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The electro-thermal stability of tantalum relative to aluminum and titanium
in cylindrical liner ablation experiments at 550 kA
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Presented are the results from the liner ablation experiments conducted at 550 kA on the Michigan
Accelerator for Inductive Z-Pinch Experiments. These experiments were performed to evaluate a
hypothesis that the electrothermal instability (ETI) is responsible for the seeding of magnetohydro-
dynamic instabilities and that the cumulative growth of ETI is primarily dependent on the material-
specific ratio of critical temperature to melting temperature. This ratio is lower in refractory metals
(e.g., tantalum) than in non-refractory metals (e.g., aluminum or titanium). The experimental obser-
vations presented herein reveal that the plasma-vacuum interface is remarkably stable in tantalum
liner ablations. This stability is particularly evident when contrasted with the observations from
aluminum and titanium experiments. These results are important to various programs in pulsed-
power-driven plasma physics that depend on liner implosion stability. Examples include the
magnetized liner inertial fusion (MagLIF) program and the cylindrical dynamic material properties
program at Sandia National Laboratories, where liner experiments are conducted on the 27-MA Z

facility. Published by AIP Publishing. https://doi.org/10.1063/1.5012891

I. INTRODUCTION

The ablation and implosion of cylindrical liners has been
an important field of study within pulsed-power-driven
plasma physics due to applications in dynamic material prop-
el“[ies,l’2 intense radiation generationf*6 and magnetized liner
inertial fusion (MagLIF).”"" Recent MagLIF experiments
have demonstrated fusion-relevant plasma conditions.'"'* On
a proposed larger current driver'> MagLIF could one day pro-
vide a controlled high-yield fusion source (>1M]J).'* One of
the factors that could potentially limit MagLIF performance
is implosion asymmetry due to magnetohydrodynamic insta-
bilities, including the magneto-Rayleigh-Taylor (MRT) insta-
bility. While the primary surface perturbation from which
MRT grows is not yet fully understood, theoretical and exper-
imental studies have supported the theory that the perturba-
tion grows from the striation form of the electrothermal
instability (ETI).'>!>18

ETI describes the exponential growth of a temperature
perturbation in a medium that is ohmically heated and has a
temperature-dependent electrical resistivity, 7(7). When
resistivity increases with temperature, as in condensed met-
als, ETI tends to form striations perpendicular to the direc-
tion of current flow that ablate before the bulk material; it is
believed that these ablated regions of the liner set the initial
interface perturbation that seeds the subsequent development
of MHD instabilities in liner implosions.

Additionally, a filamentation form of ETI exists, with
perturbations developing parallel to the current flow; this
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form occurs in materials for which the resistivity decreases
with temperature (e.g., plasma). Derivations of dispersion
relations for both forms of ETI are available in other
publications.'>"?
Neglecting material expansion, the instantaneous growth
rate of the striation-form of ETI is given by'>
Mp
21, T, H) = L, (1)
pCp

where J is the time-dependent current density, k is the
wavenumber of the perturbation, and «, p, and ¢, are the
temperature-dependent thermal conductivity, mass density, and
specific heat capacity of the current-carrying material, respec-
tively. Following Oreshkin,? it is useful to define an explosion
time 7., which is the time when the liner completely vaporizes
and begins to expand rapidly. For large pulsed-power machines
capable of generating current densities of order 10'* A /cm?,
the magnetic pressure at the surface of the liner is generally
high enough to prevent this explosion from occurring until after
the material reaches the critical temperature T..:.2° Above T,
the liquid phase cannot exist regardless of pressure. With t,,,
the cumulative ETI growth can be written as

(k) = L 26, T(0), Ky, @

The physical meaning of I'(k) is the number of e-foldings of
a temperature perturbation on the liner surface. This quan-
tity determines how much faster a “hot” section of the liner
reaches the point of ablation relative to the bulk liner
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material. By the time the bulk material has ablated, the hot
sections have already expanded a certain distance that
defines the initial interface perturbation for the subsequent
evolution of MHD instabilities.

