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E I N F O

ormer Driver

A B S T R A C T
Sandia National Laboratories has been operating the Mykonos linear transformer driver (LT
five-cavity configuration since 2014. The machine operates at 1 MA output current, 500 kV
voltage, with a 10-90 % current rise time of 85 ns, which enables small scale physics and engi
pulsed power experiments. Mykonos provides hands-on pulsed power experimental train
students and staff along-side senior Sandia scientists in an environment that is more accessib
the Z Facility. Over the years, we have fielded and accumulated a wide variety of optical, x-
electrical diagnostics and we are preparing to open this facility to outside users.
Here, we are presenting the pulsed power and diagnostic capability of Mykonos as well a
recent experiments that have been performed on the facility. The goal of this publication is to
researchers across the pulsed power and high energy density (HED) community to collabora
Sandia on exciting, innovative science and to train the next generation of researchers for the N
Nuclear Security Agency (NNSA) and the nation. As such, we have established a Mykonos Ac
Access Program (MAAP) as part of ZNetUS to enable academic utilization of the Mykonos
Power Facility.

nos Pulsed Power Driver
ykonos Facility [1, 2, 3, 4, 5] is located in Tech
Sandia National Laboratories. The high bay has
otage of 4054 ft2 and houses the pulsed power

an EMI shielded control room (Fig. 1).
ykonos pulsed power driver consists of 5, three-
eter LTD cavities. Each cavity contains 36 LTD
prised of a 200 kV multi-gap switch and two
citors per brick. The five cavities are triggered
y and drive a matched impedance coaxial water
n line. The cavities are triggered with a 6.6 ns

een cavities to match the transit time of the power
e water transmission line. The cavities and bricks
in Fig. 2. The LTD cavities are designed to operate
100 kV charge voltage. At full charge voltage,
ominally produces a 1 MA, 500 kV pulse with a

10%- 90%) of 85 ns and a pulse width (FWHM)
into a 0.5Ω matched load. In order to increase
fetime and reliability, we nominally operate the
r at 80 kV charge voltage, resulting in 0.8 MA of
nt.
war@sandia.gov (J. Schwarz)
):

2. Experimental Work Area
The experimental work area has a rectangular s

footage of 12 × 8 ft2 and is fully enclosed and certifi
a laser control area (LCA). The target chamber is mo
to the vacuum insulator at a height of 6 ft (center line),
surrounded by a 8 × 7 ft2 optical breadboard along th
that allows for flexible diagnostics configurations (F
Two, 2-level optical tables are located on each side
target chamber wall, having an area of 3×6 ft2 and 2.5
respectively. An additional optical table (4×8 ft2) is ava
just outside the LCA for target preparation and diag
staging.

3. Standard Diagnostics
The list below includes diagnostics that have been fi

at the Mykonos Facility. Most of them will be availa
any given time, except for those that are shared wi
Z Facility. Experimenters will need to work closely
their Sandia counterpart when requesting or bringi
diagnostics.
r et al.: Preprint submitted to Elsevier Page 1 of 9
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ird's eye view of the Mykonos Facility. One can see
upply racks for charging the capacitors in the front
e �ve LTD cavities on the other side of the raised
). To the right is the laser controlled area (LCA) (c)
the target chamber (Fig. 3), lasers for diagnostics,
dboards, and various diagnostic instruments. The
m (d) is in the far back corner and blocked from

iagnostics:
-frame pulsed laser imaging system (170 ps pulsed
, 5-ns inter-pulse delay) at 1064 nm, 532 nm,
nm, and 266 nm.

Interferometry
Shadowgraphy
Schlieren
Angular Filter Refractometry

anche photodiode (APD) and other diode detec-
(time-resolved self-emission, filterable)
single-frame Andor iStar ICCDs; Minimum Ex-
re Time: 2-3 ns
-frame ICCD camera
Specialized Imaging Model SIMX4
Exposure Time: 3 ns - 10 ms in 1 ns steps
Inter-frame Time: 0 ns - 20 ms in 1 ns steps

t-frame ICCD
Cordin Model 222
Exposure Time: 2.5 ns - 10 ms
Inter-frame Time: 0 ns - 10 ms in 250 ps steps

lve-frame Ultra High Speed Framing Camera (re-
s coordination with the ECE department of the
ersity of New Mexico)
Invisible Vision UHSi 12/24

Figure 2: (top) Cross-section of a �ve cavity LTD, (bo
Internal view of cavity showing LTD bricks. (a) 200 kV s
(b) 40 nF capacitor pair, (c) iron core for inductive co
into the (d) water-�lled transmission line.

