the wire and expansion of its radius [see
Fig. 6(e)], the moment of explosion, when the wire starts to
expand at a velocity of ~1500m/s, can be estimated at
t~14+0.1us.

To determine the fraction of current shunted by the surface
plasma of the wire, we use of the specific current action integral h,
which defines the energy deposition needed to achieve an explosion
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FIG. 5. Same as Fig. 2 but for a 0.20 mm Cu wire explosion in air (excluding the simulated temperature).

in EWE,">"

1

where j(t) = I(t)/zr*(t) is the current density, integrated from the
start of the current t = 0 to the moment of explosion .. In the
case of the 0.20 mm diameter Cu wire explosion in water (see
Fig. 2), at t=1.1pus relative to the beginning of the discharge
current when approximately maximal power is deposited, the wire
has expanded from an initial radius of 7o =0.1 mm to r =0.35 mm.
This occurs despite the resistance of water due to internal
pressure exceeding the magnetic pressure produced by the dis-
charge current. The specific action integral was calculated to be
hyater = 1.7 £ 0.2 A% - s/cm* at t = 0.9 us when the current reaches
its maximum value, based on the measured current, observable
wire expansion from radiography, and the absence of shunting
current.'*

However, for a similar wire explosion in air at t=1.1us, the
wire has only expanded to r=0.115mm which is significantly
smaller than for underwater wire explosions. This can occur only if
part of the current flows not through the wire, but through a

Scintillator
afterglow

plasma formed along the wire surface. Since the total current
remains the same, the magnetic pressure surrounding the plasma
channel and the exploding wire is identical for air and underwater
explosions. Therefore, the reduced wire expansion observed in
air indicates that the current flowing through the surrounding
plasma channel does not contribute to wire heating or to the
buildup of internal pressure. At t=0.94us, we calculate the value
hair = 1.3 + 0.1 A>s/cm?, assuming insignificant wire expansion.
Under the assumption that explosions in water and air follow the
same thermodynamic trajectory and, therefore, require the same
action integral Myqeer, this value is smaller by Ak = 0.4 A%s/cm*
than that obtained for UEWE. The fast wire expansion in air starts
at t= 1.4 us, defining the onset of the wire explosion, f.,, analo-
gous to the UEWE case, where rapid expansion begins at t = 0.9 us.

We next assume that at fiy,., & 0.94 us, when the discharge

current reaches its maximum, the entire current still flows through
the wire. For later times, the following expression was used for the
current flowing through the wire in air,

t— tImax :| , (2)

texp — trmax

I/
I.(t) = I(p) - {1 + (I(texp) - 1> :

|

FIG. 6. Same as Fig. 3 but for a 0.20 mm diameter Cu wire explosion in air.
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where I(t) is the total measured current, I’ is the value of the
current through the wire at t.y, (see Fig. 7), and I(feyp) is the value
of the measured total current at t.,. Using this dependence, one
can see that at ¢ = tj,, all the current flows through the wire, and
at t = fep, the current through the wire is I,(t) = I(t) ﬁ;}))
Finally, by using Ah = ffm"‘;g—ggdt, the value of I' =6 kA was
obtained (see Fig. 7).

Let us note that at fep = 1.4 us, the total resistance of the
wire-plasma system is ~2Q, which indicates that the wire and
plasma channel have ~4 Q resistance each. The large wire resistance
can be attributed to the formation of a weakly ionized, high-
resistivity plasma. In fact, it is well known that explosions of long
wires in air exhibit pronounced current dwell times, which is con-
sistent with comparable resistances of the wire and the surrounding
plasma channel. These estimates, though crude given our assump-
tions, suggest that at the time of the explosion, only ~52% of the
discharge current flows through the wire and contributes to its
Ohmic heating.

We consider that the current shunting occurs due to gas ioni-
zation near the wire surface. At maximal current, the resistive
voltage across the wire’s length is ~5.4kV, which results in a
radial electric field component near the HV electrode of
E, =V /(rInR/ry) ~84kV/cm, where ry = 0.1 mm is the wire
radius and R = 60 mm is the radius of the experimental chamber.
At t=1us, if the current mainly flows through the wire, the depos-
ited energy reaches ~19 J, which exceeds the energy needed to melt
the wire at its melting temperature of T= 1383 K, but not sufficient
to vaporize it completely at T=2835K (see Fig. 5). The tempera-
ture increase causes electron thermionic emission from the wire,
described by the Richardson-Dushman equation,*°

