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ABSTRACT
A platform for flyer plate benchmarking experiments has been developed, with an external X-pinch driver for point projection radiography.
The experiments were performed using CEPAGE, a low inductance pulsed power machine at First Light Fusion (2 MA, 1.4 μs), with a new
vacuum transmission line and flyer load hardware designed specifically to give a line of sight for radiography. A broadband 10–20 keV x-ray
source was produced by a portable X-pinch driver (140 kA, 350 ns) [Strucka et al., Matter Radiat. Extremes 7, 016901 (2021)] and was used
to image the flyer. Radiography compliments the pre-existing diagnostic suite, which consists of current probes, velocimetry, and side-on
optical probing of the impact shock transmitted into a transparent sample. The platform allows for significant insights into the 2D and 3D
nature of the flyer launch, such as deformation and instability formation. It was used to diagnose a 10 × 9 × 1 mm3 aluminum flyer, which
reached a peak velocity of 4.2 km s−1 before impact with a poly(methylmethacrylate) sample. The experimental configuration, on-shot source
characterization, and the results from two flyer plate experiments on CEPAGE are discussed.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0185351

I. INTRODUCTION

Flyer plates are a type of electromagnetically launched pro-
jectile commonly used to drive shock Hugoniot and release equa-
tion of state (EoS) experiments on pulsed power facilities, such
as Sandia’s Z Machine.1 Large currents are discharged through
two parallel electrodes, which are separated by a small gap and
connected at one end to form a short circuit. The opposing
current directions in the electrodes produce a strong magnetic
field in the anode–cathode (A–K) gap. The resultant J⃗ × B⃗ force
accelerates the electrodes outward. Similar electrode configura-
tions can be used to perform quasi-isentropic, ramp compression
experiments.2,3

For direct impact shock Hugoniot experiments, there is a
requirement for the flyer plate front surface to remain solid on
impact with a sample such that the impacted state can be deter-
mined to high accuracy.3 On the M3 pulsed power machine

(8.1 MA, 1.2 MJ, 1.8 μs for flyer plate loads) at First Light Fusion
(FLF), flyer plates are used to drive hydrodynamic pressure ampli-
fiers.4 In this application, there is no requirement for a solid projec-
tile, and the flyer plate is driven through the melt transition before
impact, increasing the pulse length and peak pressure.

Flyer plates are typically diagnosed by measuring their front
surface velocity using phase Doppler velocimetry (PDV) or veloc-
ity interferometry for any reflector (VISAR) and then drive current
some distance from the load, which are compared to simulations.
On M3, the VISAR signal is eventually lost during flyer plate launch
due to several effects: a drop in reflectivity when the front surface
vaporizes, distortion or tilt of the reflecting surface, and produc-
tion of low density plasma obscuring the line of sight. As most flyer
loads are made by recessing a thick (∼10 mm) electrode to pro-
vide a thin plate that is easy to accelerate, the loss of velocimetry
signal means the flyer remains undiagnosed until it exits the recess
(see Fig. 1).
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FIG. 1. The vertical load showing flyer plate features and the diagnostic lines of
sight. During an experiment, the flyer plate accelerates toward the PMMA sample
due to strong magnetic pressure in the A–K gap.

FLF uses B2, an in-house 3D multi-material radiative resis-
tive magneto-hydrodynamics code, to model the coupled flyer and
amplifier system. Previous experiments at FLF have used the tempo-
ral and spatial profile of a shock driven by the flyer into a transparent
sample to constrain the simulations. This is useful for designing
amplifiers as the shock pressure upon impact is critical information
for optimizing the amplifier performance. Nevertheless, it is an inte-
grated measurement, and more information is required to improve
the predictive capabilities of the code.

Radiography provides an opportunity to obtain additional data
on the flyer while it accelerates in the recess by probing through the
electrode material before the flyer impacts the sample. X-pinches
are a pulsed-power-driven x-ray source that have previously been
used for point projection radiography of high energy density physics
(HEDP) experiments, usually by locating the load in the current
return post of the main experiment.5–7 The current flows through
two or more crossed wires, which ablate due to Ohmic heating
before they are compressed by the J⃗ × B⃗ force at the crossing point,
producing an intense μm-scale source of thermal x rays known as the
hot-spot, predominantly with photon energies of several keV. This
source is ideal for imaging biological samples,8 wire ablation flow
experiments,9–11 and exploding wire cores.12 Subsequent breakup
of this hot spot leads to a larger (>100 μm) non-thermal source of
higher energy photons, which may extend up to a significant fraction
of the generator voltage.8

