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The first direct observation of the stratified electrothermal instability (ETI) on the surface of thick
metal is reported. Aluminum rods coated with 70 um Parylene-N were driven to 1 MA in 100 ns,
with the metal thicker than the skin depth. The dielectric coating suppressed plasma formation,
enabling persistent observation of discrete azimuthally-correlated stratified thermal perturbations
perpendicular to the current whose wavenumbers, k, grew exponentially with rate y(k) =
0.06 ns™! — (0.4 ns™! - um? - rad?) k? in ~1 g/cm3, ~7,000 K aluminum.

Understanding the evolution of a conductor carrying intense current requires knowledge of its
instabilities. One important mode that can grow exponentially is the electrothermal instability (ETI): a
reinforcement of temperature perturbations by the nonuniform ohmic heating they cause. Prediction of the
course of this primordial instability is needed to obtain the initial amplitude and spectrum of perturbations
that seed subsequent magnetohydrodynamic (MHD) instabilities [1, 2]. Understanding this seeding is
vital for developing off-Hugoniot equation of state measurements |3 |, magnetically insulated transmission
lines [4, 5], magnetically accelerated flyer plates [6], and magneto-inertial fusion [7-9] devices

While ETI has been discussed theoretically for over half a century [10], direct observation has been
missing for a large, important class of common situations, including the applications above. In metal, the
ETI produces alternating high and low temperature bands (strata, 6T) perpendicular to the current.
However, this growth has only been observed when the electrical skin depth is larger than the conductor’s
smallest cross sectional dimension (the thin-wire regime) [ 11-20]. When this inequality is reversed (i.e.,
the thick regime) and the skin layer ohmically heats, the rising current shunts [21-25] to underlying cold,
conductive layers, and therefore the instability drive at the surface is strongly diminished [26]. This
effectively adds a new dimension to the physics of the surface evolution and the ETI. For example,
numerical solutions to the linearized ETI equations that include non-linear magnetic diffusion, but not
hydrodynamics, indicate negligible ETI growth on the outer surface of a current-carrying metal tube [25].
However, 2D [27-30] and full 3D [26] resistive MHD simulations in the thick-rod regime demonstrate
ETI growth when the conductor is still in the solid phase and show significant temperature and density
modulations (6T and 6p) after the surface vaporizes. In addition, the existence and influence of the ETI
has been inferred in thick-regime experiments, but ETI growth has not been directly observed [27, 29,

31]. Since the §p produced by the ETI is challenging to distinguish from those amplified by the magneto-
Rayleigh-Taylor instability, explicit identification of the ETI requires measurement of 6T. However,
emissions from ETI strata are easily overwhelmed by emissions from nonuniform plasmas or non-MHD
processes typical of many load-hardware configurations [32-35].

This article reports the first direct observation of the stratified electrothermal instability on the surface
of thick metal. The nonlinear growth of strata was captured in a series of high resolution (3 pm), time-
gated (2-13 ns) images of surface emissions. In addition, the dielectric coating suppresses surface plasma
that forms on uncoated rods, therefore surface strata are observable for much longer [32-35]. Facilitated
by this longevity, measurements of the ETI dispersion relation represent a new way to constrain transport
properties in warm dense matter, an increasingly important field in which consensus between vastly
different model predictions of thermal and electrical conductivities is hampered by the scarcity of
measurements [36-42].