J=AT e T, ®3)

where A =12 x10° Am2K™2 is the Richardson constant,

¢p~47eV is the work function of the metal, and
20 T
Measured current /i
. 15 exp
<
4
= 10
5)
=) .
S Wire current /'
54
0 T . .
0.0 0.5 1.0 1.5 2.0
Time [ps]

FIG. 7. Estimation of the current flowing through the wire (red) after the
moment of maximal current.
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kg =1.38 x 1002 m?’kg s >K™! is  Boltzmann’s  constant.
Significant electron emission of >10 electrons/(cm?® ns) occurs
when the temperature reaches 1800 K, and at peak current dis-
charge amplitude when T < 2835 K, thermionically emitted electron
current density reaches ] < 4.3 A/cm?, corresponding to
>4.5 x 10* electrons/(cm® ns). The average energy which electrons
acquire between collisions can be estimated as €, = eE,A, where
A = (n,0:)"! is the mean free path, n, is the neutral number
density, and total cross section of electron collisions is
0, =0i+ 05+ 0u + 04 ~2x 1075 cm?,*” where o;, 0y, Oux, Ouis
are cross section for ionization, total scattering including elastic
scattering and momentum transfer, excitations of rotational, vibra-
tional, and electronic states and dissociation, respectively. The
neutral density can be estimated considering heating of air in the
vicinity of the wire. Using solution of the thermal diffusion equa-
tion in one-dimensional approximation, the time/space dependent
temperature distribution reads

M —erfe <L> , (4)
T, — T, 2\ at

where a ~5x 10~°>m?/s is the thermal diffusivity of air, Ty ~
300K is the ambient temperature, and T; =2835K is the boiling
temperature of the Cu wire surface. For a characteristic time of
~300 ns, when the wire temperature reaches T; = 2835K, the diffu-
sion length is x=+af~39x10°m, which yields
erfc(x/(2+/at))0.72 for x=2um. Thus, for T, — T~ 2535K, the
temperature at x =2 um and t =300 ns is T(2um, 300 ns) ~ 2150 K.
Since the acoustic time 7, = x/c; < 1 ns (with sound velocity in hot
air of ¢, >330m/s) is much faster than the heating time (~300 ns),
the heating process can be considered approximately isobaric.
Assuming ideal gas approximation, p = Const= pRT, where R is
the universal gas constant, the density of the gas p decreases by a
factor of ~7. This results in mean free path of
A=(n,0,)"' ~1.34um, meaning electrons acquire an energy of
g,=eE,A~11.3¢eV between collisions for E, ~84kV/cm. This
energy is smaller than nitrogen molecules ionization energy of
15.58 €V, but very close to the ionization energy of oxygen mole-
cules which is 12.07 eV.** Although these estimates which involve
the statistical nature of A are very crude, they suggest that ionization
of the surrounding gas by thermionically emitted electrons is plau-
sible. This process initiates at the HV electrode, and due to the
axial electric field and electron avalanching, a plasma channel
forms along the entire length of the wire, capturing a significant
portion of the discharge current.

B. Analysis of ETI development in Cu wires of different
diameters

Electrical parameters of explosions for 0.16 and 0.25mm
diameter Cu wires, along with radiography of ETI development, are
shown in Figs. 8-11, respectively. For the 0.16 mm diameter wire,
the current waveforms indicate an underdamped explosion charac-
terized by a decaying current oscillation, and the melting and
vaporization times based on Fig. 8(b) are ~0.42 and ~0.66 us. The
peak average current density was ~8.7 x 107 Alcm?, with energy
density and maximum energy density deposition rate at FWHM of
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FIG. 8. Same as Figs. 2(a) and 2(b), but for a 0.16 mm diameter Cu wire.

~231kJ/g and ~7.8x10'°J/(gs), respectively. At t=0.7us
[Fig. 10(c)], which is the maximum current point, radiography
shows that the wire channel radius has already started to expand at
an average velocity of ~480 m/s, the onset of the ETI can be seen
on the wire edges. At t=1.15us [Fig. 10(d)], radiography suggests
that the wire has transitioned into low-resistivity plasma, and the
ETI appears “smeared” due to expansion and heat conduction. In
this case, the ETI occurs after the liquid-vapor phase transition
[Fig. 10(c)]. The 0.25mm diameter wire (Fig. 9) shows a much
later explosion process [no observed radial expansion is observed in
radiography before ¢ =1.14 us, see Fig. 11(d)] due to its larger cross
section, receiving enough energy for melting only at ~0.68 us and
for vaporization at ~1.38 us. At FWHM, the energy density and the
energy density deposition rate of this wire, with an efficiency of
67%, were 12.6kJ/g and ~1.4 x 10%° J/(gs), respectively, while the
average current density was lower, estimated at ~4.9 x 107 A/cm>.
Radiography of the initially 0.25 mm wire shows significant expan-
sion only at t=1.58 us [Fig. 10(e)], with an average velocity being
~370 m/s. ETI is not observed before this time, meaning prior to
the transition into vapor-low ionized plasma phase. To summarize
both cases, ie., 0.16 mm and 0.25mm diameter wires, the ETI
instabilities occurred only after vaporization.