– Inter-frame Time: 0 ns - 10 ms in 5 ns step
• Questar QM100 Long-Distance Microscope a

blies for imaging of ≈ 1𝜇m phenomena
• Streaked Visible Spectroscopy (SVS)
• Two-color dispersion interferometer (in commi

ing phase)
• Gated visible spectroscopy (1D spatial distribut
• Gated Vacuum Ultraviolet (VUV) Spectroscop

spatial distribution)

Exposure Time: 5 ns - 1 ms in 5 ns steps
r et al.: Preprint submitted to Elsevier Page 2 of 9
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View of the Mykonos target chamber (center).
es of sight are available for various diagnostics.
istance microscope, (b) single-frame ICCD, (c) 12-
, (d) �ber-coupled Avalanche Photo Diode array

gnostics:
red PIN diodes
ort for image plate
-fast x-ray imager (UXI) [6], (in commissioning
e)
l Diagnostics:
dard machine diagnostics (machine current and
ge into vacuum chamber)
dard load B-dots (current into load region)
ctive voltage monitor (voltage into load region)
o-B-dots (small field sensors for localized current

surements)

ed experimental campaigns
les of previous academic projects include the
t of vacuum effects on power flow [7, 3, 8], ex-
f the electrothermal instability [9, 10, 11, 12, 13],
tion of auto-magnetizing liners [14, 15, 16], laser
opant spectroscopy [17, 18], electrode contami-
tion [19], new current and plasma measurement
[20], and inductively driven x-pinches [21]. Sev-

ts were incorporated into Ph.D. dissertation topics
te students, including those supported through
ile Stewardship Academic Alliance (SSAA), the
p Science Graduate Fellowship (SSGF), and the
t of Energy National Nuclear Security Admin-

aboratory Residency Graduate Fellowship (DOE
GF).

4.1. Auto-magnetized liners
Magnetized Liner Inertial Fusion (MagLIF [22, 23

is a magneto-inertial fusion concept that uses a pulsed
current from the Z machine that generates an azimuthal
netic field which implodes a metallic liner (cylindrical
radially inward to compress premagnetized laser-preh
fuel. The 100 ns implosion is slow compared to conven
inertial confinement fusion concepts; thus, MagLIF u
strong axial magnetic field, B𝑧, embedded in the fuel
to compression to limit thermal conduction losses
cold liner. Additionally, the axial magnetic field reduc
areal density requirements of the fuel for achieving
heating by trapping charged fusion particle products
pre-magnetization is provided by an azimuthal curr
Helmholtz-like magnetic field coils [25] positioned ex
to the liner and power flow hardware. These coils ca
rently generate close to 20 T, but are not expected to
beyond 30 T in the coming years. However, fields
30 T may provide improved magneto-thermal insulat
the preheated fuel. In the auto-magnetizing (AutoMag
concept [26], the azimuthal and axial current flows have
integrated into the MagLIF liner to automatically ge
an internal magnetic field while driving a radial imp
of the liner (Fig. 4). Fielding AutoMag liners in M
experiments would remove the need for external field
enabling improved x-ray diagnostic access and enh
current coupling to the z-pinch target. Aluminum liner

Figure 4: (top left) Present MagLIF hardware set, con
of the �nal power feed leading up the the MagLIF li
the center of the external �eld coils. The azimuthal c
𝐽𝜙 in the coils generates the axial magnetic �eld n
to trap the electrons, hence reducing thermal cond
losses; (top right) MagLIF liner (cylindrical tube) �lled
deuterium fuel is radially compressed due to the axial c
𝐽𝑧) provided by the Z accelerator. (bottom) AutoMag
combines both current directions, creating an auto-gen
internal magnetic �eld and a radial implosion.
r et al.: Preprint submitted to Elsevier Page 3 of 9
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ulator-filled helical slot widths and pitch angles
d at the Mykonos driver. The charge voltage was