Thick-rod experiments were performed using the 1-MA, 100-ns Zebra generator [45, 46], with
compressed knife-edge anode-cathode coupling hardware that mitigates nonthermal plasma formation
[32, 34]. Rod surfaces were carefully characterized to identify initial perturbations from which the ETI
may grow. Aluminum 6061 was machined on a lathe and surfaces were electrochemically smoothed to
produce 11 rods with diameter 974 + 9 um and average absolute surface displacement §, = 220 +
40 nm. The polymer Parylene-N [poly(p-xylylene) (CgHg),], a transparent dielectric [47, 48], was
chemical vapor deposited around 5 aluminum rods to thickness 70 + 5 pm. Aluminum surface
characterization (Fig. 1) included white light interferometry (WLI), scanning electron microscopy (SEM),
and energy dispersive x-ray spectroscopy (EDS). Some discrete, embedded, and resistive surface
imperfections (inclusions, Fig. 1a) remained after electropolishing. These were determined by EDS to be
principally composed of the alloying elements (silicon and magnesium) specific to aluminum 6061.
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FIG. 1 (color). Pre-shot topographical characterization of aluminum rod surfaces after electropolishing & before coating. (a) 10
kV SEM (secondary electron) image of an aluminum rod surface, 94 um X 125 um. The figure’s horizontal dimension is
azimuthal in the experiment, and the vertical dimension is parallel to the rod axis (Z) and the electric current density j. (b) WLI
image of aluminum rod surface, with the same orientation as in (a), 94 pm X 125 um. Color signifies surface displacement in
nanometers in the + radial direction. Tick marks are separated by 10 pm. Surface structure in (a, b) was consistent across the 11
rods, although (a) and (b) are not of the same surface.

A suite of diagnostics examined rod surfaces with high spatial and temporal resolution. Emissions from
surface aluminum were imaged, with magnification M = 22, onto two independently gated, intensified-
charge-coupled devices (ICCD), using a Questar QM-100 long distance microscope and a 28-mm-focal-
length Nikkor lens. ICCD camera 1 (C1) was an Andor DH334T-18U-73 while camera 2 (C2) was an
Andor DH734-18F-A3. In addition, unfiltered, visible emissions from load surfaces were imaged onto a
photodiode array (PDA) to measure the full time-evolution of emissions, with coarse axial resolution.
Finally, two laser shadowgraphs (separated by 15 ns) were captured on each discharge using a 532-nm-
wavelength, 150-ps, 100-mJ pulsed Ekspla laser. Shadowgraphs were used to characterize load expansion
and to evaluate macroscopic late-time surface instability amplitudes.

ICCD imaging (Fig. 2) shows that discrete strata (perpendicular to the electric current density, j) form
on the surface of ohmically heated thick aluminum, and that filaments (parallel to j) do not form on
dielectric coated loads as late as 140 ns. Theory predicts that for material with electrical resistivity (1)
rising with temperature (0n/dT > 0), the fastest-growing ETI mode is a banded/stratified temperature
perturbation with strata perpendicular to j. When plasma forms and /0T < 0, the instability manifests
filamentary 8T parallel to j — therefore, the absence of filaments suggests plasma does not form on
dielectric or aluminum surfaces of coated-rods [ 10, 17, 19]. Coated loads (Fig. 2 [a-d]) first display
structured emissions from strata up to 200 pm in azimuthal extent. On average, however, strata are
azimuthally contained within 70 £ 20 pm in Fig. 2a, and within 40 + 20 um in Fig. 2d, interestingly
consistent with [26] despite the difference in metallic composition. Inter-strata axial distances and intra-
strata axial full width at half maxima grow with increasing load current. Relative to emissions from
background aluminum, emissions from strata in Fig. 2(a-d) increase nonlinearly by over an order of



magnitude. An analysis of strata growth across the ICCD images of coated loads is given after theoretical
predictions, below.

An understanding of coated loads benefits from an understanding of the evolution of bare aluminum,
where ICCD and SEM evidence show strata forming via nonuniform heating of resistive perturbations
(inclusions, Fig. 1[a]) [34]. ‘Spots’ on uncoated loads azimuthally stretch with increasing load current
(Fig. 2 [e-g]), forming up to 100-pm-wide strata [34]. After = 5 ns, filaments form (Fig. 2 [g, h]) and
rapidly outshine strata. In addition, MHD modeling of untamped aluminum shows that plasma forms in
low-density resistive metallic vapor because ohmic heating exceeds the combined rates of cooling by
expansion, radiation, and thermal conduction [35]. Finally, filaments often connect spots/strata at the
same azimuthal location (Fig. 2 [g, h]), indicating spots/strata explode before or faster than ambient
aluminum.
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FIG. 2. ICCD time-gated images of structured emissions from current-carrying 1-mm-diameter aluminum 6061 surfaces
(614 pm x 614 pm for each full image, or see scale bar in [a]), coated with 70 pm Parylene-N (top row) and uncoated (bottom
row). The vertical dimension (2) is nearly parallel to j (to within £ 2°, corrected during analysis), and the greyscale bar denotes
(background-subtracted) counts per nanosecond. Frame (h) was taken by C1, and the remainder by C2. Frame times correspond
to halfway through the ICCD micro-channel plate voltage pulse for that frame (the mid-frame time, MFT). There is a £3 ns
uncertainty in ICCD timing.