Taking the assumptions of: (1) a stationary material-
vacuum interface prior to 7,,; (2) a constant action integral21
h = g""' J?dt; and (3) the fast explosion mode (defined such
that the time to ablation is faster than the e-folding time for
the m = 0 sausage instability, but much slower than the mag-
netic diffusion time), Oreshkin®® derived an approximate
expression for the cumulative growth of the fastest growing
ETI mode

Tmelt

[, =T00) = 1n<T“”">. 3)

This surprising result indicates that the cumulative growth of
the fastest growing ETI mode (and therefore the amplitude
of the initial interface perturbation caused by ETI) depends
only on the critical temperature and melting temperature
of the liner material. Refractory metals (metals known for
their high resistance to heat and wear, specifically tungsten,
molybdenum, tantalum, niobium, and rhenium) tend to have
low ratios of T,/ T .- This theory predicts that such refrac-
tory metals should exhibit smaller interface perturbations at
the point of explosion when compared to non-refractory met-
als (e.g., aluminum and titanium) driven by the same electri-
cal current. Late-time plasma instabilities that grow from
this ETI-generated interface perturbation are therefore
expected to be smaller in amplitude for tantalum liners com-
pared with non-refractory metals.

In this article, experimental results are presented that
demonstrate the stability of tantalum liner ablations relative
to aluminum and titanium. In Sec. II, the experimental setup
is described. In Sec. III, the experimental results are pre-
sented, revealing the remarkable stability of an ablating tan-
talum liner compared with aluminum and titanium. It is also
observed that the titanium liner exhibits lower cumulative
growth compared with aluminum, a somewhat surprising
result. These findings are discussed in Sec. IV, and they are
summarized with our conclusions in Sec. V.

Il. EXPERIMENTAL CONFIGURATION

Ablations of initially solid, thin-foil liners were per-
formed on the Michigan Accelerator for Inductive Z-Pinch
Experiments (MAIZE), a 1-MA linear transformer driver
described in detail in Refs. 22-24. Foils of aluminum, tita-
nium, and tantalum of thicknesses 3.0 um, 2.0 um, and
500 nm, respectively, were wrapped into a cylindrical geom-
etry following the liner fabrication process described in Ref.
25. Strips of each foil material, measuring 2.1 cm wide by
1.5cm tall, were wrapped around an insulating, dumbbell-
shaped support structure of total length 3.4 cm and diameter
6.4 mm to form the liner targets (see Fig. 1). A single layer
of aluminum tape (0.1 mm thick) was wrapped around the
top 1.0cm and bottom 1.4 cm of each support structure, pro-
viding a conducting path from the foil to the anode and cath-
ode of the pulsed power hardware.

Phys. Plasmas 25, 032701 (2018)

~1 mm

FIG. 1. (a) Closeup view of MAIZE load region showing the transition from
tri-plate transmission line (with anode and cathode A, K) to coaxial load
hardware adapter. The liner load acts as the center conductor for the coaxial
transmission line and is situated in the load region. (b) Liner “dumbbell”
support structure prior to applying the foil load (c) Support structure with
2.1cm x 1.5cm x 3.0 um aluminum foil wrapped cylindrically to form a
liner.

The purity of the foils used in these experiments
exceeded 99% (based on manufacturer specifications),
and the foil thicknesses were chosen to mass match the
liners (i.e., all of the liners had a linear mass density of
1.8 = 0.1 mg/cm). This mass density exceeds the previously
established 0.5 mg/cm maximum that MAIZE is capable of
imploding (previous experimental studies on MAIZE utilized
liners of 0.2 mg/cm to achieve substantial implosion veloci-
ties”®). Nevertheless, the magnetic pressure obtained in these
shots was sufficient to provide a nearly stationary plasma-
vacuum interface. This allowed sausage- and kink-like insta-
bilities to be observed, decoupled from the magneto-
Rayleigh Taylor instability. Previous experiments on
MAIZE?” have shown that liner ablations exhibit the m =0
mode most strongly in this configuration.