50-90 kV, resulting in peak currents of 500-
a 100 ns pulse. In summary it was demonstrated

axial internal magnetic field greater than 90 T
d be measured.
internal B-field strength depends on the pitch

e of the helical slots, i.e. shallow pitch angle leads
gh B-field and vice versa.
timing of breakdown initiation is insensitive to
ing the helical slot widths.
concept was first proven out at the Mykonos
er driver [14], it was then later fielded on the Z
[15].
lopment of X-Pinch radiography for Z
radiography is a diagnostic technique used to
e the spatial distribution of mass within high
sity physics targets. On the Z facility, the Z-

ser [27] is used to generate the x-rays that image
tically driven target. This capability has enabled
sics studies[28, 29]. However, development of
al x-ray radiography capability would provide
efits. In experiments where the Z-Beamlet laser is
other purpose (e.g., preheat in MagLIF [22]), it is
e to also radiograph the implosion. An additional
y source would also enable orthogonal imaging,
eful for 3D stability studies.

iversity-scale pulsed power systems, where kJ-
s are typically not available, X-pinches are fre-
ed as the source for x-ray radiography [30, 31].
ent of an X-pinch-based radiography capability
cility is underway [21] with much of the source
nt taking place on the Mykonos pulsed power
ykonos is an ideal facility for this work because
t rise time (≈ 100 ns) and the peak current (≈
elivered to the target are a good match to the
ilable to drive an X-pinch on the Z facility [32].
pinch produces x-rays from a small (≈ 1𝜇𝑚)

short (< 1 ns) duration. Emission is localized
recting current to small radius for a short axial
inches take many forms; in this study we compare
re, hybrid, and machined X-pinches. Crossed wire
are composed of two or more fine wires, which
to form a single contact point (see Fig. 5a). In a

inch a single wire connects two conical electrodes
c). A machined X-pinch consists of a single piece
l machined to create two cones connected by a
eter “cross point” (see Fig. 5e). Details of the
d configurations are given in Table 1.
d wires X-pinches have been extensively studied,
ger number of wires and smaller diameter wires
omplexity, which makes fielding on the Z facility

Figure 5: Laser shadowgraphs of crossed wire (a,b),
(c,d), and machined (e,f) X-pinches �elded on Mykonos
shot images are presented in (a), (c), and (e). Frame tim
(d), (e), and (f) are given in the lower right corner. S
scales are provided for the hybrid and machined con�gur
are based on target features; the diagnostic aperture wa
to set the crossed wire image magni�cation.

poor current contact between the wire and the cones,
may lead to more erratic performance than in crossed
X-pinches. Machined X-pinches are more challengi
fabricate, but they eliminate challenges associated wi
other X-pinch configurations. Experiments were cond
on the Mykonos facility to evaluate the performance of
different X-pinch configurations. Laser shadowgraph
used to monitor the early-time plasma formation (Fi
and x-ray diodes were used to monitor the x-ray em
history from the target (Fig. 6).

From the x-ray diode traces it is clear that the mac
X-pinch did not perform as intended. Both the crossed
and hybrid X-pinch configurations generated an initial
spike around 55 ns, consistent with expectations based
parameter scaling from previous X-pinch studies [33
machined X-pinch did not generate any measurable
during the current pulse.

Laser shadowgraphy shows that with the crossed
configuration plasma disks form above and below the
ing point, and a narrower region forms between the
g. Hybrid X-pinches are simpler to field but have a previous studies [34], it was shown that this smaller region

r et al.: Preprint submitted to Elsevier Page 4 of 9
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the three X-pinch con�gurations used to collect the
hy in Fig. 5 and x-ray emission histories in Fig. 6
ire material, number of wires, wire diameter, and

ngth at the crossing point/narrowest region [m/L]
these three experiments. * Wire diameter listed for
ed X-pinch is the minimum diameter at the cross

Crossed Wire Hybrid Machined

13429 14833 11026
Mo Mo Ti
8 1 N/A

m] 35 102 105∗

m] 0.79 0.83 0.39

X-ray diode traces for the hybrid, crossed wire,
ned X-pinch con�gurations described in Table 1.
tative current trace for these experiments is also
otted line).