The Parylene-N coating remained sufficiently transparent for the strata on the metal to be observed
during the 100-ns current rise time. Because Parylene-N is 1023 times more resistive than aluminum,
current is expected to flow almost entirely in the aluminum [49, 50]. The stratified ETI is not expected to
grow in dielectrics [29, 31], so observable strata confirm that the current flows in the aluminum. Since
Parylene-N has a bulk dielectric strength (235 MV/m) [51] approximately one hundred times greater than
the maximum electric field in the experiment (2.1 — 2.4 MV/m, calculated via circuit modeling and
MHD simulations [35]), bulk dielectric breakdown is not expected. The diffusion of heat radially

outwards into the Parylene-N has a skin depth of \/2kt/c,p ~ 500 nm [49] (where ¢, is specific heat,
and x thermal conductivity) on the 100-ns experimental timescale. This means only a thin dielectric layer
is appreciably heated by thermal transport from aluminum. Similarly, in the extreme hypothetical case
that all the energy radiated in 100 ns from optically thick aluminum at T = 8700 K (using the Stefan-
Boltzmann Law) were fully absorbed [47, 48] in the closest 1 pm of Parylene-N, this volume would only
be heated from room temperature by ~ 23 K. These calculations, and that strata appear in imaging,
support that the bulk of the dielectric remains transparent throughout the experiment.



Shadowgraphs show that the Parylene-N coating tamps the aluminum explosion. Coated rod
diameters (including the dielectric coating), although initially 140 um larger in diameter, are less than
those of uncoated rods during observation of the ETI (Fig. 3), demonstrating tamping. [llumination light
is scattered out of the beam path by the dielectric coating, so shadowgraphy does not directly measure the
aluminum expansion in coated loads. In addition, uncoated loads have been demonstrated to expand
linearly until near peak current [52], therefore extrapolation of uncoated rod data in Fig. 3 indicates an
electrical explosion of surface aluminum occurs at 70 ns (which should also apply for coated loads).
Finally, uncoated aluminum shadowgraphs show MHD instabilities of amplitude = 50 um (consistent
with [52]), while coated-rod shadowgraphs do not display surface perturbations to within the diagnostic
resolution of 19 um, suggesting an absence of plasma on the outside of the Parylene-N.

Z ! { Coated Ar TP -2%0

9 { Uncoated Ar ;,’ ’ ++

§ . —Coated PDA BYL TS 200

% EO-S ---Uncoated PDA i —{—j: ‘‘‘‘‘‘‘‘‘‘‘

& - - Zebra Current P e

3 g‘ <« C1 MFT Mean Temp. ) 150

._g £ 0.6 * C2 MFT Mean Temp. S —

2o PDA Mean Temp. < - - =

20 s e Z

RS =

Sk 04 <
f,

== S 50

£5 ¥

o © 4

& 0.2

= = 0

U ’/

= et

N ™ -50

N 60 80 100 120 140 160 180

Time [ns]

FIG. 3 (color). Time-resolved visible emissions from, and change in radii (4r) of, coated and uncoated, current-carrying 1-mm-
diameter aluminum-6061 rods. A representative Zebra current waveform is shown. All times are synchronized to a common time
axis where 500 kA occurs at 100 ns. Rods used to provide Ar data (upward, green triangles) were single-point diamond turned
and have ultra-low surface roughness (6, = 42 nm) but are otherwise identical to uncoated rods. Variation of macroscopic Ar(t)
with surface roughness has not been observed [52], justifying surrogacy of these measurements for uncoated-rod diameters.
Vertical error bars correspond to 10%-90% edge-response and horizontal to shadowgraph timing uncertainty. Also plotted is the
average of 4 regions of interest (ROI) [53] temperatures (estimated by radiometry) for each coated load image from ICCD Cl1 ()
and C2 (=) vs mid-frame time (MFT), along with the (Tg) calculated from PDA radiometry (dotted black line, averaged over
the 5 coated-load PDA traces). Mean temperatures are only plotted for t > 89 ns, when the signals exceed the noise.