In this work, an external X-pinch driver was used to radio-
graph flyer plate experiments on a second pulsed power machine.
The use of an external X-pinch driver affords more flexibility in
timing and positioning the source compared to an X-pinch on the
current return of the main experiment. Dry Pinch I is a portable
(30 × 30 × 70 cm3) X-pinch driver developed at Imperial College
London, designed to be resistant to electromagnetic interference.
The source produced by 4 × 30 μm2 Ag wires has previously been
studied, and measurements of the source spectrum and size in differ-
ent spectral bands have been published.13 Offline tests have shown a
good contrast while radiographing a static flyer plate load at relevant
distances.13

The addition of radiography to the diagnostic suite demon-
strates the utility of Dry Pinch I as an external x-ray source for
imaging HED experiments and provides additional data to com-
pare with flyer plate simulations. The apparent areal density, flyer

deformation and tilt, electrode gap width, trailing mass, and
instabilities can be observed in the radiography data.

II. EXPERIMENTAL SETUP AND DESIGN
OF RADIOGRAPHY LINE OF SIGHT

Flyer plate experiments were performed on CEPAGE,14 a
direct capacitor discharge, low inductance, pulsed power machine.
It is well suited to rapid development work due to its small size
(2 m diameter) and lower stored energy (∼ 100 kJ), which results
in less destructive shots compared to those performed on M3. In
its original configuration, the power feed and flyer plate lie in the
same plane as the transmission lines to minimize inductance. This
load geometry precludes a view of the recessed electrode and A–K
gap along the line of sight orthogonal to the flyer direction of travel.
Similar load configurations are found on, for example, Veloce,15

THOR,2 and Mach.16 An alternative load geometry, which is com-
monly employed on Sandia’s Z machine, creates an accessible line
of sight by orienting and raising the flyer out of the plane of the
transmission line.17 Figure 1 shows this electrode geometry designed
for CEPAGE. The flyer is 1 mm thick, 10 mm tall, and 9 mm wide
(into the page).

A vacuum transition and transmission line were designed for
CEPAGE to facilitate the new flyer plate design, which requires vac-
uum insulation instead of multi-layer plastic between the electrodes.
These modifications, shown in Fig. 2, were based on the Shiva Star
design;18 the details will form the subject of a future publication.
The transmission line has a double helix structure with a sinusoidal
surface profile to block any direct line of sight between the load
region and the plastic vacuum diode, which was installed at the vac-
uum transition. The modifications increase the machine inductance,
which increases the rise time from 600 ns to 1.4 μs.

The relative positioning of the source, object, and detector
along the radiography line of sight is a trade-off between image
intensity and resolution. The X-pinch emission is isotropic so the
image intensity I follows an inverse square law,

I ∝ (d1 + d2)
−2, (1)

where d1 is the source–object distance and d2 is the object–detector
distance. The resolution in the object plane δobj describes the appar-
ent spatial extent of a sharp edge in the radiograph. It is related to the
resolution at the image plane (detector location), δimg by the point
projection magnification, M,

δobj =
δimg

M
= (

d1 + d2

d1
)

−1

⋅

√

δ2
det + δ2

source + δ2
edge. (2)

The resolution at the detector is the quadrature sum of contri-
butions from the detector resolution δdet , source size δsource, and the
edge depth along the radiography line of sight δedge. The source and
edge depth limited resolution can be obtained through geometric
arguments, resulting in

δsource =
d2

d1
s, (3)

δedge = redge(d1 + d2)
tedge

d2
1

, (4)
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FIG. 2. Schematic of Dry Pinch I and CEPAGE coupling, showing the relative positions of the x-ray source, object, and detector. The vacuum transition and transmission lines
that enable the vertical flyer plate load are labeled on CEPAGE. The baffles that block the debris are highlighted in green. Baffles in the CEPAGE chamber have polycarbonate
windows over their apertures. Machine current was measured from Faraday rotation of light in a fiber loop indicated by the blue dots.

where s is source size, redge is the orthogonal distance from the imag-
ing axis to the edge, and tedge is the thickness of the edge along the
line of sight.