30 5
= (@)
S
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S 2104 B 5
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0- : . : 0
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Next, we present a Fourier analysis of the ETI wavelength at
high spatial resolution for a 0.20 mm diameter Cu wire (Fig. 12)
and for 0.16 mm diameter and 0.25mm diameter Cu wires
[Figs. 13(a) and 13(b), respectively]. One can see that despite the
different cross-sectional areas, the measured wavelength remains
mostly consistent across tested wires (Fig. 12). Unlike EWE in
vacuum and air,” we also report that the onset of ETI in wires
exploded underwater only becomes observable after vaporization of
the material, regardless of their initial cross sections. This may be
related to the wire material in an underwater explosion maintaining
higher density and heat conductivity, which prevents further devel-
opment of ETI. Let us note that, in this experiment, the derivative
of resistance with respect to temperature is estimated to be positive
from the onset of melting and in later times, which is necessary for
the development of unstable ETI modes.*

The interpretation of the ETI spectra should be approached
with caution since the density in the non-uniform wire acts as a
spatial comb for the incident x rays. For the current experimental
setup (20keV x-ray energy, A =0.062nm, and a scintillator
located at z ~ 0.6 m), the Fresnel scale” is Lp = vAz ~ 6 um.
This implies that the ~30um striation wavelengths are large
enough to be resolved in this system. However, striations smaller

0.4 - = 03 40
by £ £
;0! E: _
: : 30 X
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] i > = o
) ! 5 E
021 E 520 £
3 gl g
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F10 ﬁ
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FIG. 9. Same as Figs. 2(a) and 2(b), but for a 0.25 mm diameter Cu wire.
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FIG. 10. Same as Fig. 3, but for a 0.16 mm diameter Cu wire explosion in water.

than <12 um will not be resolved due to their size being compara-
ble to the Fresnel wavelength (grayed-out area in Figs. 12 and 13).
Therefore, the Fourier spectra shown in Figs. 12 and 13 are only
reliable for wavelength >12 um. One can observe similar ETI wave-
lengths for the 0.16 and 0.25 mm wires, as well as a tendency indi-
cating that the wavelength increases over time.

In the next paragraphs, we demonstrate that the linear
ETI model” ceases to be applicable at later times of UEWE by
using the quasi-monochromatic properties of the EuXFEL beam. In
Fig. 14(a), we present a close-up image of the 0.20 mm diameter
wire at t=1142 ns [Fig. 3(d)], where the ETI was most noticeable.
From the background intensity I, [blue line in Fig. 14(a)] and the
observed ETI intensity I, at a radius of ' = 0.3 mm [red line,
Fig. 14(a)], the inferred density of the wire p can be calculated
using the extinction law,

Ljs = Ioe*(ﬂ/p)plabs , (5)

where u/p ~33.8 cm*/g is the mass-attenuation coefficient at
20 keV energySO and Ly = 2Vr2 — r'? ~ 0.36 mm is the length of

the chord traveled by the x rays inside the wire, having a radius of
r =0.35 mm at this time and ' = 0.3 mm is the length of the
apothem. The density of the wire at this location is shown in
Fig. 14(c), and the average density of the bright (hot, low-density
layer) and dark (cold, compressed layer) strips calculated
using this method is estimated as py, = 0.3 + 0.1 g/cm® and
Peod = 1.9 & 0.1 g/cm?, respectively. An average density, estimated
as Payg = polro/r(t)]* & 0.73 g/cm?, is marked with a dashed black
line in Fig. 14(c). The corresponding number densities of the hot
and cold layers given by n = pNa/my are npo ~ 2.8 x 10?! cm™3
and e ~ 1.8 x 102 cm™3, with Ny = 6.022 x 10% mol™!
being the Avogadro constant and My = 63.546 g/mol is the molar
mass of copper.”’