The evolution of surface emissions (measured by PDA) further supports that Parylene-N tamps
aluminum expansion and suppresses plasma formation. Before 130 ns, the average ratio of spatially-
integrated emissions from coated loads to those from uncoated loads (Fig. 3) is a nearly constant
2.3 £ 0.1. This is partly the result of greater pd} cooling of untamped (relative to tamped) aluminum by
a factor proportional to the ratio of the aluminum expansion velocities of the two load types. At 130 ns,
uncoated loads abruptly brighten; this rapid increase in visible emissions is correlated with plasma
formation [33, 52| and concurrent with ICCD images displaying a transition to filamentary structures (see
Fig. 2[g, h] or Fig. 1 of [34]), which theory suggests will develop as plasma forms. Consequently, the
absence of this sharp rise in emissions from coated loads is an indication plasma does not form on their
dielectric surface. Indeed, tamping of expanding metal and plasma suppression by dielectric coating are
also seen in the thin-wire regime [54].

To calculate the spectral evolution and growth rate of the ETI modes observed in the ICCD images,
the measured emissions were first mapped to temperature estimates. By assuming exploding aluminum
(T > 2750 K, the boiling point [50]) emits as a blackbody, and considering the spectral response of every
element in each camera’s optical path, the number of counts at each pixel was converted to a lower-bound
blackbody surface temperature (Tpp) estimate. Similarly, an average blackbody surface temperature
({Tgg)) was also calculated from PDA signals. ICCD and PDA data together indicate an average surface
temperature 3,000 — 10,000 K during the growth of the ETI (Fig. 3).



While the complete, tamped, hydrodynamic case has not been addressed by theory, it is useful to
estimate the ETI growth rate via thick-rod MHD simulations. For example, 2D and 3D MHD
calculations suggest the temperature growth rate of the ETI in uncoated thick aluminum rods carrying
j1 ® 2MA/mm?is y; ~ 0.1 ns™ 1. On the other hand, suggests that, under the same conditions, a
50-pum-thick dielectric coating diminishes y; several-fold. However, while the ETI is observed on Zebra
(500 — 900 kA), theory and simulations suggest a smaller j, # 1 MA/mm? in the non-linear
current-density wave propagating into the aluminum, which is only half j; in simulations and
This would indicate that the experimentally observed growth rate should be less than y; ~ 0.1 ns™ 1.

In contrast, hydrodynamic-free, thin-wire ETI theory suggests relatively slow growth rates for this
experiment. Excluding hydrodynamics, which shuts off the ETI &p feedback mechanism, the ETI

exponential growth rate of 8T, derived by perturbing the thermal energy balance equation , 18
an ., 2
7)) — Kk;
y=9T #(1)
CU

In the long wavelength limit (mode wavenumber k, — 0), Eq. 1 yields a maximum ETI growth rate
¥2(ps) =~ 0.01ns~!, using illustrative estimated parameters j,, ps = 2.7 g/cm3, ¢, = 927]/(kg- K),
and 0n/0T = 2.3x10711 Q- m/K (from the Lee-Moore-Desjarlais [LMD] Sesame 29373 table for the
3500 — 8000 K range ).

A lower bound on the aluminum density may be inferred from the fact that filaments do not appear in
ICCD images of coated loads. The absence of filaments suggests < 8 filamentation instability growth
times have elapsed before each frame. Using (Tzp) and the LMD table, a calculation of the maximum
filamentation growth rate as a function of density suggests the tamped aluminum density is at least
Pmin = 0.63 g/cm3.