icro-pinch and generates x-rays. In the hybrid
on, again there are two plasma disks which form

ately the contact points between the cones and
here is a narrower region between these plasma
ch is expected to be the location of the micro-
the machined X-pinch, a plasma disk appears to
e the target was initially narrowest. A narrower
s not form, likely preventing the formation of a
h and ultimately stopping any significant x-ray
d wire experiments were also conducted with 4 ×

eter Ti wires (0.69 mg/cm). These experiments
-rays at the expected time, ruling out X-pinch
the source of poor performance for the machined
Additionally, a machined X-pinch experiment

with a 160𝜇m diameter cross point (0.91 mg/cm)
oduce x-rays, ruling out the difference in m/L.
ning hypothesis is that the machined X-pinch
s the source of poor performance. Based on these
velopment of both crossed wire and hybrid X-
gurations for use on the Z facility are underway.
trothermal Instability Research
ctrothermal Instability (ETI) is an ohmic heating-

resistivity on temperature [35, 36, 37, 38]. Any inhomo
ity which alters current density, including surface d
or variations in local resistivity, can provide a see
ETI growth. It can lead to non-uniform and prem
plasma formation on conductor surfaces that can
shot target performance and lead to decreasing transm
energy, which may degrade applications such as In
Confinement Fusion (ICF), high pressure dynamic ma
properties experiments, and radiation effects science
forms [39]. ETI is known to provide a seed for Mag
Rayleigh-Taylor (MRT) instabilities. Hence, understa
this instability is vital to its mitigation and to the imp
ment of HED applications.

We developed an ETI platform on Mykonos fo
study of ohmically heated aluminum [10]. The ultra
(99.999%) aluminum barbell with a baseline surface r
ness of less than 15 nm was heated over 100 ns by an
trical peak current of 900 kA (Fig. 7). Engineered d
(i.e. divots) of varying diameter, depth, spacing, and
tive orientation were investigated, both for bare meta
below dielectric coatings [11]. Separate experiments
sinusoidal machined grooves of wavelength 𝜆, and amp
𝐴, were also performed. Self-emission images are cap
at a time resolution of 3 ns and a spatial resolution of
It was shown that micro-meter scale divots do indeed

Figure 7: (left) Ultra-pure aluminum barbell with v
engineered defects, (right) example of divot pair and asso
thermal self-emission. One can see the so called �ca
feature above and below the defects where the brig
increases due to current bunching up. Later in the c
pulse, the defects merge to form axial striations and �lam

local overheating and that their relative orientation di
global plasma evolution. Sinusoidal surface perturb
show more intense surface heating for large 𝐴∕𝜆 rati
agreement with theory. Ongoing experiments have ad
helical return can to the ETI platform to add an axia
component at the z physics target’s surface. Data is int
to provide new information about the helical insta
observed in axially-premagnetized liner implosions [40
These experiments set the stage for “ride-along” e
ments that were fielded on the Z machine this year.
ability, caused by the dependence of electrical
r et al.: Preprint submitted to Elsevier Page 5 of 9
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onstration of in-situ plasma cleaning
plasma cleaning is one promising approach for
current loss in the inner magnetically insulated
n line (MITL) of Sandia’s Z machine. The idea

0% argon and 20% oxygen mix would be driven by
uare wave at background pressures of 0.1-1 Torr.
ix would then release lightly bound contaminants

er flow gap where they would subsequently react
xygen to be pumped out. A prototype system,
r operation on Z, has been commissioned on
os Facility. [19]. We used the well established
Parallel Plate Platform (MP3)” (Fig. 8). It is

op) Picture of the MP3 with the anode (a), cathode
rious B-dot probes (c), and the inductive load region
m) Plasma glow discharge of an argon, oxygen mix
tu discharge cleaning.

simultaneously achieve lineal current densities
e to Z and provide multiple lines of sight to

transitions from the axisymmetric geometry of My
down to rod-like electrodes with elliptical (cathode
trapezoidal (anode) cross sections. The cathode geo
was chosen to improve current density uniformity
anode-cathode (AK) gap. The anode’s profile was chos
structural integrity and ease of machining. When assem
they form a narrow AK gap (0.5-2 mm), high-field-
transmission line that accesses MITL conditions of in
to higher energy accelerators. A downstream inductiv
region is used to increase electric field stresses in the M

Figure 9: ICCD images of plasma formation near 50%
near 100% of peak current for a 0.5mm AK gap tha
been cleaned (a) and left untreated (b).