This density may allow one to roughly estimate the validity
of the linear ETI approximation in this case, which considers a
small deviation of temperature from its average value across the
wire’s cross section.” In a rough approximation, we treat the hot
and cold ETI layers as ideal gases with corresponding tempera-
tures Thot > Teola and densities npor < neolq that vary from the
mean density and temperature 7, T by some respective amount

FIG. 11. Same as Fig. 3, but for a 0.25 mm diameter Cu wire explosion in water.
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FIG. 12. ETI in x-ray radiography of three different experiments with exploded 0.20-mm diameter Cu wire, highlighted in red [(a), (c), and (e)], and their corresponding
Fourier spectrum [(b), (d), and (f)] of before the current onset (noted “Background”) and at the explosion (noted “Wire”).

An, AT, may be expressed as

B g _ Thot - Tcold (8)
Thot,cold =T i AT > (6) T Thot + Tcold ’

which is calculated to be AT/T ~ 0.53 in the present study. Thus,
caution is required when applying the linear ETI model at later

Nhotcold = 71 F An . @) times during UEWE™ as significant temperature variations develop 2
following wire vaporization. 2
Given the large temperature perturbations inferred above, we g
By equating the pressures of the layers using the ideal gas law next estimate the power density deposited in the hot, low-density &
thot Thot = Meold Tcold and utilizing the average density values from and cold, high-density layers. Using the average simulated tempera- Z
an x-ray radiography image with a density perturbation of +50%, ture T ~ 28 kK at t=1145ns (see Fig. 2), temperatures of ~13.2 g
we estimate the ratio of layer temperatures to be Teola/ Thot & 3.3. and ~42.8 kK are obtained for the cold and hot layers, respectively.
Together with Eq. (6), the temperature perturbation scale AT/T Using the data presented in Refs. 10 and 51, we estimate a
B FIG. 13. Same as Fig. 12, but for
- i ,1. 2 : =158 s 0.16 mm Cu wire [(a) and its ETI spec-
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FIG. 14. (a) Section of the wire with lines indicating where the background (blue) and wire (red) intensity profiles were taken. (b) Intensity plot. (c) Density plot calculated

based on the extinction law and background intensity.

conductivity ¢~ 1.8 x 10° Q 'm™! for the high-density layer
with p=1.9 g/cm3 and low temperature (~13.2 kK), whereas for the
low-density layer with p=03g/cm’ and high temperature
(~42.8kK), the conductivity is & <2 X 104 Q 'm~!. Thus,
assuming a uniform current density across the wire cross section,
with j~6.5x 10° at t=1145ns, the deposited power densities are
~2.3x10" and <2x10" W/cm® for the high- and low-density
layers, respectively. At this time, the average conductivity is
G~ 9x10*Q 'm™!, as inferred from the measured resistance
and wire cross section shown in Figs. 2(a) and 2(c). This value
is lower by a factor of two than the conductivity
G ~2x10°Q 'm™! predicted by the semiempirical model of
Stephens et al. and by the quantum Lee-More-Desjarlais model
for a temperatlllgezz of 28kK and an average copper density of
3 51,5

p=14g/cm’.

C. Instability in UEWE of Cu and Al

Figure 15 presents waveforms for the explosion of a 0.25 mm
diameter Al wire in water. The explosion begins at ~1.02 us, with a
similar current amplitude of ~22.5KkA and average current density
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of ~4.2x 107 A/cm?, as measured in the Cu wire explosion case
(see Fig. 2). At ~1.33 us, an energy density of ~40.3k]/g is deliv-
ered into the Al wire at a maximal rate of ~8 x 10'° J/( g's) with effi-
ciency of ~66%. The wire’s resistance reaches ~2 Q, similar to the
case of Cu wire explosion in water.

X-ray radiography of Al wire explosion demonstrating the
development of a large-scale instability is shown in Fig. 16. In this
experiment, the two cameras recording the MHz radiography were
focused on slightly different areas of the wire. Due to differences
in the placement of the instability, the frames in each row of
Fig. 16 are arranged according to the respective camera [i.e.,
Figs. 16(a)-16(f) belong to camera 1 and 2, respectively].
Regardless of which camera recorded the radiography, unlike the
uniform front of the expanding wire material seen for Cu in Fig. 3,

Al wires exhibit rapid development of large-scale instability, with a
difference of up to ~0.15mm between the wire’s smallest and

largest radii. The average expansion velocity of the Al wire was
similar to that of the Cu wire and was estimated at ~470 m/s from
the onset of explosion.