Fourier analysis of ICCD Tgp maps of coated loads show strata evolution is wavelength dependent.
After the surface has exploded, when the current is around 300 kA, no structure is evident in the spectra.
The earliest appearing perturbations (at ~ 500 kA, seen in Fig. 2a) have axial wavelength contributions
that match those of the machining structure (modes of wavelength 4 < 20 pm). Over the next 30 ns (~
500 kA to ~ 800 kA), modes with 2 > 15 um (axial wavenumber k, < 0.4 rad/um) grow exponentially,
while short-wavelength (4 < 15 pm) modes matching machining structure decay. Finally, long-
wavelength modes grow to a maximum amplitude by ~ 800 kA. From the standpoint of linear instability
theory, this indicates that the dominant, 5 pm (via Fourier analysis of Fig. 1b) machining structure is not
directly responsible for the late-time strata. These later strata (Fig. 2[c, d]) may be generated by the
nonlinear evolution of inclusions, or by machining perturbations with axial wavelength > 15 pm.
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FIG. 4 (color). Exponential growth rates, y (ns™!), fit from Fourier amplitudes vs. time, for small-wavenumber (k, [rad/um])
modes in temperature maps from ICCD images, from 500 — 800 kA (this range excludes the earliest and latest pairs of ICCD
images, where growth is not observed). Fourier coefficients are calculated from azimuthally-averaged (57 pm), axial lineouts of
temperature-mapped ICCD images [53]. The red dispersion curve represents the least squares fit to y(k,) = Ymax — mkZ (Eq. 1),
and the blue region a +30 confidence band of this fit [56]. The red circle at k, = 0 denotes an effective growth rate, y; =
0.014 ns™1, from the exponential fit of the mean ICCD temperatures from Fig. 3. Growth rates with wavenumber greater than
k, ~ 0.45 rad/pm are y; to within experimental error.
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An ETI dispersion curve (Fig. 4) relating growth rate y to wavenumber k, was obtained by
computing linear regressions of the logarithms of Fourier mode amplitudes vs time, during the period of
exponential growth (98-132 ns). Modes with small wavenumber (k, < 0.2 rad/um) grow at a rate much
bigger than the effective exponential growth rate of the average temperature, yr, over the same time
period. This indicates the presence of an electrically-driven thermal instability in the thick-rod regime—
that is, the presence of a feedback mechanism active in surface aluminum layers by which hotter regions
(strata) receive more joule heating than cooler ones. In addition, the growth rates fit well to the
theoretically-motivated parabola (E.g., Eq. 1 above and Eq. 28 of [19]) y(k;) = Ymax — mk2, with
Ymax = 0.061 £ 0.004ns™! and m = 0.37 + 0.04ns™ - um?-rad™2. Using Eq. 1, the quadratic
coefficient, m, is related to the thermal conductivity of exploded aluminum as key, = mc,p. Using

sample parameters ¢, = 927 ]/(kg - K) and p = 1g/cm3, we coarsely estimate Kexp ~ 300 W/(m - K),
while Sesame 29373 suggests kges ~ 100 W/(m - K) for p = 1g/cm3 and T = 1 eV. These order-of-
magnitude agreements between theory and experiment (of ¥y and k) indicates that the ETI can act as a
diagnostic of warm dense matter. With detailed modeling and refined experiments, accuracy of Key, will
likely improve, assisting in the discrimination between available models of the ETI and the transport
properties of warm dense matter.

In conclusion, ETI strata were observed on the aluminum surface of thick rods with and without a 70
um Parylene-N coating. Axial temperature perturbations grow exponentially with rates up to ypax =
0.06 ns~! on dielectric-coated aluminum surfaces. Laser shadowgraphs and time-resolved visible
emissions (measured by PDA) indicate the dielectric coating hydrodynamically tamps expanding
aluminum. ICCD images, time-resolved visible emissions, and shadowgraphs indicate dielectric coatings
suppress plasma formation. Since strata only appear for ~ 5 ns on uncoated loads, but exist for > 30 ns on
coated loads, we have demonstrated the viability of a novel platform for investigating ETI evolution,
paving the way for more systematic studies of this difficult-to-diagnose phenomenon and of warm dense
matter.
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