Equation (2) was used to explore the design space for the radio-
graphy line to find the resolution dependence on d1 and d2. The
detector resolution was measured as δdet = 115 μm by radiograph-
ing a sharp edge in contact with the detector (image plate) and by
measuring the width between the 10%–90% signal levels. The edge
depth limited resolution is calculated for a flyer plate midway along
the electrode recess, which has a depth tedge = 9 mm and a distance
redge = 15 mm from the imaging axis. Un-like detector resolution, the
edge depth limited resolution is sensitive to the relative positioning
of the source, object, and detector. For distances d1 = 1000 mm and
d2 = 300 mm, the edge depth limited resolution is δedge = 176 μm.
Strucka et al. reported a source size of 190(100) μm measured from
the width of a sharp edge through a 12.5 μm Ti filter onto the image

FIG. 3. Filter transmission curves (solid lines) and normalized image plate
responses (dashed lines) used to make source size measurements for the resolu-
tion model. Data are taken from the experiments and modeling by Henke et al.19

and Meadowcroft et al.20

plate. The transmission and response data for this measurement are
shown in Fig. 3 in blue. The 12.5 μm Ti filter has a 2.5–5 keV trans-
mission window, which allows hot-spot radiation to pass. For our
application, the x rays must penetrate the electrode recess walls, sig-
nificantly attenuating the signal from the hot spot. In the present
work, the source size was measured at 1.5 mm using a time inte-
grated pinhole camera with a 200 μm Al filter. This filter does not
have a low energy transmission window (orange data shown in
Fig. 3) and is, therefore, a more appropriate measurement of source
size for flyer plate experiments.

FIG. 4. Contour plot of the resolution model [Eq. (2)] over a range of source, object,
and detector distances for source sizes of 190 μm (top) and 1.5 mm (bottom). The
dominant source of spatial uncertainty for each region of the parameter space is
indicated by the ticked contours. The distances used in the final radiography line of
sight are indicated by the white dashed lines, and the white number is the system
resolution at this point in the design space.
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The top pane of Fig. 4 shows Eq. (2) evaluated for a source
size of 190 μm. Depending on the choice of d1 and d2, the resolu-
tion is either limited by the width of the flyer along the line of sight
or the detector. The lower pane of Fig. 4 shows Eq. (2) evaluated
for a source size of 1.5 mm. In this case, the source size dominates
and the resolution is optimized by increasing d1 and decreasing d2.
In the final design, d1 was set at 1000 mm, balancing the resolu-
tion with intensity, and d2 was set at 300 mm to provide sufficient
stand off and ballistic shielding from the destructive flyer plate load.
The resulting system has a magnification of 1.3× and a theoreti-
cal resolution of 382 μm, which is acceptable for a cm scale flyer
plate.

Dry Pinch I was connected to CEPAGE by a vacuum pipe as
shown in Fig. 2. Its distance from CEPAGE can be adjusted, allowing
the source to object distance to be tuned in the future experiments.
The top transmission line and vacuum chamber of CEPAGE go to
the capacitor voltage (60 kV) during discharge of the machine. Con-
sequently, the mounting hardware was made from a thick (30 mm)
acetal to electrically isolate the grounded casing of Dry Pinch I from
CEPAGE. The vacuum systems of Dry Pinch I and CEPAGE were
coupled together to avoid x-ray attenuation in thick window mate-
rials. A 200 mm long ceramic vacuum pipe was used to maintain
electrical isolation between CEPAGE and Dry Pinch I.

Baffles were placed along the radiography line of sight from
the source to the detector to protect both the chambers from debris.
Polycarbonate windows were placed across the clear aperture of the
baffles to provide additional shielding. A total of 4 mm of polycar-
bonate was present along the radiography line of sight, limiting the
transmission of soft x rays (10% transmission cutoff energy equal to
8.4 keV). The field of view included the electrode gap, flyer plate,
and the full height of the recess in the electrode. In the region ahead
of the flyer, the combined 1 mm depth of Al that forms the recess
walls with the polycarbonate shielding results in a 10% transmission
cutoff energy of 15.3 keV.

A time integrating image plate (FujiFilm BAS-TR) was used to
detect the x rays due to the availability of inexpensive, large format
sheets. The x-ray emission is gated by the X-pinch pulse width of
15 ns (FWHM), resulting in a motion blur of ∼60 μm for projectile
traveling at 4 km s−1. Dry Pinch I was triggered at different times
relative to the CEPAGE discharge in order to capture the flyer at
different positions in its trajectory.

Faraday rotation was used to measure the machine current
through the area enclosed by a fiber loop, located by the plastic diode
(blue dots in Fig. 2). A one-point PDV probe was used to mea-
sure the velocity at the center of the flyer front, and backlit optical
imaging was used to measure the velocity of the shock imparted
by the flyer in a poly(methylmethacrylate) (PMMA) sample
(see Fig. 1).