Currently, we cannot determine the origin of this instability. It
may be related to inhomogeneities in the aluminum wire itself;
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FIG. 15. Same as Figs. 2(a) and 2(b), but for a 0.25 mm diameter Al wire explosion underwater (excluding the simulated temperature).
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FIG. 16. Same as Fig. 3 but for a 0.25 mm diameter Al wire explosion in water. Frames are grouped by camera to highlight instability development for each camera.

additionally, local aluminum combustion cannot be excluded. In
earlier studies,” " sub-microsecond ignition of aluminum combus-
tion was observed during underwater electrical explosions of alumi-
num wires with diameters of tens of micrometers. Nevertheless, we
will discuss the possible development of MHD m =0 or the
Rayleigh-Taylor (RT) instability.55

First, we consider the typical time for m =0 linear MHD insta-
bility development, which can be estimated as the time needed for
an Alfven wave to cross the radius of the wire,””’

2
tno = 21 |2 ©)
JVH

where p is the material density and y, is the vacuum permeability.
It should be noted that the complete melting of Cu wires with
diameters of 0.16, 0.20, and 0.25 mm occurs at 0.42, 0.55, and
0.68 us, respectively, and the 0.25 mm diameter Al wire melts at
about 0.52 us, all relative to the start of the discharge current. From
this time, the m = 0 instability may begin to develop, and its growth
time 7,-¢ becomes time dependent due to the increasing wire
radius, the corresponding decrease in density, and the time-varying
discharge current. Figure 17 shows the calculated time dependence
of 7,0 based on Eq. (9) and on simulated current, radius, and
density for 0.16, 0.20, and 0.25 mm diameter Cu wires. For the
0.25 mm diameter Al wire, the experimental current waveform and
x-ray radiographic data, which provide information on wire expan-
sion, were used. One can see that for all types of wires, this instabil-
ity can be developed. However, in experiments, this instability was
not observed during Cu wire explosions. Thus, we conclude that
the m =0 instability is unlikely to be responsible for the observed
phenomenon.

Next, we consider the RT instability, which can be realized
only when a heavier fluid accelerates toward a lighter one.’
However, based on radiography images for Al, at t=1.14 us, the Al
wire density decreases to p;, ~ 0.68 g/cm?, which is lower than the
density of water. At this time, the wire expansion is already

decelerating, as inferred from the concave () trajectory shown in
Fig. 2(c) for Cu. Thus, the necessary condition for RT instability at
the wire-water interface, Vp - Vp < 0 (where Vp and Vp are the
pressure and density gradients, respectively), is not satisfied. This is
reflected in the negative value of the Atwood number, resulting in
an imaginary growth rate for this instability. However, the develop-
ment of RT instability cannot be excluded at earlier times, when
the wire density still exceeds that of water (the wire density
decreases below 1 g/cm® at ~1.09 us) and the wire expansion occurs
under deceleration. At later times, as the wire expansion slows
further and its density decreases below that of water, this instability
relaxes. Nonetheless, in experiments with Cu wire explosions, this
instability development was not observed. This likely relates to the
significantly better surface finish of Cu wires compared to Al wires
and the less pronounced surface ETI feedback in Cu wires.
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FIG. 17. Temporal dependence of the MHD growth time zj,s for 0.16/0.20/
0.25 mm diameter Cu wires (red, black, and blue, respectively) and for 0.25 mm
diameter Al wire (green).
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IV. SUMMARY

In this study, multi-frame quasi-monochromatic x-ray radi-
ography performed at the EuXFEL was used to investigate several
phenomena associated with electrical wire explosions of copper
and aluminum in water and in air. First, analysis of shadow
images and current waveforms from 0.20 mm copper wires
exploded in air allowed, for the first time, a quantitative estimate
of the fraction of current shunted through the surrounding
medium by comparing them with underwater explosions. In the
present microsecond-timescale generator, the shunted current is
estimated to be ~50% of the total measured current at the
moment of explosion.

Second, the evolution of the electrothermal instability (ETT)
over time was studied in copper wires with diameters of 0.16, 0.20,
and 0.25mm. The results indicate that this instability becomes
resolvable after the transition to vapor/plasma phase and the
observed explosion. At that time, FFT reveals wavelengths ranging
from 20 to 60 um that do not grow significantly over time and are
not strongly dependent on the initial wire diameter.

Additionally, using density measurements of the ETT striation
and assuming an ideal gas equation of state, it is shown that the
scale of the temperature perturbation in these layers is ~50% of the
wire’s average temperature. This makes the application of the linear
ETI model for comparison with experimentally obtained ETI chal-
lenging when wire transfers to the vapor-plasma state.

Finally, x-ray radiography revealed developing non-uniformity
in the Al wire, which is unlikely to be caused by MHD m =0 or
Rayleigh-Taylor instability. Instead, we suggest that this behavior
may be related to local inhomogeneities in the Al wire or its oxide
coating, leading to an earlier explosion at this location. However,
confirmation of this mechanism requires further study.
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