Diagnostics fielded on the liner implosion experiments
included differential output B-dot current monitors® and vis-
ible imaging using a 12-frame intensified charge coupled
device camera (ICCD) with 5ns temporal resolution. The
optical system for the fast framing camera consisted of a
switchyard of lenses and mirrors® designed to image the
load at a magnification of approximately unity through a line
filter at 532 nm (FWHM of 1 nm). The spatial resolution of
this optical system was approximately 75 yum, and the field
of view was greater than 1 cm x 1 cm. On some shots, a 2-ns
duration, frequency-doubled, 532-nm Nd:YAG laser pulse
was used to backlight the load. The laser intensity was of the
order of self-emission from the ablating liner plasma at
532 nm, generating images with simultaneous contributions
from self-emission and visible shadowgraphy. To synchro-
nize the laser with the 12 camera frames, a single 2-ns pulse
is split into many collinear beams using a 3.05-m resonating
cavity with two 95/5% beam splitters.”” Because the beam
splitting process diminishes the intensity of the backlighter
on each successive image (by >5%), it was nontrivial to
track the plasma-vacuum interface over the 12 frames



032701-3 Steiner et al.

obtained on a single shot. For this reason, later shots did not
use the laser backlighter; instead, they relied solely on self-
emission imaging to locate the plasma-vacuum interface.
This approach is reasonable based on our prior experience
with aluminum liners, where over 50 shots of instability
amplitude data were analyzed and demonstrated little differ-
ence between instability amplitudes calculated from self-
emission images only and those obtained from self-emission
combined with the backlighter.*’

Figure 2 shows a typical current trace measured by the
B-dot probes. Peak currents of around 550kA occurred at
approximately 250ns. The shot-to-shot variation in peak
current and rise time was less than 5% regardless of liner
material. At around 350ns, the B-dot response exhibits an
unphysical, monotonically increasing current measurement.
This event occurs around the same time of the zero crossing
of voltage and is believed to be due to electron bombardment
on the B-dot sensor. A model of liner implosions on MAIZE,
developed in Ref. 24, gives a load current fall time of about
400 ns for these experiments, indicating a total current pulse
length of approximately 650 ns.

lll. EXPERIMENTAL RESULTS AND ANALYSIS

Figure 3 shows ablation dynamics from aluminum, tita-
nium, and tantalum liner implosions. The tantalum shot uti-
lized the laser shadowgraphy backlighter, while the other
shots show self-emission only. Contrast enhancement has
been applied to the self-emission images and to the last
frame of the tantalum shot to increase the visibility of the
plasma-vacuum boundary. The large perturbations visible on
the top and bottom of the ablating liner regions are due to
the interface between the liner and the support structure. The
dynamics of the aluminum and titanium shots appear qualita-
tively similar to the previous ablations of non-imploding
liner loads on MAIZE,27 with large, azimuthally correlated
instability structures developing over 100s of ns. By con-
trast, the tantalum shot demonstrates remarkable stability
over the duration of the current pulse.

:

Current (kA)
5 8

Curment Trace “
®  Camera Timings |
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250 300 350 400

Time (ns)

FIG. 2. Typical current measurement obtained by averaging four calibrated
differential B-dot measurements taken in the radial transmission line of
MAIZE.
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In total, we conducted eight experiments with aluminum
foils, six experiments with titanium foils, and three experi-
ments with tantalum foils. Of these experiments, roughly
half of them (four aluminum, three titanium, and two tanta-
lum) used the dumbbell-shaped foil support structure
described in Sec. II [see Fig. 1(b)], which resulted in a sta-
tionary plasma-vacuum interface for the duration of the
experiments. By contrast, the remaining experiments tested a
straight support structure that completely filled the interior
of the cylindrical foil liner.”” The straight support structure
strictly prevents any radial implosion of the foil’s plasma-
vacuum interface, regardless of the foil mass used;27 how-
ever, it also generates a back pressure that causes the foil’s
plasma-vacuum interface to accelerate radially outward.
Regardless of the support structure used, the qualitative
trends remained the same across all shots (i.e., the use of alu-
minum foils resulted in the largest instability structures,
while the use of tantalum foils resulted in the smallest, nearly
imperceptible, instability structures). Furthermore, the
stationary-interface shots generally showed larger late-time
instability structures than the outward exploding shots. This
is expected because radially outward acceleration reduces
the sausage instability growth rate.’*>" In the case of a sta-
tionary plasma-vacuum interface, this growth rate reduction
is absent for the sausage instability. To understand sausage
mode growth without the complications of outward accelera-
tion, the results presented in this paper are focused solely on
the experiments that used the dumbbell-shaped support struc-
ture. Additionally, the experiments presented in Fig. 3 were
chosen because: (1) their imaging times relative to the start-
of-current were nearly identical; and (2) the entire span of
the liner from the anode contact to the cathode contact was
visible in the imaging field of view.