Figure 9 shows the benefits of plasma cleaning
0.5 mm AK gap that has been cleaned (a) versus le
treated (b). It can be seen that plasma formation on th
treated (“dirty”) AK gap surface occurs sooner and is
brighter at 50% of peak current compared to the “c
hardware. This becomes even more pronounced around
current when the untreated hardware exhibits plasma b
down while the “clean” hardware did still efficiently co
current. Based on our APD measurements (not shown
it appears that the onset of plasma emission and gap c
is delayed by at least 15 ns, which is important as it a
current delivery up to peak current with minimal losses
cleaning approach will be fielded on Z, once it has been
proven and optimized on MP3.
4.5. Development of low density plasma

diagnostics
Our standard parallel plate platform (see section 4.4

used to develop a fiber-based dispersion interferomete
that is designed to enable the first direct measure
of electrode plasma on the Z accelerator in the co
years. This detection scheme (Fig. 10) is first field
flow gap and electrode surfaces. The hardware the Mykonos Facility and relies on the measurement of

r et al.: Preprint submitted to Elsevier Page 6 of 9
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e phase shift of two colinear, two color beams
the plasma of interest (estimated between 1014 −
2).

10: Schematic of a dispersion interferometer.

st-Harmonic (FH), s-polarized, 1550 nm continu-
CW) beam is frequency doubled to 775 nm at the
d-Harmonic Crystal (SHC1) and sent through a
ether with the unconverted collinear fundamental
. Each beam experiences a different phase-shift
sured downstream after frequency doubling the
fundamental wavelength at SHC2. After exiting
eplate, the two orthogonally polarized SH waves
assed through a polarizing beamsplitter rotated
split equal components of the SH waves. This
nerates two waves with respective intensities 𝐼+45ose difference is directly related to the difference
hift ΔΦ between the first and second-harmonic
expected electron densities far below the critical
nsity (4.6 × 1020 cm−3), the phase shift ΔΦ is
al to the electron line density. Presently, the lower
lectron areal density sensitivity is limited to 8.5×
Future work on Mykonos is planned to bolster

by increasing the signal to noise ratio.
tial experiments, the probe beam was focused
tween 50-350𝜇m diameter and placed just below
e at the location above the anode knee (i.e. the
akdown location in Fig. 9(b) right). Figure 11
gathered during a small temporal window that

plasma turn-on time to the point where the signal
to significant plasma absorption and refraction.
e that the plasma plasma goes from undetected
.5 × 1016 e−/cm2 in less than 5 ns at 75 ns into
hen the accelerator exceeds 400 kA. From there,
briefly drops to 1 × 1016 e−/cm2 over the fol-

ns at which point it rises again sharply to over
/cm2. The rapid fluctuation in electron density is
due to the rapidly evolving, non-uniform plasma
g probed at that location (Fig. 11). Furthermore,
experiences an 𝐸 × 𝐵 drift velocity that drives
plasma toward the load region, causing local

s in plasma density.

Figure 11: (top) Measured electron line density (red
drive current (black) as a function of time; (bottom)
shadowgraphy image of top cathode and lower anode
around the time of peak current. The red circle depic
location of the probe beam and the blue arrow show
direction of the 𝐸 × 𝐵 �ow.

5. Future Outlook: MAAP and ZNetUS
Pulsed power science and technology is an imp

research area that supports several NNSA missions incl
HED plasma physics, radiation effects science, and in
confinement fusion. A recent tri-laboratory report as w
recent external advisory and review boards recomm
a significant expansion of partnerships with unive
to meet critical recruiting pipelines in this field ov
next decade. In response to this report, the ZNetUS
sortium [42] was established to encourage collaboratio
tween research scientists in academia, national laborat
and industry that support long-term growth in pulsed
science and related HED physics research.

As such, we have created the Mykonos Academic A
Program (MAAP) as part of ZNetUS to enable aca
utilization of the Mykonos Pulsed Power Facility. We
to expand the partnerships between students and res
scientists in academia and the national laboratories
will enhance recruiting in pulsed power and HED sc
to support long-term growth in pulsed power scienc
related HED physics research. We see the MAAP
partnership between Sandia and the academic collabo
with the goal to field excellent experiments and ad
novel diagnostic capabilities.

6. Summary
We have presented a brief overview of the Mykon

cility at Sandia National Laboratories. With several sho
day, large breadth of diagnostics, and 1 MA (500 kV)

current to a matched load, it is an attractive medium-scale

r et al.: Preprint submitted to Elsevier Page 7 of 9
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