III. SOURCE CHARACTERIZATION
X-pinches produce a structured, multi-component, and spec-

trally broadband source, which can vary from shot to shot. Under-
standing the source characteristics is required to accurately interpret
the radiography images. The resolution depends on the source size,
apparent areal density depends on the source spectrum, and motion
blur depends on the pulse width. There is an un-obstructed line of
sight about the azimuth of the X-pinch source, enabling on-shot

diagnostic access via independent lines of sight to characterize the
source.

In the present work, two additional diagnostic lines of sight
were fielded to provide on-shot source characterization. Direct
image calibration was prioritized over detailed source characteriza-
tion, which formed the subject of a previous publication.13 On one
line, a combined grid and step-wedge target was used to measure the
image resolution and calibrate areal density [Fig. 5(a)]. On the other
line, filtered diodes were fielded to measure the x-ray pulse time and
duration. In the future experiments, additional diagnostics may be
fielded to make detailed simultaneous measurements of the source
spectrum and structure.

The step wedge was machined into a single piece of aluminum
arranged as a 3 × 3 grid, resulting in 9 discrete thicknesses ranging
from 0.2–1.8 mm. Using the same material as the flyer means that
flyer radiograph response can be directly referenced to the areal den-
sity from the step wedge. This simplifies analysis significantly under
the assumption of cold opacity. Figure 5(b) shows the calibration
curve from image plate response to aluminum step wedge thickness.

FIG. 5. Image plate data of the combined step-wedge and grid calibration target
(a). The detector response is plotted against wedge thickness in (b), which was
used to calibrate the flyer plate radiographs. Horizontal (c) and vertical (d) lineouts
from the image plate data [indicated by the blue, orange, and green boxes in (a)]
show asymmetries in the edge profiles. The modulation transfer function showing
the contrast transferred by the imaging system over a range of resolutions for
different wedge thicknesses is plotted in (e).
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The step wedge was backed by a regular 1.5 × 1.5 mm2 grid cut
from a 100 μm thick tungsten foil. It was positioned to have the same
magnification as the imaging line so that the width of the grid edges
is equal to the resolution of the image. Positioning the grid on the
same line as the step wedge not only saves the number of diagnostic
lines required to characterize the source but also means that the res-
olution in different spectral bands can be evaluated. Using a 2D grid
also allows the resolution to be evaluated in both axes (horizontal
and vertical), which is not necessarily equal for a structured X-pinch
source.

The resolution was not found to be energy-dependent over the
spectral range transmitted by the step wedge; however, Fig. 5(d) does
show asymmetries in the vertical direction due to a structure in the
source. The average resolutions in the horizontal and vertical direc-
tions are 490(50) and 400(70) μm, respectively, which correspond
to effective source sizes of 2.1(2) and 1.7(3) mm using Eqs. (2) and
(3). The discrepancy in the source size measured from the grid edges
and pinhole camera is a result of the distributed source, with low
intensity radiation contributing to the effective source size outside
the region identified in the pinhole images.

Figure 5(e) shows the modulation transfer function (MTF)
in the horizontal direction for a subset of grid thicknesses, dis-
playing the contrast transferred by the imaging system at differ-
ent resolutions. The contrast through each filter thickness falls
at a rate proportional to the maximum, indicating that despite a
reduction in intensity, the resolution (as defined by edge width)
remains constant over the range of energies transmitted by the tar-
get. The MTF of the sharp edge used to calculate δip in Sec. II
was scaled to a 100% contrast and plotted on the same axis. This
line represents the performance of the system in the absence of
contributions from the source size, highlighting the potential for sig-
nificant improvement in the image resolution by reducing the source
size.

Filtered Si diodes were used to make time resolved mea-
surements of x-ray flux in different spectral bands. This allowed
the image plate data to be synchronized with the flyer plate
dynamics and measurements of the hard x-ray pulse duration of
15 ns (FWHM). Future improvements in this diagnostic will allow
time-resolved broadband measurements of the spectrum.