Each image was processed to find the location of the
foil’s plasma-vacuum interface (see Fig. 4). For each shot, a
region of interest (ROI) was selected that excluded the large
perturbations at the two ends of the liner, since these large
perturbations have been attributed to increased local heating
due to contact resistance.’” The extracted ROIs were then
rotated, and the interface was determined using an algorithm
that searched for pixel values above a particular threshold
value. Figure 4 shows a strong azimuthal correlation between
the left and right plasma-vacuum boundaries, indicating the
observed mode is the m =0 sausage instability. With the
position of the plasma-vacuum interface extracted from the
image, the amplitude of the instability was then evaluated.

The time-dependent instability amplitude for the left
and right interfaces of each image was determined using

4)

where x; is the interface position at the ith data point on the
interface function, X is the average interface position, and N
is the number data points on each interface in the ROI. The
left and right interface amplitudes were averaged for each
image to give a measurement of instability amplitude at the
time of the image.
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t=200ns

t=196ns

Figure 5 shows a plot of instability amplitude as a func-
tion of time for aluminum and titanium liners. An exponen-
tial growth function was fit to each shot to define an
e-folding time. For aluminum, growth rate was found to be
54=*=0.7 ,us’1 (e-folding time 185 = 25 ns), and for titanium,
the growth rate was found to be 5.7 = 0.7 us™! (e-folding
time 175 £ 20 ns). For both materials, the measured instabil-
ity amplitude was below the image resolution limit for early
times, so only those amplitude data points which exceeded
the resolution limit were used to fit the exponential.

The high degree of stability exhibited by the tantalum
liner poses difficulties in analyzing the growth of instabil-
ities, as all instability amplitudes extracted from the ROI fall
below the image resolution threshold of 75 um. We note that
this observation held for all Ta liners tested, including both
exploding and stationary-interface configurations. However,
this does establish that the maximum instability amplitude at
t=>540ns (the time of the last available image) could not
have exceeded the image resolution of 75 um.

Phys. Plasmas 25, 032701 (2018)
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FIG. 3. Selected framing camera
images from aluminum (left), titanium
(center), and tantalum (right) liners,
along with pre-shot shadowgraphs
showing initial liner position. Self-
emission images have been contrast
enhanced to increase the visibility of
the plasma-vacuum boundary. The
boxes highlight the regions of interest
(ROI) extracted for further analysis;
these regions were chosen to exclude
edge effects attributed to contact resis-
tance. Note that the bright region in
Ta images coincides with foil overlap
intrinsic to the ultrathin liner wrapping
method.

t=218ns

t=378ns

¥
J t=538ns

IV. DISCUSSION

For the sausage instability growth observed in the alumi-
num and titanium shots, the amplitude of the initial perturba-
tion of the plasma-vacuum interface can be found. This
initial perturbation is attributed to the end of the ETI phase,
when the foil’s surface first explodes, resulting in a rippled
plasma-vacuum interface. (Note that the ETI growth phase
begins when the foil melts and ends when the foil explodes.)
To determine the initial perturbation amplitude, we extrapo-
late the exponential growth of the observed sausage instabil-
ity backwards in time to the point when the foil’s surface
first explodes and the sausage growth begins. The explosion
time is estimated by computing the action integral

h = J jF()ar 5)
0

and determining the time, #, when the action integral equals
the tabulated values for the explosion of aluminum and
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FIG. 4. (top) Region of interest from MAIZE Shot 1291 (3.0 um aluminum
liner) with the plasma-vacuum boundary fit highlighted in white. (bottom)
Extracted interface function from the same shot showing interface amplitude
as a function of axial position.

titanium, which are 1.8 x 10° A%s/em* and 1.1 x 10° Azs/cm4,
respectively.?’?!

For t=100ns, the current rise is approximately linear
with time and well characterized by the B-dot probes to
within an accuracy of about 5%. Since the action integral is
proportional to the time integral of current squared, and since

m=0 Instability Growth Plot

\ . v
04 ® Aluminum ‘\. 1
m Titanium di 4
Eosl| ? A
£ XTantalum [ ] .
3 e 2
202 = & Y ]
S [ 4 ,
£ R M
< | & ! R 1
0.1 1 j\ 9’.\’ i ,"' x ]
,o%" X
0; """"" kil L L L L
0 100 200 300 400 500 600 700
Time (ns)

FIG. 5. Instability amplitude as a function of time for aluminum (blue
circles) and titanium (red squares) with best-fit exponential functions for
both materials shown in dashed lines. The dashed line at 0.075 mm repre-
sents the image resolution as measured by imaging an ASOFR resolution
test chart. The green X represents the upper limit of the amplitude of the tan-
talum liner interface, equal to the resolution limit, at the latest available
image time. Exponential fits to the aluminum and titanium data are used to
estimate instability amplitudes at times prior to the development of features
larger than the resolution limit.
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the current rises approximately linearly with time up to the
explosion time, the action integral goes approximately as #°.
Therefore, a departure from the tabulated action integral
of explosion by as much as 50% changes the calculated
explosion time by less than 10 ns. The 5% error of the B-dot
probes adds an additional uncertainty of only = 2ns.
Conservatively, we estimate the total error in the calculated
explosion time to be * 10 ns.

For the shots depicted in Fig. 5, the aluminum liner
reached the action of explosion at t =56ns (*10ns), and the
titanium liner reached the action of explosion at t=>54ns
(=10ns). The measured exponential sausage growths
depicted in Fig. 5 (e-folding times of 185 and 175 ns, respec-
tively) were extrapolated backwards in time to these explo-
sion times to yield initial perturbation amplitudes (i.e., to
yield the initial sausage instability amplitudes right at the
time of foil explosion). These explosion times yield initial
amplitudes of 39 um (*=8 um) for the aluminum ablation and
14 um (*£6 um) for the titanium ablation. The uncertainty of
these initial perturbation amplitudes accounts for the uncer-
tainties from both calculated explosion time and growth rate
fitting.

Because the perturbation amplitude on the tantalum shot
never exceeds the image resolution, this analysis procedure
cannot be applied. However, an upper bound on the initial
interface amplitude can be determined given the upper bound
imposed at 540 ns by the image resolution and assuming the
growth of the m =0 mode has a similar rate for the three
materials. This assumption is supported by the aluminum
and titanium data—the growth rate differs by only 5%
between the two materials—and is believed to be reasonable
for the following reasons: (1) the m =0 instability grows as
1/ \/p, where p is the density of the ablated plasma, in the
case of no inward acceleration;>° (2) the initial masses of the
foils are equal (to within about 6%); and (3) the mean
plasma-vacuum interface position is nearly stationary over
hundreds of nanoseconds for all three materials. Taking this
assumption and using the average growth rate observed from
aluminum and titanium of 5.6 = 0.7 ,us_l, we find that for an
instability amplitude equal to the 75-um image resolution at
540 ns, the initial amplitude at t=50ns (*=10ns) is at most
4.8 um (=1 pm) for tantalum.