IV. RESULTS
The current and velocity data shown in Fig. 6 illustrate the

overall dynamics of the flyer plate launch and the repeatability of
the platform. Peak machine current was measured at 2 MA rising
in 1.4 μs (dashed lines). The flyer plate accelerates to 4.2 km s−1

as measured with PDV (solid lines). Dry Pinch I was triggered inde-
pendently of CEPAGE at 2.3 and 2.9 μs (dotted lines), while the
flyer is still traversing the electrode recess. The flyer impacts the
sample positioned at a flight distance of 9 mm at 3.9 μs. Upon
impact, the flyer drives a shock into the PMMA sample, which is
sufficiently strong to attenuate or deflect the optical backlighter,
such that the shock appears opaque, as shown in Fig. 6(b). The
sample shock velocity is tracked and plotted in the dots shown in
Fig. 6(a); it rapidly decayed from over 6 to 3 km s−1 as it crossed
the 9 mm field of view. The flyer and shock velocities had average
standard deviations of 1% and 2.5% over their trajectories between
experiments.

FIG. 6. Flyer velocity, sample shock velocity, machine current, and radiograph tim-
ing from two separate flyer plate experiments (a) and two example frames of the
optical imaging line from the blue dataset (b). The shock velocities represented
by the dots in (a) were calculated by temporally differentiating the position of the
shock front measured across multiple backlit optical imaging frames, such as those
in (b). The shock is propagating horizontally in (b); however, the PMMA sample is
at a 3○ angle to prevent back reflections when viewed along the PDV line of sight.

Figure 7 shows point projection radiographs of flyer plates
produced with the X-pinch source. One static pre-shot image and
two mid-flight images were captured (on separate experiments).
The static image was taken without firing CEPAGE, while the two
dynamic radiographs were timed to capture the flyer at different
stages of launch. The image plate signal was converted to apparent
areal density via the step wedge thickness using the calibration tar-
get, and the spatial scales were calculated from magnification. Note
that these color maps do not necessarily represent the areal density
because we have not accounted for changes in opacity due to the
non-STP structure in the flyer. Despite this, these images enable us
to identify features that are otherwise unobservable.

The bright yellow region is the vacuum gap between the anode
and cathode. The purple region to the left is the electrode recess
into which the flyer is accelerated during an experiment. The appar-
ent areal density is unexpectedly high through the A–K gap and

FIG. 7. Radiographs of the flyer plate. The flyer plate and A–K gap are annotated
on the static shot (gray border). The two frames with colored borders are dynamic
shots and correspond with the colored velocimetry data shown in Fig. 6(a).
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recess walls, which should be 0 and 0.27 g cm−2, respectively. This
is attributed to 4 mm of additional polycarbonate shielding, which
was in the radiography line of sight but was not accounted for in the
calibration target line and contributes an additional 20% absorption
for 20 keV x rays.

The dynamic radiography images capture the projection across
the leading edge and structure behind the flyer plate. Flyer shape,
tilt, and position in the recess can be measured from the leading
edge and benchmarked against simulations. The flyer tilt is expected
due to magnetic field enhancement at the connection between the
electrodes. The flyer position in the recess is consistent with the
integrated velocity time series from PDV to within the image reso-
lution. The A–K gap extends vertically as the anode and the cathode
are forced apart during the experiment. The density profile behind
the flyer indicates the presence of a trailing mass. In cylindrical
wire array implosions, the trailing mass is understood to provide
a low inductance current path that hinders the stagnation of the
Z pinch.21–23 In planar flyer plate geometry, it could limit the acceler-
ation of the flyer. The periodic structure in the trailing mass behind
the flyer is indicative of instability in growth. For a thinner flyer plate
or a longer drive duration, this could result in the development of
a magneto Rayleigh–Taylor (MRT) instability, which disrupts the
front surface of the flyer plate. Consequently, this platform allows
for the study of MRT instabilities in a well-diagnosed quasi-1D
geometry.

V. CONCLUSION
A portable X-pinch driver was coupled to the CEPAGE gen-

erator and used capture point projection radiographs of dynamic
flyer plate experiments. Two flyer plates were imaged at differ-
ent times during their trajectory with a horizontal resolution of
490(50) μm, providing new data on the 2D structure of the flyer
plate, which can be used to benchmark in-house MHD simula-
tions using B2. These frames reveal the structure behind the flyer,
which is not observable with the conventional current and velocime-
try diagnostics and to our knowledge, has not been previously
studied.

Future work will aim to improve the resolution of the imaging
system by testing different X-pinch loads to reduce the source size. In
the longer term, detailed on-shot spectral measurements, combined
with more advanced synthetic radiography software, can extend
beyond the assumption of cold material opacities. This advancement
will improve the accuracy of areal density calculations, enabling
quantitative comparison to simulations. There is scope to extend this
work to FLF’s higher energy pulsed power driver, M3. On M3, the
velocimetry signal is lost well before impact so 2D measurements of
the front surface position will be instrumental in constraining the
flyer velocity profile.
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