Oreshkin’s study? reports a value of the ratio Ry = T“""['r
of 8.6 for aluminum. Other reported values of the critical
temperature of aluminum are slightly lower, including an
experimental measurement yielding Ry = 6.1 (Refs. 33-35)
and calculation from Bushman-Lomonosov-Fortov (BLF)
theory®>® yielding Ry = 6.9. Simulations by Desjarlais®’
using VASP (Vienna ab initio Simulation Program)*® give
Rt = 6.4 with a reported uncertainty of ~10%. Tantalum is
believed to have a substantially lower Ry: A theoretical cal-
culation of critical temperature by Fortov et al.* yields
Rr = 4.1 in tantalum. The most recently reported results
known to the authors for a critical temperature of titanium
are from calculations by Kerley,*® which gives Ry = 8.0.

The Ry ratios using T,,; values reported in the literature
predict that tantalum should have a lower cumulative ETI
growth prior to explosion, and thus, tantalum should have
a lower initial interface perturbation than aluminum, a
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prediction that agrees with our experimental results.
However, as the ratio for titanium is comparable with (or
perhaps even higher than) that of aluminum, we would
expect the titanium liner to show a larger initial interface
perturbation to the aluminum liner, whereas the experimental
measurement showed it to be a factor of ~3 smaller. To
investigate this surprising result further, simulations were
performed in VASP*® at Sandia National Laboratories
to give updated estimates of the critical temperatures of
tantalum and titanium. The VASP simulations gave Rr
= 3.8%0.3 for tantalum, which is in good agreement with
the Fortov calculation. However, the titanium VASP simula-
tions yielded Ry = 4.4£0.5, a dramatically lower value than
the previously reported result. These results are more in line
with our experimental observations that the aluminum abla-
tion was by far the most unstable; the titanium ablation was
less unstable than aluminum; and the tantalum ablation was
the most stable. We comment that the wide discrepancy in
the computationally determined critical temperatures of vari-
ous metals underscores the need for future experimental
measurements of the critical temperatures.

In addition to Ry, the following three factors may con-
tribute to the experimentally observed results:

1. The actual initial interface perturbation of the tantalum
liner may be significantly lower than the upper bound of
4.8 um, which would cause the separation between the
cumulative ETI growth of tantalum and that of aluminum
and titanium to be underrepresented. This proposed expla-
nation could be investigated experimentally using a larger
current density, which would increase the growth rate of
the m =0 mode and thus decrease the uncertainty on the
initial amplitude.

2. The surface resistivity curves (where surface resistivity is
the resistivity divided by the coefficient of volumetric
expansion, the physically meaningful property for deter-
mining resistance of an electrically thin conductor) for
titanium and tantalum are not monotonically increasing
with temperature like that of most metals. Instead, they
have a slight negative slope for a significant portion of
the liquid phase.*'** This region of negative g—’} may be
sufficient to smooth any azimuthally correlated surface
perturbations that may have formed, causing a shift from

- TT—; to Ty = T;jf, where T* > T, is the temperature
melt

at which g—’} becomes positive again. This factor may war-

rant a future computational investigation.

3. The atomic number Z and/or the initial metal density
Pmetas MY be an important factor, as the stability appar-
ently increases with Z and/or p,,,,,,.*>**

V. CONCLUSION

Ablation data were obtained from mass matched, ini-
tially solid foil liner experiments using aluminum, titanium,
and tantalum. These data were used to calculate and compare
the amplitude of the initial seed perturbation for MHD insta-
bilities. It was hypothesized that the ETI was responsible
for providing this initial seed and that the magnitude of the

Phys. Plasmas 25, 032701 (2018)

initial seed should be dependent on the ratio Ty /T omerr-
Tantalum, the material with the lowest such ratio, exhibited
an extremely stable ablation—with an interface perturbation
that was below the resolution threshold for the duration of
the experiment—providing evidence to support the hypothe-
sis. The weaker seeding of titanium compared with alumi-
num is surprising given their similar reported T,/ Toers
ratios,”®*° but this may be at least partially explained by the
significantly lower value of T, calculated in VASP for tita-
nium for this study. This latter result presents an interesting
topic for future investigation.
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